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I n t r o d u c t io n

T h is  c o l l e c t i o n  o f  48 p u b l ic a t io n s  i s  d iv id e d  i n to  fo u r  groups 

v/hich may be l a b e l l e d  -

1 . O r ig in a l  p a p e rs  on th e  v i b r a t i o n a l  s p e c t r a  o f  a ro m a tic  sy s te m s .

T hese co m prise  A1 to  A2 5 .

2 .  S tu d ie s  o f  e m p ir ic a l  i n t e r - n u c l e a r  p o t e n t i a l  fu n c t io n s  B 1-6.

3 . V ib r a t io n a l  a n a ly s e s  &s a n  a id  t o  s t r u c t u r a l  a n a ly s is  01- 1 4 .

4 . In s t r u m e n ta t io n  and te c h n iq u e s  D I-3 .

1 . As i s  s e e n  from  th e  d i s t r i b u t i o n  o f  p a p e rs  amongst th e  g ro u p s , most 

e f f o r t  h a s  b e e n  d ev o ted  t o  a  s tu d y  o f  a ro m a tic  sy s te m s, p r im a r i ly  o f 

f lu o r o - a r o m a t ic s .  The l a t t e r  o f f e r  s p e c i a l  un ique and advan tageous 

p r o p e r t i e s  f o r  v i b r a t i o n a l  s t u d i e s .  The o b je c t iv e s  o f  t h i s  work and th e  

e x te n t  t o  v/hich th e y  have so  f a r  been  r e a l i s e d  may be sum m arised a s  fo llo w s

( i )  -  th e  e s t a b l i s h in g  o f  th e  p a t t e r n  o f  fundam en ta l v i b r a t io n a l

f r e q u e n c ie s .  Much e f f o r t  has  b een  d ev o ted  to  showing t h a t  th e  a s s ig n 

m ents f o r  t h e  v a r io u s  m o le c u la r  s p e c ie s  a r e  c o n s is t e n t  w ith  one a n o th e r . 

(a6 , a s ,  A9, A1 9 , A22 e t c . ) .  I n  t h i s  c o n te x t  th r e e  e x tre m e ly  u s e fu l  

and  g e n e ra l  r u l e s  have b e e n  e s ta b l i s h e d  (A2, A9, A 22). A ll  a re  

s t r i c t l y  a p p l ic a b le  o n ly  t o  i s o t o p i c a l l y  r e l a t e d  system s b u t have been  

shov/n t o  be  rem arkab ly  w e l l  u p h e ld  when th e  system s compared d i f f e r  by 

non i s o t o p i c  s u b s t i t u t i o n .  The ’ I n e q u a l i ty  R u le ’ was f i r s t  p roposed  by 

th e  w r i t e r  and  D.H. W hiffen  (A 2). The second  r u l e ,  th e  ’Sum I d l e ’ , i s  a  

w e l l  e s t a b l i s h e d  r u le  f o r  i s o to p ic  sy s te m s , b u t h as  been  shown (A9) to  be



v e ry  u s e f u l  o u ts id e  o f  i t s  norm al rea lm  o f  a p p l i c a b i l i t y  a s  a  consequence

o f  l i n e a r  g r a d a t io n  o f  bond p r o p e r t i e s  w i th  i s o to p ic  s u b s t i t u t i o n .  An

a d a p t io n  o f  t h e  'E e d l ic h - T e l l e r  P ro d u c t R u le ’ h a s  a ls o  b een  u s e f u l ly

em ployed i n  d e c id in g  be tw een  a l t e r n a t i v e  p roposed  assignm en ts  (A 22).

I n  a d d i t io n  t o  th e  f lu o ro -b e n z e n e  system s CUE. P a  number o f  s u b -o b—n n
s t i t u t e d  n i t r o g e n  h e te r o c y c l ic  sy stem s have b een  in v e s t ig a te d .  (a 1 3 , 

A16-20 ) .  I t  i s  a n t i c ip a t e d  t h a t  th e s e  s tu d ie s  w i l l  soon  p e rm it

a  more d e t a i l e d  a n a ly s i s  o f  im p o r ta n t n a tu r a l l y  o c c u r r in g  system s -  f o r  

exam ple i t  i s  hoped  t o  e s t a b l i s h  th e  r o l e  o f  TT TT e le c t r o n  i n t e r a c t io n s  

i n  p u r in e  p y r im id in e  b a se  p a i r i n g .  A gain  th e  r u l e s  have a llo w ed  i n t e r n a l  

c o n s is te n c y  checks t o  be a p p l ie d .

Two ty p e s  o f  p o ly c y c l ic  a ro m a tic  system s have been  exam ined.

V ib r a t i o n a l  e v id e n c e  f o r  c o n fo rm a tio n a l changes accom panying phase  changes
/

f o r  b ip h e n y l  and  i t s  p e r f lu o ro  an a lo g u e  h a s  p ro v ed  ex trem ely  u n s a t i s f a c to r y  

(A8 , A16, A2 3 ) . The cause  o f  t h i s  i s  now b e in g  exam ined by c o m p u ta tio n a l 

a n a ly s i s  o f  th e  e f f e c t s  o f  changes i n  th e  d ih e d r a l  a n g le  on th e  m odes. 

S tro n g  ev id en ce  h a s  b een  found  f o r  c o - p la n a r i ty  o r  n e a r  c o - p la n a r i ty  -  

o f  th e  tw o r in g s  i n  c r y s t a l l i n e  2^1 O' m ajo r ax es  o f  th e  m o lecu les

a r e  a l ig n e d  i n  th e  c r y s t a l  (A 16). The v i b r a t io n a l  s p e c t r a  o f  a z u le n e  i s  

o f  i n t e r e s t  i n  view  o f  th e  n o n -a ro m a tic i ty  o f  th e  system  and th e  f a c t  t h a t  

i t  i s  a  hom ologue o f  n a p h th a le n e . C a lc u la t io n  o f  th e  v i b r a t i o n a l  f r e q 

u e n c ie s  h a s  b een  o f  c o n s id e ra b le  v a lu e  i n  u n d e rs ta n d in g  th e  s p e c t r a

(A1 5 ,  A1 7 ) .
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( i i )  -  e s t a b l i s h in g  th e  q u a d r a t ic  fo rc e  f i e l d s .  Force f i e l d s  f o r

b o th  and C^P^ (A3 ) have b een  p ro p o sed  w hich u n fo r tu n a te ly  a re  n o t

u n iq u e . N e v e r th e le s s  t r a n s f e r e n c e  o f  th e  fo rc e  c o n s ta n ts  t o  o th e r

a ro m a tic  system s h a s  r e s u l t e d  i n  good agreem ent o f  c a lc u la te d  w ith

o b se rv e d  s p e c t r a  (A4, A11, AI3 , AI5 , AI8 , AI9 , A2 3 ) .  Assum ptions about

t r a n s f e r a b i l i t y  o f  f i e l d s  be tw een  members o f  th e  s e r i e s  CUH, X a re
o D-n n

le a d in g  t o  r e s o l u t i o n  o f  th e  p roblem s a s s o c ia te d  w ith  in d e te rm in acy  and 

m u l t i p l i c i t y  o f  f o r c e  c o n s ta n t  s o lu t io n s  (A21 and  c u r r e n t  w o rk ).

( i i i )  Once t h e  fre q u en cy  p a t t e r n s  a r e  e s ta b l i s h e d  i t  i s  n a tu r a l  to  

s e e k  a n  u n d e rs ta n d in g  o f  th e  i n t e n s i t i e s .  The e x p e rim e n ta l d i f f i c u l t i e s  

a r e  c o n s id e ra b le  and th e  f a c t o r s  d e te rm in in g  i n t e n s i t i e s  a re  a s  y e t  p o o rly  

u n d e rs to o d . The e a r ly  m easurem ents on C^P^(A1 ) have been  extended* (A25) 

and  th e  r e s u l t s  i n t e r p r e t e d  i n  te rm s o f  e l e c t r o n  r e h y b r id is a t io n s  

accom panying  a n g u la r  d e fo rm atio n s  in v o lv in g  th e  CP bond . The th e o ry  o f  

d e r i v a t i o n  o f  t r a n s i t i o n  moments from  band  c o n to u rs  o f  sym m etric to p  

m o le c u le s  has  b e e n  d e r iv e d  (A2 3 ) .  E a r l i e r  i n t e n s i t y  i n v e s t ig a t io n s  

in c lu d e d  s tu d ie s  o f  p.C^H^P^, p.C^D^P^ and p.C^K2P^(A5 ) . I n t e n s i t y  

th e o r y  and  m easurem ents were rev ie w e d  i n  1 964 (AI4 ) .

2 .  E m p ir ic a l  I n te r - n u c le a r  P o t e n t i a l  F u n c tio n s .

The p r o p e r t ie s  o f  L ip p in c o t t 's  p o t e n t i a l  f u n c t io n  have b een  examined 

and  i t s  ran g e  o f  a p p l i c a t io n s  e x ten d ed  t o  th e  s tu d y  o f  e x c i te d  s t a t e s  (B2 ) ,  

o f  h ig h e r  o rd e r  s p e c tro s c o p ic  p a ra m e te rs  (e6 ) , and o f  th e  n a tu re  o f  

e l e c t r o n i c a l l y  e x c i t e d  s t a t e s  (B5 ) .  The l a t t e r  work d em o n stra ted  t h a t  th e



i f

B irg e  S poner e x t r a p o la t io n  may le a d  to  low a s  w e l l  as  h i ^  v a lu e s  f o r  

bond d i s s o c i a t i o n  e n e r g ie s .  A method h a s  been  p roposed  and examined 

f o r  c o n s t r u c t io n  o f  r e a l i s t i c  p o t e n t i a l  c u rv e s  i n  th e  absence  o f  e le c 

t r o n i c  s t a t e  p e r tu r b a t io n s  ( B j ) .  A c r i t i c a l  rev iew  o f  p o t e n t i a l  fu n c t io n s  

i n  common u se  has  been  made and  c r i t e r i a  f o r  th e  r e l i a b i l i t y  o f fu n c tio n s  

e s t a b l i s h e d  (B4 ) .

3* A n a ly t i c a l  A p p lic a t io n s  o f  V ib r a t io n a l  S n e c tro sc o n y .

T h is  g roup  com prises a  w ide ran g e  o f  a n a l y t i c a l  a p p l ic a t io n s  -  each 

d e s ig n e d  t o  i n v e s t ig a t e  some s p e c i f i c  p rob lem , u s u a l ly  posed  by a 

c o l le a g u e  o f  a  d i s c i p l i n e  o th e r  th a n  s p e c tro s c o p y . The scope o f  te c h 

n iq u e s  in v o lv e d  and th e  aim s a re  t h e r e f o r e  w ide .

( i )  E q u i to r i a l  and a x i a l  hydrogens i n  f lu o ro c y c lo h e x a n e s  were shown 

t o  be d i s t in g u is h a b le  by t h e i r  CH s t r e t c h i n g  f re q u e n c ie s  un d er c o n d it io n s  

o f  h ig h  r e s o l u t i o n .  The ran g e  o f  f r e q u e n c ie s  i s  e x tre m e ly  narrow  

(ab o u t 10 cm.  ̂) b u t i t  a llo v /ed  th e  c o n fo rm atio n s  o f  a  number o f  f lu o r o 

c y c lo h e x a n es  t o  be d e te rm in e d . The norm al o l e f i n i c  = CH s t r e tc h in g  

f re q u e n c y  i s  enhanced b y  th e  v i c i n i t y  o f f lu o r in e  atom s ( C l ) .

( i i )  The s i m i l a r i t y  o f  th e  s p e c t r a  o f  f e r ro c e n e  and magnesium 

d ic y c lo p e n ta d ie n y l  s t r o n g ly  su g g e s te d  s im i la r  s t r u c tu r e s  (C 2 ). P r io r  

t o  t h i s  work i t  was b e l ie v e d  t h a t  th e  magnesium compound e x is t e d  a s  an  

i o n ic  compound. A s tu d y  o f  th e  i n t e n s i t i e s  o f  th e  lov/ fre q u en cy  modes 

co n firm ed  th e  c o v a le n t sandw ich  s t r u c t u r e .
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( i i i )  The s p e c t r a  o f  su lp h u r  d ic y a n id e  were shov/n t o  be in c o n s is te n t  

w ith  th e  is o c y a n id e  s t r u c t u r e .  The i n t e n s i t i e s  o f  th e  o v e rla p p in g  CN 

modes w ere i n t e r p r e t e d  a s  in d ic a t in g  a n  a n g le  betw een  th e  CN bonds c lo s e  

t o  140°  ( 0 3 ) .  I b r  re a s o n s  no t u n d e rs to o d  t h i s  v a lu e  i s  f a r  to o  h ig h  as  

h a s  b e e n  shown by microwave s t u d i e s .

( iv )  F e a tu re s  o f  th e  spectrum  o f  d ib o ro n  t e t r a f l u o r i d e  were su g g e s te d  

t o  b e  c o m p a tib le  w ith  f r e e  r o t a t i o n  ab o u t th e  BB bond . The a p p ro p r ia te  

p e rm u ta t io n  p o in t  group  was d e r iv e d  and  shov/n to  be  isom orphors w ith  

(C 4 ).

(v ) The i n f r a - r e d  and Raman s p e c t r a  o f  th io b o ro la n s  have shown th a t  

th e  r i n g  i s  o f  symmetry (p u ck ered  r i n g  c o n firm a tio n )  (CIO). A ssign 

m ents w ere  a s s i s t e d  by  c a lc u la t io n s  u s in g  h ig h ly  approx im ate  fo rc e  f i e l d s

(C5 , c io ) o

( v i )  The s t r u c t u r e  o f  th e  a c e t y l  c h lo r id e  antim ony p e n ta -c h lo r id e

com plex lias  b e e n  shov/n t o  be Ch^CO^SbCl^ (CI4 )* A com parison  o f  th e

v i b r a t i o n a l  fu n d am en ta ls  o f  CH-CO"̂  w ith  CH_CN and CBiCO^ w ith  CB,CN has
3 3 3 3

b e e n  m ade.

( v i i )  I n t e n s i t y  enhancements have p e rm itte d  th e  s tu d y  o f com plexing 

b e tw een  b o ro n  t r i h a l i d e s  and b en zen e . The i n t e r a c t i o n  a p p ears  t o  be 

th ro u g h  th e  T P  e l e c t r o n  system  o f  th e  a ro m a tic  r in g  (C 8).

( v i i i )  S p e c t r a l  i n v e s t ig a t io n s  have a ls o  been  made on

(a )  b o ro n  t r ib ro m id e  and bo ron  t r i - i o d i d e  (c6 ) .

(b )  c y c lo - o c ta te t r a e n e  i r o n  t r i c a r b o n y l  (C ?).

(c )  some h e te r o c y c l ic  t i n  compounds (C 9 )•



(d ) th e  complex be tw een  PI^ and BI^ (C 11).

(e )  o r th o p h o s p h o r ic  a c id  i n  non-aqueous s o lv e n ts  (C 12),

( f )  th e  d im ethy lam ino  g roup ing  (C I3 ) .  T h is  p u b l ic a t io n  i s  soon to  be 

fo llo v /e d  by a  s e r i e s  o f  p a p e rs  i n  w hich th e  s t r u c tu r e s  o f  compounds 

c o n ta in in g  th e  N(CK^ )2  group a t ta c h e d  to  an  a ro m a tic  r in g  a re  

exam ined .

4 . I n s t r u m e n ta t io n  and T ech n iq u e s .

R adio  fre q u e n c y  e x c i te d  a rc s  were shcw'n to  be u s e f u l  lo n g  w aveleng th  

s o u rc e s  f o r  Raman s p e c tro sc o p y  (B1 ) .  The u se  o f  th e s e  a rc s  was ren d e re d

o b s o le te  by th e  a d v en t o f  th e  l a s e r .  P o ly th en e  h as  been  examined a s  a

m a tr ix  m a te r ia l  f o r  u se  no t o n ly  i n  th e  f a r  i n f r a - r e d  r e g io n , b u t a ls o  i n  

th e  c o n v e n tio n a l  KaCl/iCBr re g io n s  (H 2). A n o te  has  been  p u b lish e d  on th e  

m an u fac tu re  o f  h ig h  d e n s ity  p o ly th e n e  c e l l s  w hich a r e  r e l i a b l y  vacuum 

t i g h t  (D 3).
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NOW that hexafluorobenzene is available^ it seemed 
desirable that the intensities in its infrared 

absorption spectrum should be measured. The molecule 
has four active fundamentals, namely, the three in
plane eiu modes and the out-of-plane osu mode. These 
have been assigned the values 1529, 1018-f 1003, 315, 
and 215 cm"’, respectively, by Delbouille.® These 
frequencies are supported by a complete assignment 
by the present authors which will be presented else
where. The 1018 and 1003 bands are interpreted as a 
Fermi resonance doublet and are taken together for 
intensity measurement.

The intensities in the vapor phase of the higher bands 
were measured on a 2500 line per inch grating under 
conditions analogous to those for benzene itself^ and 
the results are given in Table I. Only a qualitative value 
is available for the band at 315 cm"’, namely, that it is 
about Ï  times the strength of the band at 1529 cm"’. 
Force constants were chosen as far as possible to keep 
the interaction constants similar to those in benzene^; 
in the nomenclature of Crawford and Miller® the values 
chosen were P4 =  0.991 ;A 4 =  3.701 ;fi4 =  7.509;/i4 =  0.122; 
t 4 =  0.197; ^4=0.998X10® dyne/cm . This set of force 
constants predicts the calculated frequencies of Table I 
and was used to calculate the normal modes.

In the absence of exact measurements for the band 
at 315 cm"’ some further condition m ust be imposed 
before the dipole m om ent gradients can be derived. 
For benzene it was found experimentally® that the 
carbon stretching m otion did not produce appreciable 
dipole m om ent provided the C— H  links remained 
unchanged in direction. I t  is not unreasonable to 
assume that the corresponding result is true for hexa
fluorobenzene, i.e., that

dn/d 6*19= 3^' 2"’pdju/ dSii.

The relative sign am biguity can be settled by invoking 
the approximate value of the 315-cm"’ band intensity. 
The alternative solutions predict 8 and 54 compared

T able  I.

Frequency Intensity

Observed Calculated Observed

1531 1531 27.2±2.OX10~’ cm̂  molecule"  ̂sec~  ̂In
10201
1002/ 1006 20.3±1.5X10~^ cm® molecule"  ̂sec“  ̂In
315 312 c.7X10“  ̂cm® molecule"  ̂sec“  ̂In

with the observed c.7 in 10"  ̂ cm  ̂ molecule"’ sec"’ In 
units. Only the former is acceptable and the solution is 
d/x/d5'i8=±2.2, d ju /65 i9= ± 1 .7 , 0/i/d52o= T8.7Z)/H . 
Referred to individual C— F links the bond stretching 
moment gradient, â/x/ôAr=5.0Z)/H and the in-plane 
bending moment gradient, djj./dfi=\.6D. The relative 
signs are such that if the fluorine is at the negative 
end of the bending dipole, then it behaves as if it 
carries a negative charge as regards the stretching 
gradient. The value of the stretching gradient is high, 
being one electron within experimental error, but it is 
not out of line with other fluorine containing bonds 
which have been reviewed by McKean.® The bending 
moment is reasonable and the relative signs are those to 
be expected. I t  seems improbable that an alternative 
force field or an accurate measurement of the band 
at 315 cm"’ would alter the values quoted significantly.

We wish to thank Dr. J. C. Tatlow and his col
leagues for the hexafluorobenzene and Dr. L. Bovey  
and Mr. A. M. Deane for the measurements at 315 cm"’. 
We must also acknowledge the receipt of a University 
Appeal Scholarship.

1 Godsell, Stacey, and Tatlow, Nature 178, 199 (1956).
*L. Delbouille, J. Chem. Phys. 25, 182 (1956).
® H. Spedding and D. H. Whiffen, Proc. Roy. Soc. (London)

H. Wlhffii, Phil. Trans. Roy. Soc. A248, 131 (1955).
5 B. L. Crawford and F. A. Miller, J. Chem. Phys. 17, 249 

(1949L
® D. C. McKean, J. Chera. Phys. 24, 1002 (1956).



a  z
Offprinted from the Transactions o f the Faraday Society, 

No. 435, Vol. 55, Part 3, March, 1959

THE VIBRATIONAL FREQUENCIES 
OF HEXAFLUOROBENZENE

By D. S t e e l e  a n d  D. H . W m P F E N  

Chemistry Dept., The University, Edgbaston, Birmingham 15

Received 30th June, 1958

The infra-red and Raman spectra of hexafluorobenzene have been measured. The 
fundamental frequencies have been assigned the values shown in the final column of 
table 3.

Now tha t hexafluorobenzene can be prepared ’ in reasonable quantities it is 
clearly desirable to  compare its vibrational frequencies and force constants with 
those of benzene.2. 3. 4 w h en  the present work had been started an assignment 
of the active fundamentals was published by Delbouille 5 who promises a further 
communication on the complete spectra. There are nine inactive fundamentals 
the determination of which will depend on a complete assignment of summation 
frequencies : this in tu rn  requires a sample of very high purity. In  view o f some 
of these difficulties an independent investigation seemed highly desirable and the 
work has been continued. In the vibrational assignment of benzene much use 
was made of isotopic species but this approach is not feasible for hexafluoro
benzene. However, pentafluorobenzene is now available 6 and the assignment of 
this material ? is o f some assistance in providing evidence for the hexafluoro
benzene frequencies.

E X P E R I M E N T A L
The infra-red spectra were measured in the vapour and the liquid phases using a Perkin- 

Elmer 21 spectrometer with a NaCl prism for general work, a Grubb-Parsons single-beam 
spectrometer with a KBr prism for work from 700-400 cm~i and a grating spectrometer 8 
with a 2500 lines/in. replica grating to study special features. The spectrum below 400 
cm~t was kindly measured by A. M. Deane and L. Bovey at Harwell using a CsBr prism.

A Hilger E 612 spectrograph was used for the Raman spectra of the liquid. The 
Hg 4358 A line was used for excitation, other frequencies being removed with a filter 
solution 5 of Rhodamine CBN 500 and nitrobenzene in alcohol.

The hexafluorobenzene was prepared from polyfluorinated benzenes t and purified 
by preparative-scale vapour chromatography on a stationary phase of dinonylphthalate 
on kieselguhr. The frequencies are tabulated in table 1.

D I S C U S S I O N
The hexafluorobenzene molecule may be expected to consist of a flat regular 

hexagon of Z>6/, symmetry. This molecular geometry has been frequently dis
cussed in connection with the benzene spectrum.to H ere it suffices to  repeat 
that there are twenty fundam ental frequencies which are divided amongst the 
symmetry classes as indicated by

2a\g +  ü2g 4- 2bjg +  c\g +  4c2g +  û2« +  2b\„ +  2biu +  3ci« +  2c2w 
The selection rules for fundamentals allow the a\g (polarized), e^g and g2g frequencies 
to appear in the R am an effect and the U2u (parallel) and (perpendicular) in 
infra-red absorption. The remaining nine frequencies are forbidden in both 
spectra. The full sum m ation selection rules have been given,’’ and for the present 
the simple summ ations leading to infra-red active vibrations are the most relevant 
and are indicated in  table 2. Polarized Ram an lines are perm itted for all first 
overtones.

14 369



370 FREQUENCIES OF HEXAFLUOROBENZENE

Table 1

infra-red
Raman ----- assignment

vapour liquid

217? vw? 215* 0 2 u fundamental
264 dp m ^2g »>
312 dp vw 315 w s
370 dp m 370 VW ^Ig J,

420 m 416 m 249 4- 175 =  424
443 w 264 4- 175 =  439

443 dp ms €2 g fundamental
465 vw ? 714 -  249 =  465

461 w w 466 vvw 264 4- 208 =  472
489 vvw 482 vvw ?

499 p mw 2 X 249 =  498
514 vw ? 1157 -  640 =  517

537 p w 2 X 264 =  528
553 m 370 4- 175 =  545

559 p s aigfundamental
569 w 264 4- 315 =  579
583 vw 370 -f- 215 =  585
648 w 443 - f  208 =  651
717 w r 994 -  264 =  730

t  or b2 g fundamental 714
737 p w 2 X 370 =  740

755 v w 443 4- 315 =  758
776 vw 559 4- 215 =  774
841 w 249 4- 595 =  844

849 w Q ? 264 4- 595 =  859
868 w 872 w 559 4- 315 =  874
883 w 885 w 714 - f  175 =  889

965 mw 370 4- 595 =  965
1002 v w s 994 v w s  1 f  e\u fundamental
1020 v w s 1019 v w s J l a n d  691 4- 315 =  1006
1044 mwQ 1044 mw 443 4- 595 =  1038
1092 m 1086 m 443 4- 640 =  1083

1157 dp m £2 g fundamental
1160 mw 1530 -  370 =  1160
1248 vw ? b2 u fundamental 1253

1259 w 1266 vw 264 4- 994 =  1258
1277 vw 264 4- 1019 =  1283

1280 p w 2 X 640 =  1280
1297 w 1304 mw 714 +  595 =  1309

1348 mw 714 4- 640 =  1353
1368 s 1365 s 1157 -I 208 =  1365

1402 w w 370 4- 1019 =  1389
1429 p w 2 x714 =  1428

1439 vw 1442 w 443 4- 994 =  1437
1463 m 1470 m 443 4- 1019 =  1462
1486 w 1488 w 1157 4- 315 =  1472

1490 p ms a\g fundamental
1513 w 1510 w 264 -f 1253 =  1517
1531 w v s 1530 w v s eui fundamental
1547 m 1552 m 559 4- 994 =  1553
1560 m 1565 m 249 4- 1323 =  1572
1570 m 1575 m 559 4- 1019 =  1578
1601 m 1600 m 264 4- 1323 =  1587

1655 dp m 1655 w €2 g fundamental
1685 w 1693 w ( 691 4- 994 =  1685

1443 4- 1253 =  1696
1699 w 1710 w 691 4- 1019 =  1710
1763 s 1765 s 443 - f  1323 =  1766
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Table 1 {continued.)
infra-red

Raman ------------------------ assignmentvapour liquid
1802 m 1806 m r 264 -1- 1530 -  1794

i  1157 + 640 =  1797
L 1489 4- 315 =  1804

1838 vw 1655 4- 175 =  1830
1890 w 1897 m 370 4- 1530 =  1900

1940 vw ?
1980 w 1976 w r 1655 4- 315 =  1970

l  443 -b 1530 =  1973
2040 vw 714 4- 1323 =  2037

2093 m 2087 m 559 4- 1530 =  2089
2160 w 2150 w 1157 4- 994 =  2151
2176 w 2173 w 1157 4- 1019 =  2176
2263 w 2261 w 1655 4- 595 =  2250
2410 vw 2408 w 1157 4- 1253 =  2410
2483 s 2480 s /  1157 4- 1323 =  2480

l 1490 4- 994 =  2484
2505 w 2500 w 1490 4- 1019 =  2509

2580 vw ?
2697 m 2686 m 1157 4- 1530 =  2687
2840 vw 2850 vw ?
2900 m 2909 m 1655 4- 1253 =  2908
2976 m 2976 ms 1655 4- 1323 =  2978
3027 m 3024 ms 1490 4- 1530 =  3020
3160 m 3179 m 1655 4- 1530 =  3185

s =  strong, m =  medium, w =  weak, V =  very. Q =  prominent Q branch.
? aiu frequency. * found by Plyler.:

T a b le  2.—I n f r a - r e d ACTIVE BINARY SUMMATIONS
aig Û2g b2g eig

e\u eiu eiu eiu ia 02u
b\u ia e\u ia e\u ia
bzu ia e\u ia ia ia
02u 02u ia ia ia eiu
C2u ia «2u ia 02u e\u

The infra-red vapour band shapes are not of much value as all fundamentals 
above 300 cm "’ are e\u and all strong summation bands are also likely to be of 
this symmetry, though sharp vapour bands at 1044 and 849 cm "’ are probably 
the Q branches of parallel bands. As a first guide to  the frequencies to be ex
pected, it was assumed that the force constants, except for the C—F  stretch and 
C—F/C—C interaction, would be similar to related constants for benzene.’  ̂
Therefore the frequencies of hexafluorobenzene were calculated using the force 
constants of benzene except for a C— F stretch of 7-3 X 1Q5 dynes/cm and a 
C—C/C—F  interaction constant which lead to exact agreement for the class. 
The results are shown in table 3.

Since the Ram an frequencies are necessaiily liquid state values, in the succeeding 
discussion liquid infra-red frequencies will be quoted for both fundamentals and 
summation bands.

a\g FUNDAMENTALS

The two R am an lines which are strong and strongly polarized are at 1490 
and 559 cm "’ and there can be no doubt that these are the two a\g fundamentals.

e \g  AND e ig  FUNDAMENTALS

There should be five depolarized Ram an active fundamentals and comparison 
of tables 1 and 3 can leave no doubt that the two highest eig fundamentals are at
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1655 and 1157 cm "’. The strongest intensity lines remaining are a t 443, 370 
and 264 cm "’ and it seems imnecessary to  postulate any of the weaker bands as 
fundamentals. D e lb o u il le  5 found the 217 cm "’ Ram an shift to be of medium 
intensity : on the plates obtained in this work the line is so weak that its reality 
is in some doubt. Comparison with table 3 suggests the lowest of the three, 
264 cm "’, is likely to be an <?2g frequency, but decision between the 443 and 370

T a bl e  3

class nature approximate calculation final assignment
a\g R p 1490 , 55 9  * 1490 , 559
aig ia 580 691
big ia 773,183 7 1 4 , 24 9
e\g R dp 369 370
eig R dp 1753 , 1 1 8 0 ,4 1 4 ,  213 1655 , 1157 , 4 4 3 , 2 6 4

Olu i-r 11 195 215

b\u ia 1585 , 539 1 3 23 , 640

biu ia 1265 , 20 7 1253 , 208

e\u i-r _L 1610, 9 1 0 , 2 5 4 1530 , 1019-994 , 315
ia 6 12 , 121 5 95 , 175

* these frequencies used to choose the C— F  stretching and C— F/C— C interaction con
stants used in other classes.

cm "’ as eig is more troublesome. The calculation favours 370 cm "’ as the e\g 
and this may be reliable since there is only one frequency in this class. I t was 
hoped that the spectrum of pentafluorobenzene and 1 : 2 : 4 :  5-tetrafluorobenzene ”  
would assist in this difficulty. One of the «2 modes of pentafluorobenzene and a 
big mode of tetrafluorobenzene remain nearly unchanged from tha t of one of the 
degenerate decompositions for the e\g frequency : they would be exactly the same 
for an isotopic substitution but may be affected by force constant changes. 
Table 4 shows this correlation for both assignments. On the basis o f frequency 
alone it is no t easy to decide, but the infra-red intensity o f the CgFgH band at 
435 cm "’, though not large, appears too strong for a forbidden fundamental. 
The 391 cm "’ band of CgFgH is therefore preferred for the ai frequency and this 
implies tha t 370 cm "’ is the e\g frequency of hexafluorobenzene.

T abl e  4

eui like frequencies
either or

CfiFe 3 70 443
C fiF sH 391 4 3 5
P -C 6F 4H 2 4 17 4 1 7

eiu FUNDAMENTALS

The infra-red intensities leave no doubt that the absorption a t 1530 and 315 
cm "’ belong to e\u fundamentals and that the pair o f frequencies 994 and 1019 
cm "’ are connected with the third fundamental. It m ust be presumed that this 
band is double by virtue of strong Fermi interaction with an e\u summ ation band.

aiu FUNDAMENTAL

The aiu infra-red active fundam ental is certainly below 250 cm "’ and has not 
been observed in the present work. Plyler is quoted by Debouille 5 as finding 
a strong band at 215 cm "’ which m ust be the am  frequency.

The remaining fundamentals are inactive in both spectra and m ust be derived 
from summ ation bands. I t is difficult to  m ake a wholly satisfactory argument 
for their assignment.
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THE HIGHER b \u  AND b iu  FUNDAMENTALS

Reference to  table 3 shows that only two of the fundamentals forbidden in 
both spectra are expected to lie above 1000 cm "i, namely the higher b ^  and biu 
frequencies. Both combine with eig frequencies to give active summ ation bands 
and two of the stronger bands above 2000 cm "’, namely, 2480 cm "’ (1157 +  1323 
=  2480) and 2976 cm "’ (1655 +  1323 =  2978) suggest one of these frequencies 
to be 1323 cm "’ ; strong summ ation bands with the remaining eig frequencies 
appear at 1600 and 1765 cm "’. Less strong, but nevertheless clear, summation 
bands at 2909, 2408, 1693 and 1510 suggest themselves for summ ation bands 
between the eig frequencies and 1253 cm "’. I t remains to  decide which fre
quency belongs to which class. The requirement that only the b\u frequency 
combines with the big  frequencies to  give am  summation bands is of little help 
since all possible bands are too weak to  show resolved rotational structure and 
the big frequencies are not known with certainty. Weak bands occur a t all four 
possible frequencies and three have alternative explanations; the fourth at 
2040 cm "’ (1323 J- 714 =  2037) is evidence which favours 1323 cm "’ as the 
biu frequency. This assignment is supported by table 3 which suggests the b\u 
frequency should be the higher. The calculated bm  value, 1265 cm "’ is in agree
ment with the suggested 1253 cm "’. A theorem discussed in the last section may 
be applied to  the a\ class o f and to the CgFg classes which coalesce when
the symmetry is only C2v, namely, a\g, eig, but, ci». The fifth frequency of the 
fli class of CeFsH is undoubtedly ? 1286 cm "’ and this should, according to  the 
theorem, lie below the fourth CgFg frequency. This is true if the b\u frequency 
is 1323 cm "’ but not if it is 1253 cm "’. A similar argument may be applied by 
comparison with p CdHiFn. The spectra of this com pound ”  gives the following 
inequalities for the C^Fg frequencies 1439 >  b\u >  1229 and 1277 >  biu >  1164, 
which are also only in agreement if the b\u is 1323.

LOWER b \u  FUNDAMENTAL

Among the infra-red bands not interpretable using only the frequencies 
already assigned is a medium band at 1086 cm "’ which appears to have per
pendicular band contour appropriate to an e ^  level. W ith reasonable magnitudes 
for the missing frequencies the m ost plausible explanation is a summation of this 
b\u frequency near 640 cm "’ with 443 cm "’. One fundamental is almost certainly 
640 cm "’ as there is a polarized Ram an line at 1280 cm "’ which can only come 
from twice some fundamental. A band at 1348 cm "’ is also interpreted with the 
use of this frequency.

LOWER b iu  f u n d a m e n t a l

A nother prom inent band with e\u contour is at 1365 cm "’ for which the best 
explanation is 1157 (<?2g) -F lower 62» frequency, with a less likely alternative 
being the sum of the higher big and em  modes. The required value 208 cm "’ is 
almost exactly the calculated 207 cm "’ : it is also used to  explain weak bands 
at 648 cm "’ and 466 cm "’.

b ig  FUNDAMENTALS

The calculations suggest that the higher big frequency will be the highest 
out-of-plane frequency. Its value is probably less than the 738 cm "’, the highest 
bi frequency of CgFgD, but, by the theorem of the final section, above 689 cm "’, 
the second bi frequency of CgFgH. A weak polarized Ram an line at 1429 cm "’ 
suggests that some fundam ental lies a t half this frequency, and the presumption 
is therefore strong that this is a big fundam ental at 714 cm "’. Although there 
are no allowed binary com binations between the big class and any active funda
mental, two weak bands a t 2040 cm "’ and 1348 cm "’ find welcome explanation 
as 714 cm "’ -f the b\u frequencies 1323 and 640 cm "’.
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Another polarized Ram an line lies a t 499 cm "’ and  again half this value, 
249 cm "’, is strongly suggested for some fundamental. This frequency is probably 
too high for the lower e m  frequency and the only alternative is to place it as the 
lower big. It can be used to  explain weak bands a t 416 and 841 cm "’.

e iu  FUNDAMENTALS

Two spectral features still unexplained are the sharp Q branches a t 849 and 
1044 cm "’ in  the vapour assigned to  am  summ ation modes. I f  the assignments 
already given are correct these can only arise with any plausibility from  em  +  eig 
binary combinations. There are none expected in these regions involving the 
lower e m  frequency, but if the higher were 595 cm "’ then they can be explained as 
595 +  264 =  859 cm "’ and 595 +  443 =  1038 cm "’. Infra-red bands a t 2261, 
1304 and 965 cm "’ also suggest this frequency.

It is difficult to  find any firm evidence for the value for the lower e m  frequency, 
but a value of 175 cm "’ receives some support from  bands at 1838, 885, 553, 443 
and 416 cm "’ .

aig FUNDAMENTAL

Using all the above assignments it is still not possible to  find a second e m  
level near 1006 cm "’ with which the fundam ental mixes through Ferm i resonance 
to  provide two very strong absorption bands. A value of 691 cm "’ for the aig 
frequency would provide this and be in agreement with the CgFgH and CgFgD 
frequencies which suggest the aig frequency to  be between 662 and 870 cm "’.

UNASSIGNED BANDS

Table 1 shows a conspectus of these assignments and also a few difference bands. 
Several liquid bands, notably those a t 1160 and 1655 cm "’, have been assigned 
as forbidden fundamentals appearing in the liquid state, but there are no corres
ponding vapour bands and nothing to  suggest tha t the molecule has no t a  centre 
of symmetry.

The assignments given above differ slightly from  the assignment o f the active 
fundamentals by Delbouille.5 W ithout a full description of his work it would 
be prem ature to  argue the merits of the assignments, but the present set of funda
mentals appear to  give the m ost satisfactory interpretation of the present experi
m ental findings, though it  m ust be adm itted that several points of doubt remain.

PLANARITY

If  the molecule is slightly non-planar the most probable structure is that with 
three alternate fluorine atom s above the plane of the ring and three below, similar 
to that found by electron diffraction for CgClg and CgBrg.’  ̂ This structure 
would have D m  group symmetry and a close correspondence to the p lanar D^h 
assumed above. The R am an spectrum would be virtually the same with two 
polarized and five depolarized active fundamental lines. There would be four 
extra infra-red active fundamentals being essentially those of the b \u  and e m  
classes o f Dqh symmetry. There are no  bands observable in the vapour a t any 
o f the corresponding frequencies and it m ust be concluded that hexafluorobenzene 
is planar in its equilibrium position.

SOME FREQUENCY INEQUALITY RULES FOR RELATED MOLECULES

Consider a molecule R —X, where R  is a polyatomic radical and  X  is monatomic, 
with a symmetry class containing the R—X stretching mode and n internal modes 
o f the complex radical R , but not the R —X  deformation modes. I f  X  is of 
zero mass the frequencies of R —X consist of infinity and the n frequencies of the 
radical R . As the mass of X  increases all the frequencies decrease monotonically 
and  they th  frequency of R  m ust be higher than the (y -f l) th  frequency of R —X,



D. STEELE AND D.  H. WHIFFEN 375

numbering from  the highest downwards. Alternatively if the R—X stretching 
force constant is zero and the interaction force constants of X  with the internal 
motions of R  are unim portant, then the frequencies of R—X consist of the n 
frequencies o f R  and zero. As the force constant of R—X increases all the fre
quencies m ust rise so tha t the yth frequency of R  lies below the yth frequency of 
R—X. Considering the two molecules R —X  and R—Y the rules applied 
successively show

vy+i(R—X) <  vy(R) <  vy(R—Y), even if My >  Mx.

This rule has been derived in terms of the stretching motion but applies equally 
to symmetry classes containing one R —X bend. It also applies to  R 'Xz molecules 
with only one X  mode in each symmetry class. If  there are two X  modes in the 
class the analogous rule is vy+2(R—X) <  vy(R—Y) and if all three X  motions are 
in the class vy+3(R—X) <  Vy(R—Y), etc. The applicability condition is that the 
internal force field of R  is unchanged by the substitution of X for Y  and that 
cross-terms in the potential energy between the substituent and the internal co
ordinates of the radical shall be unim portant. It is not necessary that the force 
constants for the m otion of X  and Y  should be identical so that although applic
able to isotopic molecules, such as deuterated sugars,’5 its validity should be wider. 
Table 5 shows a comparison of the spectra of CgFe. CgFsH and CeFsD which 
illustrates the rule. The C^FgH and CgF^D assignment 7 is based largely on band 
shapes in the vapour. F or the CgF^ assignments for the purpose of table 5 only 
Civ symmetry is assumed. I t can be seen that without exception the yth frequency 
of CgFfi in each class lies above the (y +  l)th  frequency of CeFsH but that in the 
two highest frequencies of the bi class the yth frequency of C^FgD lies below the 
yth of CgFg presumably as a result of changes in the force constants.

a\

ai

Table 5

CfiFsH CfiFsD CfiFfi CfiFsH CfiPsD CfiFe
3105 2315 1655 bi 1648 1638 1655
1648 1638 1530 1535 1511 1530
1514 1503 1490 1268 1267 1253
1410 1400 1323 1182 1146 1157
1286 1277 1157 1138 1024 1011
1082 1067 1011 953 870 691

718 701 640 662 625 443
580 578 559 436 435 315
469 467 443 300 300 264
325 325 ' 315 ? ? 208
272 ? 264

b\ 838 738 714
? ? 595 689 670 595
391 ? 370 556 494 370
171? ? 175 ? ? 249

? ? 215
? ? 175
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A force field is given in table 2 which reproduces the assigned frequencies of hexa
fluorobenzene and contains only small interaction constants when expressed in valency 
coordinates.

The recent assignment i o f all the frequencies o f hexafluorobenzene make it 
possible to derive a force field for this molecule. This was required for guidance on 
the force field o f 1,4-difluorobenzene and 1,2,4,5-tetrafluorobenzene 2 and in 
connection with measurements of infra-red intensities.^. 4 Consequently it was 
desirable to obtain a force-field fitting the assigned frequencies as closely as possible, 
even though some uncertainty remains regarding the inactive fundamentals.

ASSIGNMENT

Full arguments were given previously for the assignment suggested by the 
present authors.’ Almost simultaneously Delbouille 5. 6 published an independent 
assignment o f the active fundamentals. A few comments can be m ade on the m ajor 
differences. Price, Smart and W ilkinson 7 have measured the infra-red band at 
315 cm "’ and obtained a band contour which is consistent w ith it belonging to the 
e\u class vibration. The two assignments agree in respect of the a\g class and the 
disagreement in the e\g and eig classes has been discussed previously.’ The 
approximate calculations for inactive fundamentals o f Delbouille 6 and the present 
authors ’ are not seriously inconsistent. Delbouille assigns to  the inactive aig 
frequency a value of 610 cm "’ ; the difficulty with this assignment is to find a cause 
for the splitting of the second e\u band into two. Delbouille’s suggested ternary 
combination is irrelevant as it is a difference band and therefore quite unable to 
borrow intensity from  a fundamental a t the same frequency. The present authors 
therefore see no reason to change their earlier assignment in the way preferred by 
Delbouille.

FORCE FIELD

The aig, e\g and am  classes contain only one frequency each and the correspond
ing force constants are readily evaluated. The a\g, big, bm, bm  and em  classes each 
contain two frequencies. Since to each class there are three general force constants 
these are not uniquely determined. The possibilities may be expressed in graphical 
form as an ellipse by plotting two force constants with the third, preferably the 
interaction constant, as a running parameter. Any point on this ellipse represents 
force constants which lead exactly to the assigned frequencies. In  the absence of 
further inform ation from isotopic species, Coriolis coupling or centrifugal distortion, 
the choice between these points is arbitrary. A choice is, however, necessary for 
determining norm al coordinates. F or most molecules a simple valency force field 
is a good approxim ation to more accurate fields. W ith such a field, all interaction 
constants between valency coordinates are zero ; that is, with the nomenclature 
used for benzene 8,9, lo all Latin interaction constants are zero. Consequently a 
choice of force constants has been made governed by the requirement that all Latin 
interaction constants shall be small. W here this proved to be an insufficient criterion

5
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the force field in terms o f symmetry coordinates (Greek force constants) was taken 
to  be as close as possible to that for benzene.

The position with the larger ei„ and e2g, classes is m ore difficult. Starting with 
the original approxim ate constants, adjustments were made consistent with the 
above requirements until a satisfactory fit was obtained with the observed frequencies. 
F o r the class the calculated frequencies were 1531, 1006, 312 cm~t com pared with 
the observed 1530,1019-994, 315 cm~i and for the ezg class the calculated 1653,1160, 
443, 263 cm“ t are to be com pared with the observed 1655, 1157, 443, 264cm ~t. 
W ith the symbols used previously for benzene and with Rq =  1 40 Â, ro =  1 29 À 
the Greek constants 8 finally adopted are shown in table 1 and the corresponding 
L atin constants in table 2.

Table 1.— G reek force constants in  m D /A .

in-plane out-of-plane

A  7-512 %3 -0 -1 8 0 $ 1  0-936
Ü2 7-100 0-447
Qz 7-400 H2 0-235 03 0-224
Ü4  7-509 /A3 —0-248 

2&M 0-172
04 0-200

A  0-780 © 1  0-319
r? 0-492 773 0-178 0? 0-321
A  0-847
A  0-991 €1 0-889 7ji 0-500

£ 3  0-444 t}2 —0 300
A i 7-400 21(4 1-412
Az 3-840
Az 5-205 i/j2 —0-764

2 A4  7-402 03 —0 420
A  0-748 T3 -0 -3 9 0
A  0-889 t 4  0-197

For meaning o f  symbols, see ref. (8).

Table 2.— Latin force constants in  mD/A
in-plane out-of-plane

D 5-478 (5-553) To -0 -1 8 0  (-0 -1 8 0 ) P 0-230 (0-286)
do 0-660 (0-633) Po 0-028 (0 -0 1 2 )
dm 0-071 (0-113) ho 0-708 ( - ) Pm -0 -0 1 9  (-- 0 -0 2 2 )
dp 0-459 (0-573) hm 0 - 0 0 1  ( - ) Pp -0 -0 4 8  ( -0 -017)

hp -0 -2 6 3  ( - )
E 7-405 (5-093) Q 0-080 (0-0290)
eo 0-087 (0-025) Jo 0-112 (0-043) 9 0 - 0 - 0 0 1  (-- 0 -0 1 0 0 )

Cm -0 -0 5 0 (0-008) jm  -0 -0 4 1  (-0 -0 6 3 )
€p 0-032 (--0-040) jp  -0 -0 3 3  (0-043) to 0-014 (0-014)

tm 0-038 (0 -0 0 0 )
G 0-826 (0-864) k  -0 -0 7 6  ( - )

go 0-072 (0 -0 1 2 ) ko 0-344 ( - )
gm -0 -0 9 3  ( -0 -018)

gp 0 - 0 0 2  (--0 -019) « 0  -0 -1 0 3  (-0 -1 2 7 )

F 1-030 (1-031) /o 0-170 ( - )
fo 0-141 (0-185) Im —0 054 ( —)

Values in parenthesis refer » to CgHg. For the meaning of the symbols, see ref. (8).
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D I S C U S S I O N

Also given in table 2 are the corresponding values for benzene. A comparison 
of the interaction constants is relatively meaningless as small changes in the fre
quencies to be fitted or a variant choice of principal constants can affect these 
markedly. Also the h, k , I constants could be taken as zero for benzene as they 
scarcely affect the calculated frequencies since the C—H stretching frequencies are so 
much higher than all others that C—H  interactions may be neglected. Such neglect 
is not feasible for C—F  interactions. As regards the principal constants the C—C 
stretch D and the C—C—C angle deformation F  are essentially the same in CeHg 
and CôFô- The C—F  stretching force constant, associated with E, 7 4 m D /A  is 
considerably larger than the C—H stretch, 5-1 mD/A.^ The in-plane C—F/C—H  
bending constants G and the out-of-plane equivalent P  are somewhat smaller for 
C—F  than C—H. However, a fairer comparison is between the coefficients 
governing the angular displacements namely ro which are 1 37 and 0*95 mD A 
and ro which are 0 38 and 0 32 mD A for CeFe and CoHg respectively. These 
figures show that C—F  deformation is m ore difficult that C—H. F or Üie in-plane
motion this may be due to repulsion between adjacent fluorine atoms. Q appears to
be much larger for CeFg, but since Q is derived solely from the frequencies in the 
inactive big and en, classes this may be the consequence of an error o f assignment.

W e wish to  thank Prof. W. C. Price and his colleagues for their re-examination 
of the infra-red spectrum below 400 cm~i. D. S. wishes to acknowledge the 
receipt of a University Appeal Scholarship.
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The infra-red active frequencies o f /7-C6H4F2, P-C6D 4F2 and /7-C6H 2F4 have been 
calculated using force constants derived from CeFe and C^He by transferring the valency 
force field in a logical manner. Good agreement with the observed frequencies is shown.

In connection with the interpretation of absolute intensity measurements it is 
necessary to know the normal coordinates of a molecule and this in turn  requires a 
knowledge of its force field. The infra-red intensities o f 1,4-difluorobenzene, 
l,4-difluoro-2,3,5,6-tetradeuterobenzene and 1,2,4,5-tetrafluorobenzene have been 
measured and discussed in a companion paper. 1 The present paper concerns 
the force field of these molecules, the calculation o f their infra-red active 
frequencies and a few comments on the vibrational assignments.

THE FORCE FIELD

Details of the calculation of frequencies and norm al coordinates by the Wilson 
FG matrix method 2 are well known. The three molecules have Vh symmetry and 
symmetry coordinates may be chosen in terms of valency coordinates as shown in 
table 1. The nomenclature generally follows that used by Whiffen 3 for benzene

T a b le  1.— ^ D efin ition s  o f  sy m m e tr y  c o o r d i n a t e s  

biu
A s  =  2 “t(A r2—A/*3—A r s+ A r e )
S \9 — 2 (̂Ai?3 — A/?3 — Ai?4-{-Ai?6)
Ao =  2-1 Ro(%2—«3 — «5 4- « 6)
‘S'21 =  2“irjc(^2+^3~^5—^e)
522 =  2“I(A r i—A/-4)

bzu
5 23 =  2~ i(A /'2+ A r3—A/'s— Are)
524 =  2“t(Ai?2—A A )
Szs =  2~ / ( A i? i+ A i? 3 — A i?4 — A i?e)
S26 =  2"ir%(^2—#3—^5 4- f3e)
5̂ 27 =  8̂4)

63»

525 = 2"irx(y2 4- Y3 4- 75 4- ye)
5*29 =  2~/i?o(0i—034-04—0e)
Szo =  '2.~^ry{y\-\-y^

itself and is given for a molecule P-C6X4Y2 w ith the x-axis perpendicular to the ring 
and the z-axis passing through the Y atoms as recommended.^ px is the ratio of the

8
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# # # # :

^  ^  bending interactions, the geometric mean of the values for CgHg and
CôFô was taken. The valency force field was converted to that appropriate to the 
symmetry coordinates by means of the definitions of table 1 and the internal 
relationships between the ring coordinates of a regular hexagon.3 W ith these 
assumptions the F matrix is given by the numerical values of table 3. Solving the 
secular equation by iteration of the latent roots of the GF product matrix the 
calculated frequencies of table 4 were obtained and also the form of the normal 
coordinates.!

T able  2

Wjc, nij; and me are the masses of atoms x, y  and carbon respectively. 
G matrices. Coordinates taken in serial order. 

b\u
-X - 1

- y m ç 3 3 / 2 . 2 - I |W ^ ‘ —  3 1 / 2 . 4  . . rriQ 0

- 3 1 / 2 . ( 3 1 / 2 .  2 - 1+ 3 3 /2 . 4 - i p p m ^ - 2 - 1 /2 m  Ç

1 7  . 2 - i m ç —  ( 2 - 1 + 3  . 4 - 1  . - 3 i / 2 . 2 - l ' 2 m ^

SYMMETRICAL m " ’+ ( 9 . 8 - i p ^  +  3 . 2 - i p ^ +  D /w '^ - 3 1 / 2 . 2 - 3 /2 p ^ M ç

-X - 1  
n t y + m ^

bill

- I  - I  
m ^ + m ^ - 2 - 1 /2 m  J 3 1 ' 2 . 4 - l p ^ M ^ 3 1 ' 2 .  2-3l2p^m~e

_  - I  
2 .  m e - 2 - i / 2m ç - 3 i ' 2 . 2 - i / 2 ( 2 - i p ^ + l ) m ^ - 3 1 /2 . 2 - i p ^ m C

5  . 2 - i M g ^ 3 1 / 2 . 2 - 1( 1 - 2 - i p ^ ) m g - 3 i ' 2 . 2 - i ' 2 ( l + 2 - i p y m ^

SYMMETRICAL m ^  + ( 3  . 8 - i p ^ + 2 - i p ^ +  l ) m ^ [3  . 2 - 5 ' 2 p ^ p ^ + 2 - 3 ' 2 ( p ^ + p p ] M ^

ffij , + ( 3  . 4 - i p ^ + p ^ + I ) f M g ,

biu

SYMMETRICAL

—  2  . 3 - i / 2 p ^ M ^  + 2  . 3 - l ' 2 ( 3 p ^ — 2 p ^ p ^  — p ^  ) m ^ —  21 ' 2 ( p ^ +  Py+  3 P ; ç P p /” C

8  . 3 - lp ^ ^ m _ ^ ^ + 4  . 3 - i p / m ^ ‘ +

4  . 3 - 1 ( 3 — 4 p ^  +  2 p ^  — 2 p ^  +  p ^  )m ç

23/2 . 2-ii2p~^m~y +

23/2. 3 - 1 /2(p^ — 3 p j , +  1 + p ^ p ^  )rrie

n iy  + ( l + 4 p ^ + 6 p p m ^
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.T a b l e  3 .— F  m a t r ic e s , sym m e tr y  c o o r d in a t e s  t a k e n  in  se r ia l  o r d e r , u n it s  
mD/A. INITIAL TERMS REFER TO C6H4F 2 AND THOSE AFTER THE SEMICOLON TO C6H2F4,

b lu

5 -1 1 6 ; 7-483 - 0 - 6 5 8 ;  0 -8 1 4 - 0 - 3 8 0 - 0 - 4 2 0 0 ; - 0 - 1 1 3 0-021 ; 0-021

7 -7 3 7 ;  7-693 0-609 . 0 -585 - 0 - 1 8 0 ; - 0 - 1 7 5 1-200  ; 0

SYMMETRICAL 1-020 1-048 0 ; 0 0 -5 6 5  ; 0

0 -9 1 3 ; 0-991 0  ; 0

7-4 9 6  ; 5-133

b lu

5 -1 5 0 ; 7-509 0 ;  0 -8 7 4 0-203  ; 0 -6 1 6 0 ; 0 -113 0 ;  0

6 -2 0 7 ; 6-219 1 -6 1 8 ; T 6 6 0 0-225  ; 0-211 0 -0 2 6 ;  0 -0 2 0

SYMMETRICAL 5 -0 5 0  ; 5 -046 - 0 - 1 3 9 ;  - 0 -123 0-041 ; 0 -018

0 -8 5 3  ; 0 -663 0 -0 9 9 ;  0 -099

0 -8 2 7 ;  0 -883

biu

0-259  ; 0-191 0 -0 1 4  ; 0 -0 1 4 0-0 0 0  ; 0 -000

0 -0 5 9 5  ; 0 -0595 — 0 -0 2 0 ;  - 0 - 0 2 0

SYMMETRICAL 0 -1 8 2 ;  0 -2 6 9

T a b l e  4

p-CgĤ F; p-CgD̂ Fa P-CgHzF̂
calc. ass. calc. ass. calc. ass.

b\u 30 4 7  3065 2 2 5 4  2 2 7 7 3 0 7 6  30 8 8
1543 1511 1466  1435 1475  1439
1 2 8 6  1225 11 7 0  1 1 2 5 ,1 1 3 9 12 8 4  1222
1028  1012 891 859 7 0 5  7 0 0
7 7 2  737 70 9  68 5 3 3 4  CO. 3 3 0

bzu 3 0 7 4  — 2 2 8 2  2 3 1 0 16 1 0  1 5 3 4
1431 1437 1 3 4 2  1 3 6 9 ? 13 2 7  1277
1301 1285 1285  1287 1193  1164
1088  1085 8 1 5  80 2 85 5  853

30 6  35 0 303 — 251 CO. 2 9 0

b iu 8 5 0  833 701 729 971 1 86 9
5 2 5  50 9 461 4 2 2 4 9 2  '4 5 7
168 ca .l86 166  — 189C O .200
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FREQUENCY ASSIGNMENT
1 ,4-DIFLUOROBENZENE

The complete assigments for 1,4-difluoro benzene ? has been largely confirm ed.5  
The change from 1183-1212 to 1285 cm -i suggested earlier 5 for vibration 25 is 
supported by the calculated value 1301 cm~i. Also a reinvestigation of the C—H  
stretching region shows a band with b\u contour at 3067 cm~i which is very weak 
and fails to disclose the biu frequency.

1 ,4 -d i f l u o r o -2 ,3 ,5 ,6 - t e t r a d e u t e r o b e n z e n e

The assignment for l,4-difluoro-2,3,5,6-tetradeuterobenzene i is based largely 
on band contours and is easily made. The pair of bands a t 1125 and 1139 cm~i 
appear single in the vapour and are attributed to a b\u fundamental and a combina
tion band which interacts with it. The band at 1369 cm~i is very weak and is 
accompanied by another at 1388 cm "i and it is difficult to be sure of this assignment, 
especially in the absence o f a  knowledge of the spectrum of p-CgDsHFz which is a 
known impurity.

1 ,2 ,4 ,5 - t e t r a f l u o r o b e n z e n e

1,2,4,5-Tetrafluorobenzene has been assigned by Nielsen and coworkers.8 
Evidence from  a comparison 9 with pentafluorobenzene has suggested that m odi
fications in this assignment may be necessary. In  particular, the lowest mode in 
each infra-red active in-plane class is probably too high in Nielsen’s assignment 8 
and this is confirmed by the present calculations. The assignment quoted in table 4 
is discussed elsewhere 9 together with the spectrum of pentafluorobenzene. , ^

c o m pa r iso n  o f  c a l c u l a t e d  a n d  OBSERVED FREQUENCIES

The force constants of Q F g  and are based on liquid state frequencies and 
also the com parison between frequencies observed in the liquid and calculated 
frequencies is given in table 4, for C 6H4F2, C6D 4F2 and C 6H 2F 4. The agreement is 
satisfactory throughout. I t  is thus clear that in the substituted benzenes a 
transference of valency force constants is reasonably valid and may be valuable 
in assisting the assignment.

ADJUSTMENTS OF FORCE CONSTANTS

Since one o f the objects of this work was to obtain normal coordinates for use in 
analysis o f absolute intensities, attem pts were made to obtain a force field agreeing 
even more closely with the observed frequencies. F or the in-plane classes, no 
simple adjustm ent greatly improved the agreement and in view of the labour of

T a b le  5 .— Im p ro v ed  b iu  f o r c e  c o n s t a n t s .

0-229; 0-195 0-023; -0-004 -0-032; -0-032

0-067 ; 0-062 -0-008; -0-042

SYMMETRICAL 0-186; 0-239

evaluation of the classes with five frequencies on a desk calculator, the search wa® 
discontinued. The differences between liquid and vapour frequencies are unim
portant. F or the bzu classes the labour is less and the normal coordinates were 
finally calculated with the force constant matrix of table 5 replacing that of table 3 
and the agreement is shown in table 6 . Since the intensities were measured in the 
vapour phase the observed frequencies for this state are quoted. The basis of the
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T a b le  6.—b iu  fr e q u e n c ie s  c a l c u l a t e d  fro m  im proved  F m a tr ix  o f  t a b le  5 com pared
WITH VAPOUR frequencies

P-C6H4F2 p-CgD̂ Fz p-CftHzF̂
calc. ass. calc. ass. calc. ass.

846 837 726 732 881 869
499 506 420 422 477 457
180 186? 180 — 199 —

adjustm ent was to  calculate the change in the roots o f the secular equation, 8A, 
for a given change o f force field, 8F, by the m atrix expression

L f . S F . L  =  0A ,

where the L  are the matrices appropriate to the unchanged F. I t is then relatively 
easy to  suggest suitable changes SF and finally to  recompute the frequencies and 
norm al coordinates exactly.

D . S. wishes to  acknowledge receipt o f a University Appeal Scholarship.
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The absolute infra-red absorption intensities of the bands above 400 cm-i have been 
measured in the vapour for 1,4-difluorobenzene, 1,4-difluorotetradeuterobenzene and
1,2,4,5-tetrafluorobenzene. They are interpreted in terms of the dipole moment gradients of 
table 3. It is shown that the intensities are dominated by the motion of the fluorine atoms. 
The dipole moment gradients for hydrogen deformations are confirmed to have that sign 
which is equivalent to the H atom carrying a positive change and to have similar magnitudes 
to those found in benzene itself.

In the interpretation of infra-red absorption frequencies it has been found that 
the directly observed frequencies can be transferred between molecules of related 
structure and, in favourable cases, the absorption intensities are likewise transfer
able. However, for molecules differing appreciably in geometrical structure, 
even though chemically related, a comparison of frequencies is not possible and 
the observations m ust be reduced to the form of force constants before valid com
parisons can be made. Similarly intensity data m ust be converted to dipole 
moment gradients for comparison between molecules of different geometry. The 
fluorinated benzenes form a series for such comparison and the present work on 
the intensities o f 1,4-difluorobenzene and 1,2,4,5-tetrafluorobenzene, follows earlier 
work on the extreme members o f the series benzene i and hexafluorobenzene.2

E X P E R IM E N T A L

The measurements were made on a grating spectrometer i (above 950 cm“i), on a 
Ferkin-Elmer 21 with a sodium chloride prism (650-1500 cm~i) or a Grubb-Parsons single
beam spectrometer with a potassium bromide prism (400-700 cm~!). Concordant results 
were obtained for the same band measured on different spectrometers. Small corrections 
were made for amplifier non-linearity on the single-beam spectrometers. Scattered light 
below 700 cm~! was removed with an alkali impurity potassium-bromide filter which 
eliminates radiation above 1000 cm~k

Preliminary measurements of intensity against inert-gas pressure showed that the 
resolution and pressure broadening, with nitrogen as the inert gas, were such that the 
apparent intensity was independent of inert-gas pressure above 300 mm of Hg. The final 
measurements were made with added nitrogen to a total of 730 mm of Hg. The cell 
length was 10 cm and for the stronger bands the absorption was shown to be linearly 
dependent on the partial pressure of fluorohydrocarbon as measured on a glycol manometer. 
The absorption bands were plotted on a large scale and measured with a planimeter. For 
the present work, it was more important to measure as many bands of as many molecular 
species as possible than to obtain the highest accuracy and each band was studied at only a 
few pressures. In view of the many sources of minor errors, it cannot be claimed that the 
accuracy of any band intensity is necessarily better than 10 % and may be worse on the 
weakest bands. For the b\u classes of both 1,4-difluorobenzene and 1,4-difluorotetra- 
deuterobenzene all five fundamental bands are readily observed and the intensity sum 
rule 3 for isotopic species may be applied. The quantitities SjAjI'y appear to be 2 % lower 
for the deuterated species and this is well within the errors of the experiment and the 
assumptions involved.

The 1,4-difluorobenzene was a commercial sample shown to be pure by vapour-phase 
chromatography and the 1,2,4,5-tetrafluorobenzene was prepared in the department and 
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its purity likewise checked. The 1,4-difluorotetradeuterobenzene was made from 
1,4-difluorobenzene by the action of DCl, with AICI3 as catalyst, after the manner used by 
Bak 4, 5 for related compounds. The progress of the reaction was followed by observing 
the infra-red spectrum and the exchange was stopped when bands attributed to C6HD3F2, 
other than those at 1206 and 892 cm"!, vvere no longer visible. A mass-spectroscopic 
examination of this product showed the isotopic purity to be 92 4 %. Where the bands of 
the trideutero-compound did not overlap those of the tetradeutero compound a correction 
based on this figure was applied to the experimental intensities. Where the bands seriously 
overlapped it was assumed that the intensity, as well as the frequency, was insensitive to 
deuteration and the correction was accordingly omitted.

The results are quoted in table 2 of the next section and are expressed both as intensities 
integrated with respect to the frequency and in the cross-section form advocated by 
Crawford.6 The bands are sufficiently narrow that Jyedlnv~ v/ijyedv and the latter form has 
been used for convenience.

IN T E R P R E T A T IO N
GENERAL REMARKS

The force field and assignment used for interpreting the results has been dis
cussed elsewhere.7 The corresponding L  matrices 8 which have been normalized 
to the calculated frequencies are given in table 1. An improved frequency fit and 
refined force constants and L  matrices could doubtless have been obtained by a 
suitable program m e on an electronic com puter. Even such a program m e would 
not remove the difficulty of obtaining reliable values for the smaller elements of 
the L  matrices. The com puted intensities are often sensitive to these elements 
which in turn are sensitive to small, off-diagonal force constants. The frequencies 
by contrast are insensitive to these terms. This difficulty arises m ost strongly 
with the C—H  stretching frequencies above 3000 cm "!.

In  m any classes the C— F stretching m otion governs the observed intensity 
and especially its sign and often the usual sign ambiguity is resolved by ap
proxim ate calculations based on the results for benzene ! and hexafluorobenzene.2 
These papers suggest dipole gradients o f —5 0 D /A  for C—F  stretch ; — 0 45 D/A 
for C—H  stretch ; “ effective”  moments for C—H  in-plane bending 0 31 D  and 
out-of-plane bending 0 61 D  with the H  atom  positive. The in-plane C—F 
deformation “ effective m o m en t” was shown to be 1-6 D  which is close to the 
static dipole. The out-of-plane bending m ust be governed by a similar moment. 
The dipole moments produced on ring deform ation were neglected in the pre
liminary, sign-determining calculations.

b lu  CLASS OF Q H 4F 2 AND C6H 4F 2 AND C6D 4F 2
Table 2 shows the observed intensities and the corresponding dipole moment 

gradients with respect to the norm al co-ordinates. Preliminary calculations show 
that with the L  m atrix signs as in table, 1 all the 0iijdQ >  | 0-9 | m ust clearly be taken 
with the positive sign and that the 859 cm"! band derivative should be taken as 
negative for C6D 4F 2. The C6H 4F 2 band a t 1012 cm"! jg so weak tha t the sign 
of its derivative has little effect on  derived quantities but the choice o f a positive 
sign improves the agreement with the deutero-com pound. The signs for the 
C—H  and C—D  stretches only affect the values of ô/iilôS]s and both are taken 
to be negative on the grounds that the contribution of the C—F  stretch is o f this 
sign and this gives a m ore acceptable stretching gradient. Table 3 shows the 
dipole m om ent gradients with respect to the symmetry co ordinates obtained by 
solving the equations for C6H 4F 2. Also shown in table 2 are the calculated 
dfi/ôQ for Q D 4F 2 using these values. The agreement with the observations is 
satisfactory.

THE b n ,  CLASS OF C6H 4F2 AND C 6D 4F2

The blu class o f C6H 4F 2 does no t include a C— F  stretching m otion and all 
the bands are quite weak. The C—H  stretching band is hidden by th a t o f the
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Table 2

blu class C6H4F 2
frequency 3065 1511 1225 1012 737
band area 0-17 10-77 8-35 0-036 2-85
cross-section 0-02 2-38 I ' l l 0-01 1-29

b\u class C6D 4F2

( - )0 -2 8 (+ )2 -25 ( + ) 1 9 8 (+ )0-13 (+ )1 T 6

frequency 2277 1435 1125-1139 859 685
band area 0-17 14-65 3-86 0-74 1-97
cross-section 0-02 3-40 1-14 0-29 0-96
()/x/t)g (obs.) 0-28 2-64 1-35 0-59 0-97

(calc.) -0 -5 1 + 2-66 +  1-34 - 0 - 6 2 +0-91

bzu class Q H 4F2
frequency ca. 3074 1437 1285 1085 ca. 350
band area 0-1 0-2 0-052 0-51 —

cross-section 0-01 0-05 0-01 0-16 —

S /t/S g  (obs.) 0-22 0-31 0-16 0-49 —

(calc.) -0 - 2 7 - 0 - 1 5 -0 - 1 6 -0 - 4 9 +  0-50

blu class C6D 4F2
frequency 2310 1390 or 1369 1287 802 ca. 303
band area 0-089 ca. 0-3 ca. 0-1 002 0-27 —

cross-section 0-01 ca. 0-07 ca. 0-02 001 0-11 —

b/x/bg (obs.) 0-21 ca. 0-4 ca. 0-2 0-10 0-36 —

(calc.) - 0-20 + 0-11 -0 -0 3 - 0 - 3 6 + 0-50

bzu class C6H4F 2 
frequency 
band area 
cross-section 

(obs.) 
(calc.)

837
3-25
1-29

(-b)l-24

506
0-64
0-42

( - )0 -5 5

ca. 186

— -t-0-15+0-40/7

biu class C6D 4F2
frequency 732
band area 1 3 0
cross-section 0-59
b/i/c) g  (obs.) 0-78

(calc.) 4 -0 -7 9 + 0 0 1  /?

b\u class C6H 2F4
frequency 
band area 
cross-section 

Q (obs.) 
(calc.)

bzu class C6H2F4 
frequency 
band area 
cross-section 
'àfj.j'à Q (obs.) 

(calc.)

3088
0-20
0-02

(- )0 -3 1

1534
19-66
4-27

( - )3 -0 4

422 ca. 180
0-67 —
0-53 —
0-56 —

- 0 - 6 3 - 0 - 0 2  p + 0 -1 4+ 0-40 /7  
( / / - / - 1-2 D/A)

1439
1-84
0-43

(- )0 -9 3

1277
1-22
0-32

(+ )0 -7 6

1222
5-33
1-46

( - ) l - 5 9

1164
6-42
1-84

(+ ) l -7 4

700 ca. 330
1-22 —

0-58 —
( - )0 -7 6  —

—  +0-19+ 0-51?

853 ca. 290
3-19 —
1-24 —

( - ) l  23 —
— +0-01-0-25 Î



D. STEELE AND D. H. WHIFFEN Ig l

Table 2 {contd.)
biu class C6H2F4
frequency 869 457 ca. 199
band area 3 80 0 13 —
cross-section 1 46 0 09 —
w e  (obs.) (+)1 34 ( - ) 0  24 —

(calc.) — — —0 20—0 6 6 1

Units: frequencies in cm -i; band areas 10"?cm^ molecule"! sec"!; cross-sections 
10-4^2 =  10-20 cm2 ; t)/x/c)g (a.m.u.)i D/Â.

blu class and the band a t 1437 cm"! is also confused by combination bands. For 
C6D 4F 2 the C—D  stretch is plain but the third band is too weak to measure and 
there is some uncertainty whether the second band is at 1369 cm“ i in view of the 
very distorted band shape for this absorption. Also there is one missing band in 
each case below 400 cm"!.

Table 3.— D̂ipole moment gradients with respect to symmetry coordinates

b\u class
C6H4F2 C4H2F4

518 + 0  02 - 5  9 2 -0  829
5 i9 - 0 5 5 - 3  4 7 -2  719

'itjxl'b S20 - 0  60 + 0 2 9 + 0 2 5 9
îl/i/ô 521 + 0  46 +  1-73 9
'bfil'b S22 - 9  15 —051—0-05 9

blu class
523 - 0  23* -9-56-0-28 5
524 + 063 -0-68-1-08 f

Ô/i/î) Sis +  143 +  1-36-017 5
'bfJil'b Sl6 - 0  55 — s

S27 +  1 80 -0-59+0-01 5

biu class
'dfil'à Sis +  1 05+0 84/7 -0-16+1-271
'dul'b Si9 - 0  16+0 58/7 -0 -1 2 -0 -5 8 /
tl/x/ô 530 + 0  29+0 39/7 +  1-20+1-23/

Units D/Â =  10 !0 e.s.u.
* Figures in this column are of diminished reliability, see text.

There are thus five unknowns, the dfi/ôS, to be obtained from four clearly 
observed bands between the two isotopic species as well as the upper limits o f 
four further bands. A  wide variety of solutions are formally possible and given 
in table 3 is one solution which is reasonably consistent with that to be expected. 
The calculated dfxlôQ  in table 2 refer to these values.

blu CLASS OF C 6H 4F 2 AND C 6D 4F 2
For the out-of-plane bi,, class the nature of the co-ordinates is such that each 

dipole gradient w ith respect to a symmetry co-ordinate contains appreciable 
admixture o f C—F  deformation. A n experimental value of the C—F  bending 
dipole gradient would depend very largely on the intensities of the lowest frequency 
bands below 200 cm "! which were not measured in this work. Consequently 
it seemed better to  treat this quantity as a parameter (symbol p) and compute 
other features in terms o f p. The expected value of p  is ca. —1 2  D /Â  and together 
with the expected “  effective ” mom ent of the C—H  of 0 61 D/Â  the signs of the
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diijdQ  can be predicted with some certainty. Num erical details are given in 
tables 2 and 3, where the djildS  are exact solutions from the C6H 4F 2 observations. 
The predicted intensities o f the observed bands of C6D 4F 2 are almost independent 
o f p  and if this were indeed —1 2  D /A  the agreement is satisfactory. I t is not 
reasonable to com pute p  by requiring exact agreement with the C6D 4F 2 observ
ations since the errors in p  would exceed its value.

blu CLASS OF C 6H 2F 4
In  this class the C—F  stretching m otion largely controls the intensities but there 

is appreciable contribution from  the C—F bending dipole gradient. A satis
factory determ ination o f this quantity would involve a measurement o f the band 
expected near 330 cm~i and this is no t available. The dipole gradient has been 
treated as a param eter (symbol q) whose expected value is ca. — 1 2  D/A. The 
numerical details are again shown in tables 2 and 3.

blu  CLASS OF C 6H 2F 4
In  this class too the intensities are largely controlled by the C— F stretch with 

a  contribution from  the C—F bend whose dipole gradient may again be taken as 
a param eter (symbol s) whose value is unknown in the absence of intensity measure
ments for the lowest frequency band. The details are in tables 2 and 3.

CLASS OF C6H 2F4
This class may be treated in a m anner analogous to  the 63,, class for C6H 4F2. 

The sign to  be taken for the dipole m om ent derivative with respect to the normal 
co-ordinate for the 457 cm~i band is somewhat uncertain inasmuch as the absolute 
value is so small. The negative sign chosen, as in table 2, is preferred as it gives
a C—H  bending dipole m om ent gradient closer to  that observed in benzene and
C6H4F 2. This leads to  the dipole mom ent gradients with respect to the symmetry 
co-ordinates of table 3 .

D IS C U S S IO N

I t  is often difficult to  envisage dipole m om ent gradients w ith respect to the 
symmetry co-ordinates and it is custom ary to  convert these to  bond co-ordinates 
which are m ore easily visualized. F or many molecules, including those with 
closed-ring systems, there are m ore bond co-ordinates than symmetry co-ordinates

since there are relationships between certain bond 
co-ordinates, e.g. ring angles and sides. This 
leads to  difficulties as to which elements are
taken as unchanged in the form ation o f partial
derivatives.

I f  translation and rotation are included there 
are as many local Cartesian co-ordinates a t the 
atom s as there are symmetry co-ordinates and the 
dipole mom ent gradients can be expressed in terms 
o f these provided the overall dipole m om ent and 
molecular charge are known. F or the present 
molecules these are both zero and the system 
proves helpful. Fig. 1 shows the nomenclature 

C6H4F 2, H at 2,3,5,6. followed. The sign convention for the partial
C6H2F4, H at 1,4. derivative is that dpldrj, etc., carry the sign of

an equivalent charge of fixed m agnitude moving 
with the mass point, djiyldrj, etc., are the resultants o f dp/drj, etc., along the y 
direction. The dpidrj are readily calculated since

d fi/d rj =  Ik i^ p /d S k X d S J d r j)

-Lx

F ig . 1.
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and the ôSk/drj are obtained from the definitions ? o f the S. These are such that 
the derivatives with respect to  the substituent motions are fairly simple, namely :

ônJdri=2-^ÔfildS22; d^ijôu^ =-2~^ôpilÔS2i\ 
ô H x l ^ X i  =  2 3 ^ d p J ô S 2 g + 2  ^ ô p l ô S ’̂30

23 Jô p jô r 2  =  2 ^ d p Iô S is l dpylôr2 = 2 -^d iild S

d p jd u 2  =  ~ 2~ ^d{ilôS2 i', ôpylôu2 =

d fl jd x 2  =  2 ^dplÔ S28~3 ^P2^d[.lldS2g,

where p i is the carbon substituent bond length divided by the ring C—C bond 
length for a substituent at position 1 and p i  the corresponding value for a sub
stituent at position 2. For a fluorine substituent, p  =  1-29/1-40 =  0-92 and for 
hydrogen =  1-07/1-40 =  0-76.

C—F MOMENTS

The C—F bending moments all contribute largely to the intensities o f the 
bands below 400 cm~i and no reliable values are obtained in this work, p, q, s 
and t are defined so that they are equal to where 0 is the angle of
distortion o f the C—F direction. dp/dO is approximately equal to the C—F 
dipole of ca. 1-55D (cf. dp/ôp — 1-60 in CeFe) and since rc -p  — 129Â, p, q, s, t 
should each be — 1-2D/Â. From  the inaccurate value of ô p jô S n  in C6H4F 2 
the equivalent quantity for this class is —1-3 D/Â.

The C—F  stretching gradients are determined with reasonable precision. F or 
C6H4F2, dpzldri =  — 6 5 D/A. For C6H2F4, ôpziôri =  — 2-96— 0 4 1 ^ ^ — 2-47 =  
—4-9 cos 60 D/Â. Similarly ô p y lô r i=  —4-lS—0 -\4 s '^ —4-6\ =  —5-3 cos 30, 
D/A. The last forms are given since the coefficients of the cosines are the 
values of dp/dr  parallel to the bond which would give the same resolved moment 
in the z  and y  directions. These values are almost equal, showing ôpidr to lie 
nearly parallel to  the bond direction with a value of - 5 - 2  D/A. There is slight 
evidence of a reduction of dpjdr with increasing number of fluorine atoms present ; 
the values obtained are C6H4F2 6-5 ; C6H 2F4 5-2 ; CeFe 5-0 D/A. If  each of 
these values is accurate to  10 % the trend would appear to be just significant.

C— H MOMENTS

All the C—H  dipole mom ent derivatives are less than one-tenth of the C—F 
stretching derivative and they are consequently not obtained with much accuracy 
from classes containing a C—F  stretch. The values of the C—H  stretching 
derivative are ~ 0-0 from  the b\u class of C6H 4F2 ; 0-1 from the biu class and
~ - 0 - 3  D/A  from  the b\u class of C6H 2F 4 which can be compared with —0-45 D/A 
for benzene itself. These are calculated assuming the moment to lie along the 
C—H bond in C 6H 4F 2 and are too inaccurate for any conclusion to be drawn on 
the correctness o f this assumption.

Three values can also be obtained for the C—H  in-plane bending gradient. 
Assuming this to  be perpendicular to the C—H  bond in C6H4F 2 the values are 
+  0-27 from  the bi„ class o f C6H 4F 2 ; +0-55 from the biu class ; and +0-42 D/A 
from the biu class o f C 6H 2F4. These are consistent in approximate magnitude 
and in all cases the positive sign is confirmed. The magnitude can be compared 
with the benzene value 1 +0-31 ;-Q  ̂ =  +0-29 D/A. The quantities quoted are 
dpidu =  /-Q1 {dpjdO), where 0 is the angle of twist of the bond, dp/dd is some
times called the “ effective ” bond dipole but since the dipole moment is that of 
the whole molecule this nomenclature can be misleading.

Each of the out-of-plane classes leads to  a value of dpjdz for hydrogen dis
placement which is surprisingly independent of the value assumed for dpjdz for
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fluorine. The C 6H 4F 2 case gives dp jdz =  + 0 -65—O O I/j'^+0-66 and C6H 2F4 
gives +0-66+0-011'-^+0-67 D /Â . The value found for benzene 1 was + 0  58 D/A. 
There is thus no evidence for a m ajor change in the C—H  bending m om ent between 
these molecules.

C O N C L U S IO N S

As m ight have been expected, there do not appear to  be any gross changes of 
dipole m om ent gradients for hydrogen o r fluorine motions along the series CgHg, 
C6H 4F2, C 6H 2F4, CeFg. The results furtherm ore confirm that the H  atom 
behaves as if it  carried a positive charge for both the in-plane and out-of-plane 
bending m otions. Unfortunately, the C—F  stretching gradient so dom inates the 
in-plane intensities tha t this series o f molecules is unsuitable for examining the 
constancy of the hydrogen m om ent gradients. There is some evidence tha t the 
C—F  stretching gradient is reduced slightly by progressive fluorine substitution.

We should like to thank Prof. Tatlow and Messrs. Coe and G ething for the 
samples o f C 6H 2F4 and for checking the purity o f other materials and D r. Majer 
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ledge the receipt o f a University Appeal Scholarship.
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The vibration frequencies of pentafluorobenzene
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Abstract—The infra-red and Ram an spectra of pentafluorobenzene and the infra-red spectrum  
of pentafluorodeuterobenzene have been measured. The values shown in Table 4 have been 
assigned as fundam ental frequencies. A partial reassignment of l;2;4;5-tetrafluorobenzene is 
also suggested.

1. Introduction
A s s i g n m e n t s  h a v e  b een  m ad e for a n u m b er o f  flu orin ated  b en zen es [ 1 - 5 ] in  th e  
p ast an d  n o w  th a t  p en ta flu orob en zen e  is read ily  a v a ila b le  [ 6 ] a s tu d y  o f  its  sp ectra  
seem ed  d esirab le  an d  i t  h as a lread y  p roved  h elp fu l in  assign in g  th e  h exa-  
fluorobenzen e sp ec tra  [5]. P en ta flu orod eu terob en zen e  w as also exam in ed  in  th e  
in fra-red , b u t  th ere  w as in su ffic ien t m ateria l for th e  d eterm in ation  o f  its  P a m a n  
sp ectru m ,

2. Experimental
T h e sp ec tr a  w ere ob serv ed  u n d er con d ition s sim ilar to  th o se  described  for 

h ex a flu o ro b en zen e  [5]. T h e  p en ta flu orob en zen e w as p repared  [ 6 ] b y  dehydro- 
flu or in a tion  o f  1 :2 /4 :5 -tetrahydro-octafluorocycZ oliexane (b.p. 118°C) an d  purified  
b y  v a p o u r  p h a se  ch rom atograp h y .

T h e p en ta flu o ro b en zen e  w a s co n v er ted  to  p en taflu orob rom ob en zen e b y  th e  
a ctio n  o f  Br^ in  co n ce n tr a te d  H 2 SO 4 , th is  w as tre a te d  w ith  Mg to  form  th e  G rig
nard  re a g en t w h ich  w as d eco m p o sed  b y  DgO to  form  CgDP^. F rom  th e  resid u a l 
stren g th  o f  th e  C— H  o u t-o f-p la n e  d eform ation  b an d  a t  837 cm ~ i i t  w as es tim a ted  
th a t th e  p r o d u c t  c o n ta in e d  less th a n  2  per cen t o f  CgHFg.

T h e e x p e r im e n ta l o b serv a tio n s  are sh ow n  in  tab u lar form  in  T ables 1  an d  2 . 
The in fra -red  sp ec tr a  are to  b e  p u b lish ed  in  th e  D .M .S . co llection .

3. Assignment
CgHFg is  e x p e c te d  to  h a v e  a  p lan ar stru ctu re w ith  Q^v sy m m e tr y  for w hich  

th e  z -a x is  is  to  b e  ta k e n  [7] p erp en d icu lar to  th e  p la n e  o f  th e  ring. T ab le 3 g ives  
th e  r e le v a n t  in fo r m a tio n  for th e  b asis o f  an  assign m en t. B o th  th eory  [ 8 ] and  
ex p er im en t in d ic a te  th ree  p o ss ib le  d is t in c t  b a n d  sh ap es in  th e  in fra-red  vapour  
sp ec tra  a n d  for  th e  stron ger b an d s th ese  h a v e  p rov id ed  v a lu a b le  assistan ce in

[1] J. R. N i e l s e n ,  C. L i a n g  and D. C. S m it h ,  Discussions Faraday Soc. 9 , 177 (1950).
[2] E. E. F e r g u s o n , J. C/iew. P/iy5. 21, 886 (1953). h k t  nQ-q\
[3] E. E. F e r g u s o n ,  R. L. H u d s o n ,  J. R. N i e l s o n  and D. C. S m it h ,  J. Chem. Fhys. 21, 1457 19o3 .
[4] E. E. F e r g u s o n ,  R. L . H u d s o n ,  J. R. N i e l s o n  and D. C. S m it h ,  J. Chem. Fhys. 21, 1464 (19o3).
[5 ]  D. S t e e l e  and D. H .  W h i e f e n ,  Trans. Faraday Soc. 5 5 , 369 (1959).
[6] R. S t e p h e n s  and J. C. T a t l o w ,  Chem. db Ind. {London) 821 (1957).
[7] R. S . M u l l i k e n ,  j . Chem. Fhys. 23, 1997 (1955).
[8] R. M . B a d g e r  a n d  L. R. Z u m w a l t , J. Chem. Fhys. 6, 711 (1938)
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th e  a ss ig n m en t. S in ce  R a m a n  freq u en cies in  th is  w ork are liq u id  s ta te  va lu es, 
freq u en cies for th is  s ta te  w ill b e q u oted  th rou gh ou t th e  d iscussion .

a  ̂ class

F o u r freq u en cie s , n a m ely  3105, 1410, 718 and 578 cm ~ i, are im m e d ia te ly  
assign ed  to  th e  « 4  c lass on  th e  b asis o f  stron g p olarized  R am an  lin es, w hile  th a t  a t  
718 c m - i  is con firm ed  an d  1286, 1075 and  325 c m - i  m a y  be ad ded  on  th e  basis o f  
stron g  in fra-red  b a n d s w ith  clear ty p e -R  sh apes in  th e  vapour. In  m ost su b stitu ted  
b en zen e co m p o u n d s th ere  are tw o  C— C stre tch in g  fu n d am en ta ls near 1600 cm ~ i  
w h ich  are p ro m in e n t in  th e  R a m a n  sp ectru m  th o u g h  o ften  overlay in g  each  other. 
T he 1648 c m ~ i freq u en cy  is accord in g ly  assign ed  in  b o th  th e  an d  5g classes. 
Of th e  freq u en c ie s  near 1500 cm -^  th e  low er, 1514 c m - i ,  is ex p ec ted  to  b e th e  %. 
C om parison  w ith  CgFg an d  its  force co n sta n t trea tm en t su ggests th a t  th e  th ree  
rem ain ing  fu n d a m en ta ls  are b elow  550 cm “ 4. One is lik e ly  to  be o n ly  s lig h tly  ab ove  
the g 2 0  fre q u en cy  o f  CgFg a t  443 c n i - i  an d  sin ce th e  n orm al m ode is o n ly  s lig h tly  
affected b y  th e  su b st itu t io n  o f  H  for F , th e  R a m a n  lin e  w ill o n ly  b e s lig h tly  
polarized. A lth o u g h  ob served  as a d ep o larized  R a m a n  lin e  th e  v a lu e  470 cm~^ 
has b een  a ss ig n e d  to  th is  freq u en cy; 495 cm~^ is a p ossib le  a ltern a tiv e  v a lu e  b u t  
the R a m a n  lin e  is v e r y  m uch  w eak er. F in a lly  th e  w ea k  R a m a n  lin e  a t 272 cm~4 
is ta k en  to  in d ic a te  th e  lo w es t  fu n d a m en ta l sin ce th is  is ab o u t th e  ex p ec ted  
value.

E x c e p t  for  th e  h ig h e st  fu n d a m en ta l, th e  CgDFg frequ en cies sh ou ld  b e a lm ost  
u n ch an ged  an d  th is , to g e th e r  w ith  th e  R -ty p e  vap ou r con tours in  m ost cases, 
m akes th e  a ss ig n m en ts  o f  1638, 1511, 1400, 1277, 1067, 701, 578, 467 an d  325 cm~^ 
a lm ost in esc a p a b le . T h e lo w e s t  freq u en cy  is  l ik e ly  to  b e u n ch an ged  an d  th e  
R ed lic h -T e lle r  p ro d u c t ru le m a y  b e  ap p lied  as a gu id e to  th e  h ig h est frequency. 
The ca lc u la te d  ra tio  is  1  41 an d  th e  ob served  1-43 i f  2315 cm ~4 is th e  m issing  
fu n d am en ta l, w h ereas i f  2215 cm~^ w ere ch osen  th e  u n a ccep ta b le  p rod u ct ratio  
1 4 9  is o b ta in e d  or i f  2420  cm~^ w ere ch osen  th e  ratio  w ou ld  b e T 36. T he 2315 cm “ i 
is also ju s t  th e  stro n g est  a lth o u g h  it  w ou ld  b e  u n safe  to  assign  i t  on  th e  grounds 
of in te n s ity  a lon e.

bg class

F o llo w in g  th e  a rg u m en t for th e  class th e  tw o  h ig h est 6 2  frequ en cies m u st  
be 1648 a n d  1540 cn i“  ̂ an d  th e  a rgu m en ts for a ssign in g  436 cm~^ as a 6 g frequ en cy  
h ave b een  g iv e n  p rev io u s ly  [5]. T yp e-v l con tours p lace  th e  stron g  infra-red  bands  
at 1182, 953 a n d  304  cm “  ̂ as 6 3  fu n d a m en ta ls . T h e b and s a t  1268, 1233 and  
1138-4 a lso  h a v e  type-M  con tou rs b u t o n ly  tw o  furth er fu n d am en ta ls are exp ected  
in  th is  reg ion . T h e e x is te n c e  o f  a m ed iu m  in te n s ity  R a m a n  lin e  a t 1138 cm -4  
su p p orts th e  a ss ig n m en t o f  th is  freq u en cy  as a fu n d am en ta l. A pp lica tion  o f  th e  
in eq u a lity  ru les [ 5 ] su g g est  th a t  th e  m issin g  freq u en cy  is ab o v e  th e  CgFg frequ en cy  
at 1253 c m - 4 b u t  b e lo w  th e  p-CgRgF^ freq u en cy  o f  1277 cm -4  [4]. A ccord ingly  
1268 cm —4 is fa v o u r ed  as th e  fu n d a m en ta l even  th o u g h  th e  1233 cm  4 band  appears 
to  b e  s lig h tly  stron ger . T h ere is  a w eak  R am an  lin e a ssoc ia ted  w ith  a fa irly  stron g  
in fra-red  a b so rp tio n  a t  6 8 8  cm -4  -^qiich m a y  p la u sib ly  b e assign ed  as a ev e n  
th o u g h  o v er la p p in g  b an d s m ak e th e  vap ou r con tour u n certa in . T h is lea v es one

3 6 9



D. S t e e l e  and D. H. W h i f f e n

Table 1. In fra-red  and  R am an  frequencies of pentafluorobenzene

In fr a -r e d
R a m a n I n te r p r e t a t io n

V a p o u r L iq u id

171 v w  d p «2  f u n d a m e n ta l
— — 2 1 7  w  d p 6  ̂ f u n d a m e n ta l
— — 2 7 2  w f u n d a m e n ta l

3 0 4  A — &2 f u n d a m e n ta l
3 2 9  B — 3 2 5  m  d p fu n d a m e n ta l

— 3 9 1  m  d p «2  f u n d a m e n ta l
4 1 6 — 171 +  2 4 7  =  4 1 8 ;  Og X 5g =

4 3 6  w 4 3 5  m  d p &2 fu n d a m e n ta l
4 7 5 4 6 9  w 4 7 0  m  d p ? Uj f u n d a m e n ta l
4 9 5 4 9 5  v w  p 2 X 2 4 7  =  4 9 4 ;  26g =

5 2 2  w  d p 2 4 7  +  2 7 2  =  5 1 9 ;  ôg X a   ̂=  6g
5 5 5  G 5 5 6  s 6 5 7  w  d p f u n d a m e n ta l

5 8 0  w 5 7 8  8 p f im d a m e n ta l
5 9 9  v v w 2 7 2  +  3 2 5  =  5 9 7 ;  Uj X U j =
6 5 7  v w 6 6 2  w  p 2 X 3 2 5  =  6 5 0 ; 2»̂  ̂ =

6 7 4  a 2 1 7  +  4 7 0  =  6 8 7 ;  X
688 6 8 2  8 688 w  d p &2 f u n d a m e n ta l
6 9 7  C f u n d a m e n ta l

7 1 0  m 2 7 2  +  4 3 6  =  7 0 8 ;  x &g =  6g
7 1 9  B 71 7  v v s 7 1 9  s  p Oj f u n d a m e n ta l
741 2 7 2  +  4 7 0  =  7 4 2 ;  X

79 3  w 7 8 8  w 3 2 5  +  4 7 0  =  7 9 5 ;  X Uj_ =
8 3 7  G 8 3 8  v v s fu n d a m e n ta l
8 6 3 171 +  6 9 7  =  868; «g x =  6g
8 7 9 87 9  w 3 0 4  +  5 7 8  =  8 8 2 ; 6g X =  6 g
9 13 9 1 2  v w 4 3 6  +  4 7 0  =  9 0 6 ;  6g X =  6g
9 4 3  A 9 4 1  v s ] { 3 9 1  +  5 5 6  =  9 47  ; «g X =  6 g
9 5 9  A 9 5 3  v v s &2 fu n d a m e n ta l
9 8 0  A 9 8 0  m ) I 2 4 7  +  7 1 8  =  9 6 5 ;  6g x  =  6g

1 0 1 5 1021 w 4 3 6  +  5 7 8  =  1 0 1 4 ; 6g X =  6g
1 0 4 9  B 1 0 4 6  m 4 7 0  +  5 7 8  =  1 0 4 8 ; X a^ =  a^
1 0 7 9  B 1 0 7 5  v v s 1 0 7 8  v w f u n d a m e n ta l
1 1 0 5 1100 v w 1112 v w  p 2  X 5 5 6  =  1 1 1 2 ; =  a^
1 1 4 2  A 1 1 3 8  s 1 1 3 9  m  d p 6g fu n d a m e n ta l
1 1 7 8  A 1 1 8 2  w s 1 1 8 9  w w 6g f u n d a m e n ta l
1 2 2 8  A 1 2 3 3  m 39 1  +  8 3 8  =  1 2 2 9 ; ag X =  6g
1 2 7 5  A 1 2 6 8  m 6g f u n d a m e n ta l
1 2 9 3  B 1 2 8 6  s 1 2 8 8  m  d p ? a^ f u n d a m e n ta l
1 3 2 3 1 3 2 2  w 1 317  v w  p 2 4 7  +  1 0 7 5  =  1 3 2 2 ; 6g x =  6g
1 3 5 2 1 3 4 2  w 2 7 2  +  1 0 7 5  =  1 3 4 7 ;  a^ X a ,  =  a^
1 3 7 5  B 1 3 7 0  m 2 4 7  +  1 1 3 8  =  1 3 8 5 ;  6g X 6 g =  a^
1 4 1 4  B 1 4 1 3  m 1 4 1 0  m s  p a^ f u n d a m e n ta l
1 4 4 8 1 4 3 8  v w 3 0 4  +  1 1 3 8  =  1 4 4 2 ; 6g X 6 g =  a^
1 4 6 8 3 2 5  +  1 1 3 8  =  1 4 6 3 ; a^ X 6 g =  ôg
1 4 9 2 3 0 4  +  1 1 8 2  =  1 4 8 6 ;  6g X 6 g =  a^
1 5 0 4 1 4 9 9  m 4 3 6  +  1 0 7 5  =  1 5 1 1 ; &g x =  &g
1 5 1 2 1 5 1 4  w s 1 5 1 5  w a^ f u n d a m e n ta l
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Table 1 (continued)

In fra-red
R a m a n In terpreta tion

V ap our L iq u id

1535 1540 v v s &2 fun dam enta l
1563 1556 w 272 +  1286 =  1558; X =  a^
1620 436 +  1182 =  1618; 6g X 6g =  a^
1645 1647 v s 1648 m s dp a.j and  6g fun dam enta ls
1656 1660 w 578 +  1075 =  1653; a^ x  a^ =  a^

1673 w 2 X 838 =  1676; 2h^ =  a^
1715 1712 m 578 +  1138 =  1716; X =  fig
1754 1750 w 470 +  1286 =  1756; a^ X a^ =  a^

1782 v w 272 +  1514 =  1786; aĵ  X aĵ  =  a^
1811 v w 304 +  1514 =  1818; 6g x  =  6g

1836 1831 w 325 +  1514 =  1839; a^ x
1855 1846 w 436 +  1410 =  1846; 6g x  cq =  6g
1895 1891 w 718 +  1182 =  1900; cq X 6g =  6g
1921 1913 v v w 272 +  1648 - 1920; aĵ  x  a^ =  a^
1949 1942 v \'w 436 +  1514 =  1950; 6g X =  5g
1989 1978 v w 718 +  1268 =  1986; â  ̂ X a^ =  a^
2012 1998 w 470 +  1540 =  2010; a^ X 6g =  6g
2110 2094  w 688 +  1410 =  2098; 6g X 6g =  \
2130 2113  w 578 +  1540 =  2118; a^ X 6g =  6g
2165 2146  v w 2 X 1075 =  2150; 2a^ =  a^

2210 v v w 1075 +  1138 =  2213; a^ X 6g =  6g
2225 2226  w 718 +  1514 =  2232; a  ̂ X a^ =  a^
2259 2255  w 1075 +  1182 =  2257; a^ X 6g =  6g
2365 2345 w 1075 +  1268 =  2343; a-ĵ  X 6g =  6g
2440 2423 w 1138 +  1286 =  2424; feg X a^ =  6g
2478 2467 w 1182 +  1286 =  2468; 6g X a^ =  5g
2495 2481 w 1075 +  1410 =  2485; a^ X a^ =  a^
2556 2548 w 1268 +  1286 =  2554; 6g X a^ =  6g

2568 w 2 X 1286 - 2572; a^ X a-̂  =  a^
2591 2582  w 1075 +  1514 =  2589; â  ̂ X a^ =  a^
2616 2608  v v w 1075 +  1540 =  2615; a^ X 5g =  5g

2650  vvw^ 1138 +  1514 =  2652; 6g X a^ =  6g
2680 2671 w 1268 +  1410 =  2678; 5g X a-g =  fegi

2795 v v w 1286 +  1514 =  2800; a^ X a^ =  a^
2825 2826  v w 1182 +  1648 =  2830; 6g X aĵ  or 6g =  6g or a^

2875 v v w —
2937 2939  w 1286 +  1648 =  2934; a  ̂ X a^ or 5g =  a  ̂ or 6g
3026 3023 v w 2 X 1514 =  3028; 2a^ =  a^
3058 3065 w 1410 +  1648 =  3058; a^ X or 6g =  a  ̂ or 5g
3102 3105 m 3097 w Uj fu n d am en ta l
3180 3184 w 1540 +  1648 =  3188; 6g X a^ or 6g =  ôg or a^
3295 3300  v w 1648 +  1648 =  3296; a  ̂ X ôg =  ôg

p =  partially polarized, dp =  depolarized, w =  weak, m — medium, s — strong, 
V =  very, A ,B ,C  designate vapour band shapes, see Table 3.
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Table 2. Infra-red. frequencies of pentafluorodeuterobenzene

Va%iour L iq u id I n te r p r e ta t io n

3 25
4 2 0 4 3 5 m

4 6 7 m
4 9 4 C 4 9 4 s

5 3 0 w
5 4 0 w
5 7 8 m
602 w

631 62 5 s
6 7 9 c 6 7 4 v s
70 5 B 701 v s
7 43 C 7 3 8 v s

7 53 m
7 6 2 w
7 78 w
7 83 w

8 15 817 w
8 23 w

8 3 8 C 8 3 5 w
8 73 A 8 7 0 v v s
888 8 8 5 w

9 2 9 w
9 3 6 A 9 3 8 \v

9 4 2 w
9 6 0 9 5 6 w

9 7 0 w
1 005 1 0 0 5 v s
1 0 2 4 A 1 0 1 8 v v s
1 0 4 6 B 1 0 4 6 s
1 0 7 5 B 1 067 v v s
1 133 1 1 2 6 m

1 1 4 6 m
1 157 1 1 5 5 w
1 1 7 4 1 1 7 5 m
1 2 2 5 C l 1 2 1 8 w
1 267 1 2 6 8 w
1 2 8 8 B 1 277 v s

1 3 0 6 v w
1 3 2 3 B 1 3 1 9 w

1 3 3 8 w
1 3 4 8 1 3 4 4 v w

1351 v w
1 3 7 2 w

1 3 8 3 1 3 8 3 w
1 4 0 5 B 1 4 0 0 v s
1 4 2 6 1 4 2 3 w

1451 w
1 5 0 2 1 5 0 3 m s

ÜJ fu n d a m e n ta l  
&2 f im d a m e n ta l  

f im d a m e n ta l  
fu n d a m e n ta l

a^ fu n d a m e n ta l

&2 fu n d a m e n ta l  
f im d a m e n ta l  

a j  fu n d a m e n ta l  
0  ̂ fu n d a m e n ta l

bo fu n d a m e n ta l

bo fu n d a m e n ta l  

a^ fu n d a m e n ta l

ôg fu n d a m e n ta l

ôg fu n d a m e n ta l  
a^ fu n d a m e n ta l

Uj fu n d a m e n ta l
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Table 2 {continued)

V a p o u r L iqu id In te r p r e ta t io n

1 515 1511  v s f im d a m e n ta l
1527 1525  v s 6g f im d a m e n ta l
1 537
1547 1545  m
15G7
1 588 1579  m
1 6 0 8 w
1 6 4 4 1638  v s a n d  ôg fu n d a m e n ta ls
1679 1 668  w
1711 1 698  m  

e tc .  
2 2 1 5  w  
2 2 7 0  w
2 3 1 5  m «2  fu n d a m e n ta l
2 4 2 0  m
e tc .

F or exp lan a tio n  o f  sym b ols, see foo tn ote  to  T able 1.

T a b le  3

S y m m e tr y
c la s s

N u m b e r  o f  
fu n d a m e n ta ls

R a m a n
a c t iv i ty

In fr a -r e d  
b a n d  shajDe

11 P T jq ie  B ,  d o u b le  p e a k s
Og 3 d p F o r b id d e n

K  . 6 d p T y jje  C , P R  se p . 13  cm -^ , 
p r o m in e n t  Q -branch

h 10 d p T jq ie  A ,  P R  se p . 8 cm -^ , 
m e d iu m  Q -b ran ch

m issin g  fu n d a m e n ta l a t  an  e v e n  low er v a lu e . A  v a lu e  247 cm~^ is  su ggested  on  
in d irect ev id e n c e ; i t  p ro v id es an  ex p la n a tio n  o f  th e  w ea k  h u t u n d o u b ted ly  
p o larized  R a m a n  lin e  a t  495 cm “  ̂ an d  also  a w ea k  in fra-red  b an d  a t  415 cm '^ .

T h e C'cFgD freq u en cies a t  1638, 1525, 1268, 1018, 870, 625 an d  435 c m - i  are 
rea d ily  a ss ig n e d  b y  a n a lo g y  an d  th a t  a t  1175 cm~^ is th e  stro n g est in fra-red  b and  
in  th is  ra th er  co n fu sed  reg ion  w here a fu n d a m en ta l m u st lie .

class
S tro n g  b a n d s  w ith  clear (7-contours are a t  838 an d  556 cm -^  for CgHFg an d  a t  

738, 674  a n d  4 9 4  c m - i  for CgDFg. T h ese  figures sh ow  th a t  th ere m u st b e a  CgHFg 
freq u en cy  s l ig h t ly  a b o v e  674 c m — Th e  in fra-red  sp ectru m  is con fused  in  th is  
region  b u t  th e re  are tw o  sh arp  ([)-b r a n d ies  in  th e  vap ou r a t  674 an d  697 cm -^
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w h ic h  m u st  b e lo n g  to  typ e-(7  b a n d s a d d it io n a l to  th e  ce n tr a l a b so rp tio n  a t  688 cm ~^  
a ttr ib u te d  to  a  ôg fu n d a m en ta l. T h e  h ig h e r  is  ta k e n  a s th e  ôj fu n d a m e n ta l s in ce  
th e  CgHFg fre q u en cy  is  e x p e c te d  to  b e  d e c id e d ly  a b o v e  th e  Q D F g  figure. T h e  
re m a in in g  fu n d a m en ta ls  are e x p e c te d  to  b e  b e lo w  350  cm ~^. T h e  R a m a n  fre q u en cy  
o f  217 cm “  ̂ m a y  b e lo n g  to  a  fu n d a m e n ta l o f  th is  c lass.

a 2  class

T h e  « 2  c lass freq u en cie s  sh o u ld  r e se m b le  th e  a n d  ôg  ̂ fre q u en c ie s  o f  CgFg 
s in ce  th e se  freq u en c ie s  are n o t  fu n c t io n s  o f  th e  m a ss o f  s u b s t itu e n ts  a t  p o s it io n s  
1 a n d  4. A rg u m e n ts  fa v o u r in g  391 cm~^ a s o n e  su c h  fre q u en cy  for CgHFg h a v e  
p r e v io u s ly  b een  g iv e n  [5]. T h e  R a m a n  fr e q u e n c y  o f  171 c m ~ i m a y  b e lo n g  to  th is  
c la ss  b u t  n o  v a lu e  is  su g g e s te d  for th e  h ig h e s t  fr e q u e n c y  w h ic h  sh o u ld  b e  a b o u t  
600  cm ~^. I n  th e  a b sen ce  o f  a  R a m a n  sp ec tr u m  th e re  is  n o  e v id e n c e  for  C gD F g 
fre q u en c ie s  w h ich  sh o u ld  b e  id e n tic a l w ith  th o se  o f  CgHFg.

C o m b in a t io n  frequencies

A lso  g iv e n  in  T a b le  1 are e x p la n a tio n s  fo r  m a n y  o th e r  sp ec tr a l fea tu r es  in  
ter m s o f  th e  a ss ig n e d  fu n d a m en ta ls . I n  so m e cases  m ore th a n  o n e  e x p la n a tio n  is  
a v a ila b le ;  th e  d e ta ils  are p r e se n te d  p r in c ip a lly  to  sh o w  th a t  n o  im p o r ta n t  fea tu r e  
is  w ith o u t  a n y  e x p la n a tio n . W ith  n in e  u n k n o w n  fu n d a m e n ta ls  i t  is  u n p ro fita b le  
to  a t te m p t  to  ex p la in  th e  C gDF g c o m b in a t io n  b a n d s.

4. Partial reassignment of l:2:4:5-tetrafluorobenzene
I t  is  n ece ssa r y  t h a t  th e  CgHFg freq u en c ie s  sh o u ld  b e  in te r m e d ia te  b e tw e e n  

co rresp o n d in g  fea tu r es  o f  th e  te tra fiu o ro b en zen es  a n d  h ex a fiu o r o b e n z en e . 1 :2:4;5-  
T etra fiu o ro b en zen e  h a s b een  fu lly  e x a m in e d  a n d  in te r p r e te d  b y  N i e l s e n  an d  
co -w ork ers [4]. W ork  b y  th e  p r e se n t w riters re p o r ted  e lsew h ere  [9] on  th e  in te n s it ie s  
in  th e  in fra -red  sp ec tr u m  o f  th is  m o lec u le  h a v e  con firm ed  th e  ex p e r im e n ta l  
f in d in g s [4], b u t  th e  earlier in te r p r e ta t io n  is  n o t  w h o lly  c o n s is te n t  w ith  th e  p r e se n t  
w o rk  o n  CgHFg.

T h e  jp-CgHgF^ m o lec u le  is  o f  sy m m e tr y  a n d  th e  fu n d a m e n ta ls  d iv id e  as  
6Ug +  2a„ - f  Ibj ĝ +  3ôgg - f  5ôgg - f  ôôiM +  5Ô2„ 4- Sb^u i f  th e  r e co m m en d a tio n  [7] 
is  a d o p te d  t h a t  th e  z -a x is  p a sse s  th r o u g h  th e  H  a to m s a n d  th e  z -a x is  b e  p erp en 
d icu la r  to  th e  r in g . F o r  d ire c t  co m p a riso n  w ith  re feren ce  [4], c la ss  su b sc r ip ts  2 
a n d  3 m u st  b e  in te rc h a n g ed .

I n  th e  ttg c la ss a fre q u en cy  n ea r  1640  cm ~^ is  to  b e  e x p e c te d  a s in  o th e r  b en zen e  
d e r iv a tiv e s  a n d  i t  se em s l ik e ly  t h a t  th e  R a m a n  lin e  a t  1643 cm ~^ arises from  
u n r e so lv e d  b^g a n d  ttg fu n d a m e n ta ls  a n d  t h a t  th e  w ea k  lin e  a t  1335  cm ~^ is  to  b e  
a ttr ib u te d  as th e  first o v e r to n e  o f  th e  ôg  ̂ fu n d a m e n ta l a t  669 cm ~^. L ik e w ise  it  
se em s b e tte r  to  a ss ig n  th e  832 c m “  ̂ lin e  as 2 X 417 cm ~^ a n d  to  se ek  a lo w  fu n d a 
m e n ta l p o ss ib ly  a t  280  cm ~^ w h ere  th e r e  is  a w e a k  R a m a n  lin e . T h e  rem a in in g  
R a m a n  a ss ig n m e n ts  are s a t is fa c to r y  e x c e p t  th a t  th e re  is  so m e d o u b t as to  w h e th er  
th e  lo w e s t  b^g fr e q u e n c y  is  a s lo w  as 202  cm"^.

I n  th e  in fra -red  a c t iv e  c la sses  i t  se em s lik e ly  t h a t  th e r e  is  o n e  0j„ fre q u en cy

[9] D . S t e e l e  an d  D . H . W h i f f e n ,  T ra n s. F a ra d a y  Soc. I n  press.
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b elow  400  cm  \  a n d  i f  so  th e  freq u en cy  963 c m - i  m u st b e rejected  as a fu n d a 
m en ta l; 280 +  700 =  980 c m - i ,  X p rov id es an  a ltern a tiv e  exp lan ation .
L ik ew ise  th e  &2 m class  is  l ik e ly  to  h a v e  a freq u en cy  b elo w  400 cm~^ an d  th e  freq u en cy  
755 c m - i  m a y  b e  rem o v ed  from  th e  l is t  o f  fu n d am en ta ls. T h e infra-red  sp ectra  
m easu red  from  4 0 0 -1 5 0  c m ~ i for a ll th e se  h ig h ly  fluorin ated  b en zen es w ill b e  
req u ired  to  s e t t le  th e se  p o in ts  o f  d ou b t.

5. Comparison with related molecules
T o ex a m in e  th e  s e lf  co n sis te n c y  in  th e  a ssign m en t o f  th e se  m olecu les, T ab le 4  

lis ts  th e  fu n d a m en ta ls  o f  CgHFg an d  CgDFg a lon g  w ith  th o se  o f  jg-CgHgF^ and

T a b le  4

S y m m e tr y
c la s s

CgHgF^ C eH E g G sD P g C eF s
S y m m e tr y

c la ss
C gH gF , C eH E g C eD F g GgFa

«1 3 0 9 7 3 1 0 5 2 3 1 5 1 655 h 871 8 3 8 738 7 14
3 0 8 8 1648 1 638 1 530 8 69 697 67 4 595
1 6 4 3 1 514 1511 1490 669 556 4 9 4 370
1439 1 410 1400 1323 4 61 ? ? 249
1 3 7 4 1286 1277 1157 2 9 5 217 ? 2 15
1222 1075 1067 1011 240? ? ? 175

7 48 71 8 701 6 4 0
7 0 0 57 8 57 8 55 9 h 1643 1648 1638 1655
4 8 7 47 0 46 7 44 3 1 5 3 4 1 540 1525 1530
? 3 2 5 32 5 315 1277 1268 1268 1253

2 8 0 2 7 2 ? 2 6 4 1196 1182 1175 1157
116 4 1138 1018 1011

Cl̂ c a . 6 0 0 ? ? 595 1125 953 8 70 691
4 1 7 391 ? 3 7 0 8 53 688 625 44 3
140? 171 ? 175 635 4 36 435 315

• ? 3 0 4 ? 26 4
? 247 ? 208

CgFg. F o r  th is  p u rp ose  th e  freq u en cies o f  th e  la tte r  m o lecu les h a v e  b een  d istrib u ted  
as i f  th e  m o lec u les  p o ssessed  o n ly  sy m m etry .

W ith  m in or  ex c e p tio n s , w h ich  can  b e  a ttr ib u ted  to  force co n sta n t changes, 
it  can  b e  seen  th a t  th e  CgSgF^ freq u en cies lie  a b o v e  th e  corresponding CgHFg 
freq u en cies w h ich  lie  a b o v e  th e  CgDFg freq u en cies w h ich  in  tu rn  ex ceed  th o se  o f  
CgFg. L ik e w ise  th e  ru le [5] req u ir in g  th e  ( j  +  l ) th  freq u en cy  o f  th e  Hghter m ole
cule to  lie  b e lo w  th e  j t h  freq u en cy  o f  it s  n eigh b ou r is  o b ey ed  w ell. A  sin g le e x 
cep tion  is  th e  o u t-o f-p la n e  C— H  d eform ation  a t 869 cm ~^ in  CgHgF^ w h ich  is ab ove  
th e  CgHFg v a lu e  o f  838 cm -^ . B o th  a ssign m en ts re st on  clear b an d  contours o f  
v e r y  s tro n g  in fra -red  b a n d s an d  th e  d iscrep an cy  m u st  b e  a ttr ib u ted  to  a change  
o f force co n sta n t .

A c lm o w le d g e m a n ts— W e  w is h  t o  th a n k  P r o fe s so r  J . C. T a t l o w  a n d  h is  c o lle a g u e s  fo r  g if t s  o f  
m a te r ia l  a n d  e s p e c ia l ly  D r . E .  N i e l d  fo r  a s s is ta n c e  w ith  t h e  d e u te r a t io n . VVe m u s t  th a n k  th e  
B r it ish  R a y o n  R e s e a r c h  A s s o c ia t io n  fo r  th e  lo a n  o f  a  R a m a n  s p e c tr o m e te r ^ a n d  3Ir. G . R .  
W i l k i n s o n  a n d  U r .  C. S w a r t  fo r  t h e  in fr a -r e d  m e a su r e m e n ts  b e lo w  4 0 0  c m  k  D . S . w ish e s  
t o  a c k n o w le d g e  t h e  r e c e ip t  o f  a  U n iv e r s i ty  A j^peal S c h o la r sh ip .
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Vibrational Spectra of Penta-Deutero-Fluoro-Benzene
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The infrared and Raman spectra of penta-deutero-fluoro-benzene have been measured and a set of assign
ments for the vibrational fundamentals is proposed. These are shown to be consistent with the present 
assignments of CoHsF, CeDq, and CqDqH by application of the product and inequality rules.

INTRODUCTION

IT HAS been shown that the vibrational spectra of 
biphenyl can be considered as due to two mono

substituted aromatic rings which vibrate almost 
in d ep en d en tly .^ B y considering the mono-substituted  
group as a point m ass the inequality rule of Whiff en 
and Steele® m ay be applied to the vibrational frequen
cies of biphenyl and those of any other mono-substi
tuted benzene. This rule, which is an extension of 
Rayleigh’s rule,^ m ay be defined as follows. Consider 
two molecules, R X  and R Y , the mass of the substituent 
X  being greater than that of the substituent Y . Then  
in any given sym m etry class of R X  containing “a” 
modes associated w ith the R X  group the j th  highest 
frequency lies between the yth  and (j-l-a )th  highest 
frequencies of the equivalent s>unmetry class of RY. 
The application of this rule to biphenyl has proved to 
be very useful and hence the extension of its use to bi- 
phenyW - 1 0  seemed desirable. CeD&F ŵ as chosen as a 
compound suitable for comparison with the deuterated 
biphenyl because its m oments of inertia are such as 
should give distinctive type band shapes, and the 
C-F stretching frequency is close to the inter-ring 
stretching frequency of biphenyl.

EXPERIMENTAL

CqDsF was prepared by a Friedel Crafts tjqie reac
tion by bubbling D C l through fluoro-benzene in the 
presence of aluminum chloride catalyst.® The course of 
the reaction was studied by taking the infrared spectra 
of samples of the deuterated material. When the C -H  
stretching band was no longer visible and no further 
changes were observed to be occurring in the spectrum, 
the reaction was stopped and the isotopic purity of the 
product measured b y mass spectroscopy. D ue to co
incidences of the high peaks with the mercury lines near 
mass number 1 0 0 , the interpretation could not be 
made unambiguously, but suggested an isotopic p iu ity

* National Science Foundation Post-Doctoral Fellow.
 ̂J. E. Katon and E. R. Lippincott, Spectrochira. Acta No. 9, 

627 (1 9 5 9 ) .
® E. R. Lippincott and D. Steele, J. Mol. Spectroscopy (to be 

published).
® D. Steele and D. H. Wliiffen, Trans. Faraday Soc. 55, 369

(1959).
 ̂Lord Rayleigh, Theory of Sound (The Macmillan Company, 

London, 1894), 2nd ed.. Vol. 1, p. 110.
® B. Bak, J. N. Schoolery, and Y. A. Williams, J. Mol. Spec

troscopy 2 ,  525 (1958).

of about 97%. The very weak infrared absorptions in 
the C -H  stretching region and in the C -H  out-of
plane deformation region suggest that the purity is 
much higher than this.

The infrared spectra were run in the vapor and 
liquid phases on a Beckmann IR4 and a Perkin Elmer 
12C from 5000 to 250 cm“  ̂ using LiF, NaCl, and CsBr 
optics.

Raman spectra and qualitative depolarization data 
were obtained using a two prism H uet spectrograph 
(a p ertu re//8 ) with a dispersion of 18 A /m m  at 4358 
A. Excitation was accomplished with a low-pressure 
water-cooled Toronto type arc using the 4358 A Hg 
line with K N O 2  and rhodamine dye as optical filters 
for radiations above and below  ̂ this wavelength, re
spectively. Standard techniques were employed in the 
recording and the reading of the spectra. The observed 
Raman and infrared frequencies are listed in Table I, 
and the infrared spectra are illustrated in Figs. 1 and 2. 
For consistency the observed infrared frequencies in 
the liquid phase will be used throughout the text unless 
otherwise specified.

GENERAL DISCUSSION

There is little doubt that CeDsF is planar. The v i
brational spectra of most of the fluoro-benzenes have 
now been studied and no evidence of nonplanarity has 
been obtained, even for the fully fluorinated molecule.® 
Consequently the symmetry must be taken as Cgr, in 
which case the fundamental vibrations separate be
tween the symmetry classes as llo i- ) - 1 0 5 2 -l-6 5 i 4 - 3 a 2 . 
In naming the symmetry classes the recommendations 
of Mulliken® have been follow^ed taking the x  axis as 
perpendicular to the plane of the ring and the z axis as 
colinear with the C2  axis. Usmg the data of Badger 
and Zumwalt,^ the infrared band shapes of the active 
classes have been calculated taking the bond lengths as 
rcF=1.29 A, rcc= l-4 0  A, and Ten = 1 .08  A. These are 
given in Table II  along with the activities and Raman 
characteristics of the classes. In several cases in the 
infrared vapor spectrum, bands belonging to different 
symmetry classes are overlapping, and the calculated 
band contours proved very useful in identifying the 
component bands.

6 R. Mulliken, J . Chera. P h y s .  2 3 ,  1997  ( 1 9 5 5 ) .
7R. M. Badger and L. R. Zumwalt, J. Chem. Phys. 6, 711 

(1938).
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T a b l e  I. Observed vibrational spectra.

Raman Infrared Assignment
Vapor Liquid

229 ms fundamental
'—'350 vvw ai fundamental

391 vvw 388 ms bz fundamental
428 vw 427 C ms 438's 6i fundamental
450 vvw 2X229
505 m 504 A or B m 505 ms Oi fundamental
553 w 556 C s 563 s 6i fundamental
587 m 590 vvw 62 fundamental
618 m 622 m 627 ms fundamental
639 m 1311-682

662 vw 662 w 2294-438
678 A or B ?

vvw
687 vvw 682 m «2 fundamental
721 vvw 717 C vvw 61 fundamental or 229-}-505
750 ms(p) 756 A s 753 s ai fundamental
767 vw 2X388

808 B? ms 806 m 62 fundamental
820 ms(p) 818 A? w 817 m ai fundamental
849 ms 844 vw 843 w bo fundamental
860 ms 2X438
885 ms(p) 878 A w 880 w fli fundamental

892 w 892 w 5054-388
905 vw 916 C vw 922 w 5904-350 or CqD^HF
956 s(p) 959 A vw 959 w a\ fundamental
976 w 980 B vvw 981 vvw 6274-350

1031 vw 1034 B w 1035 m 62 fundamental
1065 B vw 1071 vw 

1080 vvw 
1127 vw

5634-505 or 6274-438
5904-505
2X563

1139 A vw 1139 vw 7894-350
1155 m(p) 1163 A vs 1163 vs fli fundamental
1186 vw 1201 A m 1193 ms 8064-388
1215 vw 1228 A m 1222 ms 3884-843 or 6644-563
1244 vw 1244 vw 8054-438
1283 vw 1281 vvw 1281 vvw 

1289 vw
bo fundamental 
6644-627

1311 B w 1311 m 62 fundamental
1378 w 1391 A vs 1389 vs 

1414 vvw
fli fundamental 
5904-817 or 6274-789

1417 A w 1418 m 10354-388
1423 w 1424 vw 7894-627

1464 vw 1465 A w 
1510 vw

1473 w 7894-682 or 9594-505

1566 B s 1564 s bi fundamental
1574 m 1577 A w 1578 vs Oi fundamental

1617 A? w 1618 w 
1639 vw 
1660 vvw

2X806 or 10354-590 or 8174-806 
8254-817 or 2X817 or 8434-789 
13114-350 or 11634-505 or 843-}-8l7

1680 w 1680 w 1 
1685 vvwj

8804-806 or 9594-717 or 2X843

1729 w 1724 m 10354-682 or 8434-880
1797 C? w 1793 w 

1827 w
10354-753 or 11634-627 or 9594-825 
5054-1311 or 10354-789

1846 A w 1857 w 8064-1035
1929 w 1913 w 15644-350 or 10354-880
1995 m 1985 m 13114-682 or 11634-817

2054 vw 2065 vw 2061 w 12814-789 or 13114-753
2160 w 2140 w 15784-563 or 13114-843 or 15644-590
2238 B vw 13894-843 or 12814-959

2295 ms(p) 2292 A ms '—2320 ms ai fundamental
2393
2428 A vw

—2370 15784-806 or 15644-817 or 15644-806 
15644-843

2460 vvw
—2550 w \ 
—2570 wj

15784-880 or 12814-1163
2566 A w 
2584 A vw 13894-1163 or 2X1281 (or 13114-1281) '
2680 B vvw —2680 w 22954-388 or 13894-1281

2750 w 2746 vvw 2750 w 15784-1163 or 3120-438
2890 w 2890 w 15784-1311 or 22954-590 or 15644-1311
2922 B vvw 22954-627
2970 vvw 2950 vw 13894-1564 or 13894-1578

or 22764-682 or 22664-682
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Vapor
Infrared

Liquid
Assignment

3080 w

3162 B vw 
3256 w 
3500 w 
3750 vw 
3930 vw 
4090 vw 
4590 m

3060 s 
3110 w

3270 w 
3480 w 
3748 vw 
3830 vw 
4090 vw 
4595 m

2276+789 or 2266+806 or 2270+806  
2270+843 or 2275+843 or 2295+806 or 2295+817 

or 2276+843 
1578+1564 or 2266+880 
2295+959 
2295+1163

2266+1564 or 2276+1564 or 2270+1564 

2X2295

WAVENLMBEft IN CM'.'

F ig. 1. Vapor phase spectrum of CeDjF. A. 10 cm cell, 2 mm pressure; B. 10 cm cell, 60 mm pressure; C. 1 meter cell, 60 mm pres
sure; D. 10 cm cell, 60 mm pressure—using CsBr prism.

W A V E N U M B E R  IN  C M

F ig . 2. Liquid phase spectrum of CcD^F. A. Very thin film between salt plates; B. Thin film between salt plates; C. 0.004 cm AgC 
cell; D. 0.004 cm AgCl cell—using CsBr prism.

T a b l e  II. Cü» selection rules.

Symmetry class
Number of 

fundamentals Raman activity Infrared band shapes

fli
02

h

11

3

6

10

pel.

dp.

dp.

dp.

T)rpe A F R  sep. 13 cm“* medium Q branch 

Forbidden
Type C P R  sep. 9-10 cm~^ prominent Q branch 

Type B P R  sep. 9 cm'^
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IN-PLANE VIBRATIONS 

Oi Class
The vibrations of this class are infrared active 

vibrations of type A  and give polarized Raman bands. 
Strong polarized Ram an bands at 2295, 1155, 956, 885, 
820, and 750 cm“  ̂ and strong type A  infrared bands 
at 2292, 1577, 1391, 1163, and 756 cm“  ̂m ust therefore 
be identified as ai  fundam ental bands. The weakness 
of the infrared bands at 959 and 880 cm~^ correspond
ing to the Raman sliifts a t 956 and 885 cm“  ̂ is under
standable since both  are essentially ring modes and are 
derived from mfrared inactive bands of CeDe at 970 
cm~^(6 i„) and 945 cm“ ^(aio). (All CeHe and CeDe fre
quencies quoted are from the paper by Broderson and 
Langseth.®)

Two of the tliree C -D  stretcliing bands belonging to 
this class could not be observed because of band over
lapping, but application of the inequality rule to CeDe 
and CeDeF indicates their frequencies to be about 
2275 and 2270 cm“ .̂ The remaining ai fundam ental is 
that derived from the e-ig ring deformation mode of 
CeDe at 579 cm~^. Although the frequency of this mode 
drops only from 606 cm“  ̂ in  CeHe to 579 cm“  ̂ in 
CeDe and although there is no C X  deformation in the  
ai  class, the frequency appears to be very sensitive to  
the m ass of X  since in CeHeF it drops to 520 cm“b®>̂ ° 
T he CeDeF fundam ental m ust lie below its CeHeF 
counterpart and is quite clearly associated w ith  the 
m oderately strong Ram an band at 505 cm~^ and the 
infrared band at the same frequency.

T he Redlich-Teller product rule ratio for CeHeF and 
CeDeF have been evaluated using both the assignments 
for CeHeF given in footnote 9 and those in footnote 10. 
The assignments differ only in minor details and both  
lead to acceptable r values (Table I I I ) . Apphcation of 
the inequality rule to CeDe, CeDsHjU and CeDeF (Table 
IV) indicates consistency between the assignments.

&2 Class

The only strong infrared band w ith  a type B  contour 
in the vapor phase is that at 1564 cm“  ̂which overlaps 
the a i fundam ental. All other 6 2  bands are surprisingly

T a b l e  III. Redlich-Teller product ratios.

T a b l e  IV.® Comparison of vibrational assignments.

CoDbH CgD b CoDbF CsHsF^ Description of CoDjF mode

Symmetry
class Theoretical

Observed 
CfiHfiF as 

footnote 9

Observed 
CeHsF as 

footnote 10

fli 5.52 5.26 5.38
4.97 5.34 5.08

bi 2.49 2.62 2 .6 6
02 1.82 1.7 1.7

® S. Broderson and A. Langseth, Kgl. Danske Videnskab 
Selskab Mat.-fys. Skr. 1, No. 1 (1956).

9 D. H. Whiffen, J. Chem. Soc. 1956, 1350.
" D. W. Scott c/ a l, J. Am. Chem. Soc. 78, 5457 (1956).
" S. Broderson and A. Langseth, Kgl. Danske. Videnskab 

Selskab Mat.-fys. Skr. 1, No. 7 (1959).

fli
3050 2293 2295 3101 CD stretch
2291 2276 (2275) 3067 CD stretch
2275 2275 (2270) 3044 CD stretch
2275 2266 1578 1596 CC stretch
1564 1553 1389 1499 CC stretch
1341 1330 1163 1220 CF stretch
980 970 959 1157 Ring breathing
950 945 880 1022 CC stretch
859 869 817 1008 /3 CD deformation
814 812 753 808 0 CD deformation

(579) 579 505 519 Ring deformation

62

(2288) 2276 (2276) 3091 CD stretch
(2275) 2266 (2266) 3058 CD stretch
1564 1553 1564 1603 CC stretch
1388 1330 1311 1460 CC stretch
1289 1282 1281 1323 CC stretch
1175 1055 1035 1236 CD deformation
984 869 843 1157 (3 CD deformation
840 823 806 1066 |8 CD deformation
815 812 590 614 Ring deformation
584 579 388 405 CF deformation

bi

928 830 (825) 997 7  CD deformation
818 789 717 894 7  CD deformation
711 664 627 754 7  CD deformation
613 599 563 685 Ring deformation
514 497 438 500 Ring deformation
367 351 229 242 7  CF deformation

fl2

(789) 789 (789) (970) 7  CD deformation
664 664 682 826 7  CD deformation

(351) 351 350 405 Ring deformation

“ ( ) estimated; )3=in-plane; 7 =out-of-plane.

weak. This weakness of the 6 2  absorptions compared 
with the ai is due m ainly to the sym m etry restrictions 
on the C -F  motions. Since the C -F  bond lies on the 
C 2  axis the C -F  stretching m otion contributes to the 
intensities of Oi bands only, and likewise the CF in- 
plane deformation contributes to  the 6 2  intensities 
only. The dipole gradient associated w ith a C-F  
stretching m otion is about 6.5 D /A  whereas the 
gradient for a C -F  bending m otion is only about 1.0 
D /h y^  B oth  of these are in turn much larger than the 
corresponding carbon carbon and carbon hydrogen 
terms.^^ Consequently those modes in which there is an 
appreciable admixture of C -F  stretching m otion will 
absorb several tim es more strongly than the others. 
Such m odes are those which are principally gi C-D  
deformations and C -C  and C -F  stretching modes. The 
same arguments apply to the in-plane vibrations of

*9 D. Steele and D. H. WhilTen, Trans. Faraday Soc. 8, 177 
(1960).

" H. Spedding and D. H. Whiffen, Proc. Roy. Soc. (London) 
A238, 245 (1956).
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CeHsF and ^*C6H4F2. A  detailed analysis of the vibra
tions and intensities of the absorption bands of the 
latter molecule has previously been carried out and
confirms the above reasoningd^.w

The hi band at 806 cm“  ̂ is clearly one of the C -D  
deformation fundamentals. There is one other C -D  
deformation in this class and this has been taken to be 
associated w ith the very weak hi band at 843 cm“  ̂ and 
the moderately strong Raman fine at 849 cm“k This 
assignment is supported b y  application of the in
equality rule which requires, by comparison with 
CeDe and CoDeH, that the fundamental should lie in 
the interval 869>& 2>823 cm“k 

The strongest, as yet unassigned, type B  bands are 
the weak pair at 1071 and 1035 cm "\ and the very  
weak band at 1311 cm“ b The only Raman shifts ob
served at any of these frequencies was a very weak one 
at 1031 cm " \ but the identification of two of the infra
red bands w ith  a hi ring breathing and the highest of 
the hi C -D  deformation modes is supported by a com
parison w ith CeDe and CeDeH which indicates that the 
frequencies of these ought to be im the intervals 1330- 
1289 cm“  ̂ and 1055-984 cm“ .̂ The other component 
of the low-frequency pair is believed to be a combina
tion band in resonance w ith the fundamental.

By comparison w ith other fluoro-benzenes the CF 
deformation frequency is to be expected between 300 
and 450 cm~^. T he moderately strong absorption band 
observed in  the liquid at 388 cm“  ̂ m ust be due to this 
mode, the only other active mode expected in this 
region being a h\ m ode which has a definite assignment 
of 438 cm“ .̂

The lowest “e2(7 like” ring deformation will have a 
higher frequency than in CeDe, where it is 579 cm "\ due 
to the presence of the C -F  deformation mode. N o hi 
infrared bands are observable in the expected region, 
but it seems very probable that one of the two Raman 
lines at 587 and 639 cm“  ̂ is due to this mode. The cor
responding vibration in CeHsF is at 615 cm "\ thus 
indicating that 587 cm“  ̂ is to be preferred as the 
fundamental frequency.

In the C -D  stretching region the only observable 
type B  band was a very weak one at 2238 cm“ .̂ This 
has an alternative explanation and seems too low for 
one of the fundamentals. I t  seems very unlikely that 
the C -D  stretching frequencies will differ much from 
the hi type frequencies in CeDe- 

The remaining hi fundamental to be assigned is a 
ring stretching mode. Use of the inequality rule mdi- 
cates that it is derived essentially from the hiu mode 
of CeDg at 1282 cm“ ,̂ and its frequency should lie be
tween 1282 cm -: and 1175 cm":. The only absorption 
above the strong a\  complex, extending to 1240 cm~:, 
is an extremely weak band at 1281 cm~: which is pro
posed as the fundamental.

This set of assignm ents leads to the Redlich-Teller

(I960) D. H. Whiffen, Trans. Faraday Soc. 8, 56

product ratios given in Table III. The assignments of 
CeHgF by Scott and others and by Whiffen differ ap
preciably only in their choice of one C -H  in-plane 
deformation frequency; Scott and his co-workers 
assigning it a value of 1236 cm":, and Whiffen a value 
of 1290 cm-:. The former assignment is favored by 
use of the product rule ratio and the above CeDgF 
assignments. Though one or two of the proposed as
signments are open to some doubt, it is thought that 
none can be altered by more than a few wave numbers. 
The weakest assignments are those given as 843 cm-: 
and 1281 cm~:. The former can be no more than 20 
cm : low and it is difficult to understand how the 
assignment of the ring frequency could be placed much 
higher than 1281 cm—: when the corresponding fre
quency of CgD&H is only 1289 cm-:. These considera
tions lead to the conclusion that the ai fundamental 
of CgHsF is near 1230 cm": in agreement with the 
assignments of Smith:® and of Scott and their co
workers.

OUT-OF-PLANE VIBRATIONS 

h i  Class

Bands at 627, 563, and 438 cm-: can be assigned as 
fundamentals of this class on the basis of strength and 
vapor phase contours. The out-of-plane C -F  deforma
tion mode must be identified with the moderately 
strong Raman shift of 229 cm-:, thus leaving two of 
the three C -D  deformations in this class to be assigned 
frequencies. According to the inequahty rule, the fre
quencies of these are given by.

and
830>Ô2>818 cm-: 

789>02>711 cm-:.

N o type C band could be observed within the upper 
limits, the band almost certainly being under the hi 
and Gi fundamentals in that region. A frequency of 
about 825 cm-: t,een assumed for this band. Within
the lower hmits, only a very weak type C band at 717 
cm-: jg observable. Taking this value for the hi funda
mental, a T value of 2.62 is obtained which is in reason
able agreement with the calculated value.

Gi Class

Since the G matrix for this class is the same for all 
CeDsX molecules, the vibrational frequencies ought to 
be the same for CgDsH, CeDe, and CeDeF assuming 
that the force constants, excluding the C -X  constant, 
remain the same. A very weak Raman shift of 350 cm-: 
can be assigned to the lowest skeletal out-of-plane de
formation mode. No Raman shift close to the other 
CeDe ai values can unambiguously be assigned to this 
class. However, in changing from the vapor to the 
liquid phase an infrared band appears at 682 cm-:.

15 D. C. Smith, E. E. Ferguson, R. L. Hudson, and J. Rud 
Nielsen, J. Chem. Phys. 21, 1475 (1953).
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is almost, if not com pletely, absent in the vapor spec
trum. Since intermolecular interactions can reasonably 
be expected to have a greater effect on dipole deriva
tive terms such as b'^U/b^Qy than on cross terms such 
as b^U/bQibQj this is felt to be strong evidence for the 
assignm ent of 682 cm ": as an Gg frequency despite the 
fact that this frequency is appreciably higher than  
those assigned for CeDe and CeDeH. This assignment

is given further support b y  the observation that the 
corresponding m odes of CeDe, CeHe, and CeHeF ab
sorb in the condensed phase although in all cases the 
vapor selection rules forbid it.

The only Raman band in the region of the highest 
fundam ental is one at 767 cm~: which has alternative 
acceptable explanations. T he exact value of the fre
quency of this m ode cannot be given.
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The Crystal an d  Solution  V ibrational S p ectra  of Biphenyl

] ) .  S t k f .l k * AND E. R. L i p p i n c o t t  

Department of Chemistry, University of Maryland, College Park, Maryland

The infrared absorption spectra of single crystals of bijihenyl, measured with po
larized radiation, are here reported. These and the close similarity of the spectra to 
those of monosubstituted benzenes are used in assigning the vibrational frequencies 
of biphenyl and tlcca-deulero-biphenyl on a pseudo C2» model. The Raman spectrum 
of crystalline biphenyl has been remeasured and confirms that recorded by Aziz. The 
crystal spectra are interpreted in terms of the crystal structure and the differences in 
the interactions between the bonded rings in the solution and crystal phases.

INTRODUCTION

T he vibrational spectra of biphenyl have been the subject of a considerable 
am ount of research,: the primary aim being to investigate the structure of the 
m olecule in the liquid and solid phases ( f - / ) .  X -ray  diffraction studies {5-7) 
ha\'e shown th a t crystalline biphenyl is planar and has a molecular sym m etry  
of D-ih . On the other hand electron diffraction studies.of the vapor (5, 9) indi
cate that the interplanar angle is and that the sym m etry is consequently 
D i . Aziz m easured the Ram an spectra of solid and liquid biphenyl (10) and 
found these to  be very sim ilar w ith respect to both frequencies and intensities.

• National Science Foundation Post-Doctoral Fellow.
I A new set of assignments based on calculations for a Dj* model have appeared while 

this paper was in press (S7). The major discrepancy between the calculated frequencies and 
those assigned in this work is for the lowest oi„ mode, which is calculated to be at 286 cm~h 
This is very low considering that it is derived from the benzene mode at 606 cm~h The 
remainder of the calculated o,, frequencies agree well with those assigned here and with 
those given by Perogudov. In the km class (Mulliken’s nomenclature) the major discrep
ancies bet ween the t wo sets of assignmcnt.s are for the lowest two ring modes, which in this 
case are calculated to be high compared with the expected for mono-substituted benzenes. 
It seems likely that these di.screpancics are due to difficulties in estimating the coupling 
force constants between the inter ring stretching coordinate and the ring coordinates. This 
is probably also the explanation of the remaining major discrepancies which are for the 
lowest ring modes of the and classes.

Wc observed no features in our work which lead us to believe that the CisDm used con
tains appreciable amounts of isotopic impurit’cs, z to 3% will naturally be present due to 
the D -0 used in the iireparation being only 99.8% pure, but it is believed that the resulting 
weak bands do not affect the assignment presented in any way. At the worst they will have 
been assigned as inco’Lsequential combination bands.

238
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This has boon intorprotod as suggosting that the structures of solid and liquid  
hiphonyl wore the sam e. 1 ho v iln ational spectra have previously been interpreted  
ill terms of a Ih,, m odel in support of this ( / ,  / ) •  On the other hand Dale has 
interpreted the spectra of the solution in term s of a D> model and observed small 
changes betw een the solution  and solid spectra which were interpreted in terms 
nf a change from a D< to a JPh structure (3).

Cannon and Sutherland, (11)  first pointed out that the infrared spectra of 
diphenyl and its d erivatives were sim ilar to that which would bo expected if the 
rings were v ibrating independently . T he R am an spectrum  of biphenyl has been 
reported several tim es {12- lf i ,  2, 4) and that of deca-deutcro biphenyl by Lands- 
herg ct a l  (2) and b y K aton  and L ippincott (3), and both of these groups also 
reported the infrared spectra.

In view of the confusion on the subject, a reinterpretation of the spectra of 
biphenyl w as undertaken based in part on additional experim ental evidence  
obtained from infrared stud ies of oriented crystals using polarized radiation.

It was thought to be desirable to remeasure the Ram an spectrum  of crystalline 
1)1 phenyl in v iew  of the possib ility  that Aziz had obtained predom inantly a glass 
by rapid d istillation  of b iphenyl in to  his sam ple tube. T h is has been done by a 
techni([ue described briefly below.

EXPERIM ENTAL

Biphenyl (M .P . 70°C)> obtained from K astm an K odak Com pany, was
crystallized slow ly from an ethoxyethanol-w ater solution. T his gave large m ono
clinic plate-like crystals. T h e .‘Spectrum of the crystal, m ounted with its ac plane 
perpendicular to the radiation, was m easured with a beam polarized l)v a Perkin- 
I'.lnier unit containing six AgCl sheets. A ppreciable displacem ent of the beam  
occurred as the polarizer was rotated , but since the relative sh ifts of the back
ground were (piite clear, th is presented no problem . Since the energy passing  
through the crystal and polarizer was sm all, it was necessary to run the spectra  
very slowly. ICvaporation of the crystal was consequently serious, and was over
come by m ounting the crystal between K B r discs. T he spectra were measured 
using polarized radiation over the X aC l region on a Beckm ann l .R . l  instrument 
and using unpolarized radiation over the K Br and Li I ' regions on a Perkin-Klm er 
I2C.

The spectra of b iphenyl in a KBr disc and in the diam ond pressure cell of W eir 
cl a i  ( i7)  were also m easured. T he di(Terences lietweeu the two spectra were 
slight and explicable in term s of sm all nndecular orientation elTects. 'That in KBr 
is similar to that given by D ale (.>), but som e bands he reports to be m issing in 
the disc sjiectra were observed w eakly. T he solution and solidified nudt spectra 
uhtained in th is work agree well w ith  those given by K aton and Lippincott (4) 
and hy Stewart and Ilellm ann  (IS),  respectively.

Polarization data on the Raman spectra of Ch-Dm in C'Lb were obtained with
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polarized ineideiil ra d ia tio n  using  I I n e t ’s tw o-p ris in  sjiec trog rap li (a p e ra tu re  
I' S) w itli a d ispersion  of IS A /n u n  at 135S A. K xeila tion  was accom plished  w ith  
a low -pressure w ater-coo led  T o ro n to  arc  using  th e  43oS A l lg  line w ith  a l\X (L  
(liter for rad ia tio n  al)o\-e th is  w a\'e lengt h.

4 'he R am an  sp e c tru m  of c ry sta llin e  b ipheny l w as ta k e n  by the  following 
techniijue. A R am an  t ube w as Idled w ith  sm all c ry s ta ls  of b ipheny l, e \ ac u a ted  
of all a ir, and  sealed off. By low ering th e  lu b e  \-ery slow ly (about I ' v inches per 
12 hours) th ro u g h  a \ <Tl ical fu rnace w ith  a sm all te m p e ra tu re  g rad ien t n ear t he 
.M.P. of b ipheny l in its  low er region, a c ry s ta llin e  sem iluceni sam ple  w as o b 
ta ined . 4 'he q u a lity  of the  R am an  sp e c tru m  o b ta in a b le  w ith  th is  w as ex trem ely

TABLE I .
ABSORPTION FREQUENCIES OF BIPHENYL

S o l u t i o n
I n f r a - r e d

4 6 2 8  m

4 5 8 8  m

4 5 5 2  w

4 3 2 8  w

4 0 4 5  ms 

3 9 93  vw

3086 s

3067 vw

R oman
C r y sta l
I n fr a -r e d  p o l .

4644 m

4596 w

4548 w

4517 vw

4482 vw

4350 w

4083 vw

40 51 ms

4013 sh

3910 vw

3660 w

3625 w

3470 vw

3198 m

30S3 w 3088 s 

3076 w 

3052ms 3054 s

3047 s

Raman A ssignm ent ^^2v

1600+3038 (aj^b2)

3086+1484 (a^bg)

3038+1484 (a^b2> 3086+1434 (a]^b2) 

3052+1434 (b  )

3052+1275 ( a i )  3086+1250 (a%b2 )

3086+993 ( a ib 2 ) 3086+985 (a

3052+993 (b j )  3052+985 ( 3 2 )

3086+904 (b^a2)

3086+841 (a b )
2 1

3052+606 (b2>

3086+543 (3 ^6 2 )

3086+399 (a 2 b j)

2x1600 ( aj )

3055

I and 6 2  fundam entals

fundam entals
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Lut ion 
L ra-red

;8 vs

2 s 

2 s 

I vw

5 w

C r y s ta l  
Raman I n f r a - r e d

3031 w 3038 s

3009 w 3014 s

3001 m

2984 m

2934 s

2874 w

2852 w

2737 w

2684 vw 

2646vw 2638 w

2618 w 

2588 w

2571 w 

2546 w 

2370 w 

2330 w

TABLE I .  (co n t in u e d )

p o l . ^  Raman Assignment^ ^^2v ^"^^lenclature)

I 3 j|̂ b2 fundam entals  

1434+1577 (a j )

1434+1484 (b g ) ;

1275+1600 (aj^);

1577+1275 (b g ) ;

1313+1484 (b^);

1577+1182 (b g )L  1275+1484( b g ) ; 1162+1600
(b?)

1434+1313 (a^)

1250+1434 (a j )

2x1313 aj  

1434+1182 (b  )

1600+985(b ) ;993+1600(a  ) ;1577+1012(b ) 
1313+1275 (bg)

1577+993(b J  ; 1082+1484(b.,) ; 1600+969(b^) 

2 x l2 7 5 (a  );15 77 + 9 69  (ag)

2x1182 (a j )

L 7 3 3 + 1 6 0 0 (a ^ ) ;1082+1250 (a^)

g(i()(l, very li t t le sc a t t e r i ng  being apiui rent .  T ins  t echnique wnnld seian to be 
applicable to an y  mate r i a l  wh ich does  not have very ani sot ro]he crystals.  T h e  
ehscrved ITeipteiicies tor b iphenyl  agree very well wi th tinsse given by (/iit  
and are g i \ en in T a b l e  I a long wi th the  o th e r  cd>served v ibrat ional  I'reqnencies 
lor this compound .  The Ifeipiencies of ( ’, die,  are given in T ab l e  II.

I N ' f E U i ' U E T . V r i o N

The following s t r u c t u re s  for b iphenyl  are {rossible using 0  as the interplana r  
angle of I lie rings (a) Di,t{0 =  9(1°) (b) l):h{0 — (1°) (e) /T  (0 <  tl <  90'^) (d)
I'rcc or near lv free in ternal  ro ta t ion- resu l t ing  in D-t, sidection rules ( 1 0 ). It has
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T a b l e  I .  ( c o n t i n u e d )
Solution C r y s t a l
Infra-Red Raman I n f r a - r e d  p o l .  Raman Assignment^ (Cg^ nomenclature)

2257 m 2270 w J- 993+1275 (a^);

2230 w 2240 w 1250+993(b2) ;1275+969(bj)  ;985+1250(a2)

2201 w 1012+1182(aj)  ; 1 6 0 0 +6 0 6 (b 2 )

2148 vw 1313+841(3 2 ) ;116 2+ 98 5(a2 )-11 82 + 9 69 (b p

1162+993(b 2);125 0+ 90 4(a 2 ) ;54 3+ 1 60 0(a j )  

1250+841(32) ;1484+606(b2) ;1600+487(bi)  ; 

1182+904(b^)

2018 w 2 x 1 0 1 2  (a^)

1985-90tns 1987 w 993+985(02) ; 1012+969(b^); 1250+738(3 2 ) ;

1869 s

2x 9 9 3 (0 ^ ) ;1250+7 3 3 (b 2 ) ;1 0 8 2 + 9 0 4 (3 2 ) 

985+969 (a^)
1961 s 1952 s

194 5 3

1937 vw 2x969 (aj^)

1919 wm 1923 vw 606+1313(a^^) ;1 08 2+ 84 1(a ^  ;1 1 82 + 7 33 (a p  ;

1182+738(b i)  ; 1012+904(b2)

1900 ms 993+904 (bj^) ; 1162+733 (b2 >

1686 s 1877 ms J -  ')
969+904(aD

l)c('ii ()l)s<'i-\’t*(l l»y several  i i u’es l igalur s  ilial I lie s p e d  i a el hipheiiyl and siih- 
sl i lnled Lipl ienyls are  eonsisteiil  wi th I he indi\ ' idual  r ings al tsorhing alniost 
independent ly  (.>, / / ,  IS, 2(}). Th i s  suggests  that  the  interael ion between the
rings is almost  negligible.  If this were really so, th('  spect ra arising from the 
ahove lour  model s  would be ind is t inguishable  apa r t  from the  sjrectral act i \  ities 
of the in te r  r ing de fo r mat ion .  .Model (b) might be expected to result in s t rong 
Coupling be tween  I he  r ings th rough  7r-electron o \ e i l a p  and  through stei ic in t er 
action between  ( ' — 1! bonds  in the  2 ,(i and  posit ions,  ( luy  {2 1 } has calculated 
the s tabi l i zat ion ene rgy  due  to 7r-electron over l ap and has  shown that  this re
mains fairly cons tan t  ove r  the  int( ' r\  al —tt S < 0 < }c S and tiiat the increased 
stabil izat ion ene rgy for the  configurât  inmat  0  -  0  o \ ‘er  that  at 0  ~  iK)° is (i.Dti
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T able  I .  (c o n t in u ed )

Raman
C r y s t a l

I n f r a - r e d  p o l .  Raman Assignment^

1820 m 

1811 w

1752 ms

1667  w  

1648 w I 644 v w  

1618  m 

1603VS 1597  w

1583 w  1570 s  

I 548 v w

1513 vw

1497m p 1481 m

1448 w 1435 vw 

1386  s  

1357 vw

1
1

1

1

S

1

(C2v nomenclature)

969+841 (bg)

841+904 (bg)

969+738 (a^ )

969+695 (a^)

738+904 (a^)

606+1012(b^) ; 1082+543(b^) ; 140+1484(b^) 

1605vs fundamental 

1589vs b2 fundamental

1434+120 (a^) ;5 4 3 + 9 9 3 (a J

543+969(bj^) ;606+904(32)

a f u n d a m e n t a l

2x733(aj^) ;2x738(aj^) ;733+738(b^)

1459vw b2 fundamental

1391 w 487+904 (aj^) ;985+399(a]^)

606+733(b2) ;606+738(02)

kcal mole I low lei I (4.0 has (wahialei l  the <h l le reme  in I he slerie inleraet ion 
energies, al lowing lor mohaai l ar  delorm.al ions, helween I he 0 =  0 and  0 =  00° 
I’oiilormalioiis and  idil . l ined a \ alne ol 11.27 keal mole 'I'hese I’esnlts are in 
accord with the isolated molecule ha \  itig a l)j s t ruc tu re  (min imum in tlu'  energy 
hci ween 0 = 0  and (7 : ; !i()°) oi' .a si me t  lire (no m in imum for — t t  I <  ( t  <  t t  I ). 
I lie interact ion (aiergies are  clearly small and only small frequency shi l ls  may 
cnn.sequeni ly he expec ted in going from a I)-.-/, to a /L  si me t  lire. Such s i m c tu ra l  
cluuigi* el lects  as might  occur ,  would he ('X'jiecled to show mainly in th('  ring 
(Iclormalions (7r -eiectron effects) ,  t he  in-plane ( ' — 11 deformat ions  due to steric 
interactions, and  the in te r-r ing  s t r e t ch ing  f requency.

1 he .solution sp ec t r a  will he disiatssed first and interpri ' ted in terms ol a
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Table  I . (con t in u ed )
Solution C r y s ta l
Infra-red Raman I n f r a -r e d p o l .^ Raman Assignment^ ^^2v oomenclature)

1313 wm 1316vw 1343 s S 1326vw 62  fundamental

1290 w 1307 ms S 985+302 (b )

1265 m 543+733 (a )

1274 m 1275vsP 1273VS a^ fundamental

1250 w 1235vw 1242vw 1 841+399 (a^)

1182 m 1185rif 1179 w 1 1206w fundamental

1168 m (1)900 11

1162 m 1151 ra 1152 m 1160 m *
t b 2 fundamental; 695+487 (a^)

1145 w 1 1 4 6 w 606+543(bg) ; 140+1012(bg) ;30 2+841(a2)

1110 w 1108 s 993+120 (b D  ; 140+969 (32)

1077 vs 1082vw 1089 v s 1097VW b^ fundamental

1046 s 1078 m

1034 \wv 1032wm 1030 vs 543+487 (bj )̂

1012 vs 1025msp 1038 w 1 1032 m fundamental

1019 w

993 m 996vsP 1005 m JL 998vs a 2̂ fundamental

985 vw  

969 w 970 w 982 w 

966 w

90

3 2  fundamental

fundamental

('r.lK.V m o d e l ,  m n i n i a i n i n g ,  h o w e v e r ,  a disti iuMiim he t we i a i  t he  R a m a n  and  
ini f ar ed I n a p u m e i e s .  4 'h e  R a m a n  a n d infrared so l ut i on  f re i pi enei es  for h i p he n yl  

( ( ' i j l l i id a n d  d e e a  t i e n t e r o - h i p h e n y l  I f w h i e h  will  he  used will he  t hose  
g iv e n  h y  K a t o n  a n d  R i p p i n e o t t .  S m a l l  e a l i hr at i on  e or re e t i ons  h a \ ’e heeii  appl ied  

to i nfrared h a n d s  het w e e n  1300 a n d  17 0 0  eni
4'he  c r y s t a l  s p e c i l a  wi l l  he  i n t e r p r e t e d  in Rai l  2  in t e r m s  of  a Dja modi' l  d e 

v e lo p e d  f ro m t l u‘ ( ' ,4 h,.V m o d e l  a n d t he  elVeets o f  i ncreased p l a n a r i t y  in the  sol id  

s t a t e  d i s c u s s e d .
4 ’h(' r e c o m m e n d a l i o n s  o f  M u l l i k e n  (2-R will  he  f o l lo we d in n a m i n g  t he  s y m -
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T ab le  I .  (co n t in u ed )
Solution C r y s t a l
Infra-red Raman I n f r a - r e d  p o l .®  Raman Assignment^ (C^^ nomenclature)

942 w 543+399 (az)

919 m 302+606 (a^^)

904 vs 902 s 0 °  bj, fundamental

881 vw 487+399 (bg)

876 vw 879 vw 870 vw 140+733(b£) ; 140+738(3 2 )

841 m 834 w 841 w 846 vw a^ fundamental

813 w 120+695 (a^)

802 w 2x399  (a  ̂)

778 s 775 w 782 w -A- 784 w

738 vw 731 vs 0 °  b^ fundamental

733 mp 738 w â  ̂ fundamental

719 w 60 6+120 ( a p

712 w 302+399 (b^)

695 vs 696 w 698 vs  0°  bĵ  fundamental

670 s 120 543 (b̂ )̂

536 vw 630 w 246+399 ( 6 2 )

618 w 140+487 (ag)

506 s 606 m 610 w 607 w 6 2  fundamental

575 w

nu'trv c lasses .  ' Diat  is,  for / T  a n d  D - t ,  s tr nc l i n ' cs  1 l ie A ax i s  is c h os e n as  p e r p e n 
dicular to t h e  p l a n e  o f  t h e  r ing,  at id t h e  i  a x i s  a s  p a s s i n g  throttgh ( e ar h o u  a t o m s )

A h i f ' A  (V) .

pAirr 1. Sola rtoN Spk(t i{. \

( ( i - / / / / ) c  nio lious
On t h e  has is  o f  s t r e n g t h  a n d  p o l a r i z a l i o n s ,  t h e  R a m a n  h a n d s  o f  (  tdRu at 

HhT,  1275,  HV25, a n d  Bht) c m ' h  a n d  of  C',,d),o at 22!)0,  1571,  117D, a n d 1)55 r n r h  
are w i t h o u t  do i iht  Ui - typi '  f u n d a m e n t a l s .  I h o s e  at 12 , o a n d  1I7P c m  ' h a \ e
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Solution
Infra-red

543 V3 

512 m 

487 vs

Raman 

531 m

T ab le  I .  (co n t in u ed )
C r y s t a l

I n f r a - r e d  p o l .^ Raman

399 m

470 ra 

430 w 

407 w 

397 ra 

390 w 

349 w 

302 m 

244-252  wb

550 w

460 ra

398 w

329 w 

243 w

Assignment (^ 2 v  nomenclature)

a^ fundamental

120+399 (b )

b^ fundamental

733-302 (b^)

543-140 (b^)

3 2  fundamental 

696-302  (a^)

841-487 (bg)  

b£ fundamental 

b^ (b^^) fundamental

a ^ Observed by A z iz .

JL D ip o le  g r a d ie n t  _L to  ac p lan e

S A d so rp tio n  fo r  e l e c t r i c  v e c t o r  a lon g  0  ■ o  th a t
fo r  e l e c t r i c  v e c t o r  a lo n g  0 ■ 90°

0 °  A d so rp tio n  maximum fo r  e l e c t r i c  v e c to r  a lo n g  0 ■ 0^

b I n f r a -r e d  f r e q u e n c ie s  a re  quoted where a v a i l a b l e .

|)i'i‘\ i((ii>|y bc('ii ass igned to the iiUer-riiig sti ' idchiiig viLi’al ions ( / ,  ./). Polarized
hands of m o d e ra te  s l r en g lh  al em ' in ( dIu,  and  at I I2d, Stiâ, and  (iPO 
cm ' in ( 'ijl ),„ are  suggested  as fundamenta l s .  Of these,  those al (IPO and  Stiâ 
cm ' are r eadi ly  assigned to in-plane ( ' D déformai  ions.

Ilie R a m a n  ha n d  al I 1.51 em ’ of ( ' , dR„  is rej iorted to he polarized,  hut the 
eryslal s tudies  indiea le  that  a Ig.-lype fundamenta l  exists at this iTeijueney and 
that the (/,-like ( '  11 defo rmat  ion is at I IS.5 em '. T he  assignment  of the higher 
frequeney to the  mode is in aeeoitl  with the as signments  for (',,ll,-,.\ molecules
given hy Randles  and  W'hilTeu ( .%).

In view of the  conlliet of the r epor ted  ])olarization d a t a  with o the r  criteria 
lor mak ing  the  ehoiee,  the polarizat ion s | )ectra ol hiphenyl  in ( ’( ’hi were re
measured.  4’he 1 liSâ-cm ' l iand was ohseiwed to he sl ightly polarized and  no 
polarizat ion of  the  lower f requency hand  was a p p a r e n t , t hus eoidirming I he 
as signments  sugges ted hy the  crys tal  spectra.



3083  w

2287+986 (bg)

2287+956

2276+956 (ap

2255+818 (ap

2276+783 ( b p

2276+690 (ai)
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TABLE I I .
ABSORPTION FREQUENCIES OF C^^D^Q

I n f r a - r e d  Raman A s s i g n m e n t

4 4 5 4  m

3 2 7 3  w

3 2 4 5  

3228 ra

3 0 5 2  m

2 9 7 4  b w

2 3 0 7  s  2 2 6 0 - 9 0

2 2 8 7  v s

2 2 7 6  v s  ^  C -D  S t r e t c h i n g  f u n d a m e n t a l s

2 2 5 5  s

2 2 4 2  m 2 2 4 4  m s h

2 2 1 6  w  1 3 5 3 + 8 6 3 ( 3 ^ )  ; 1 2 6 9 + 9 5 6 ( b ^ )  ; 1 5 5 1 + 6 2 6 ( a , , )

2 1 7 6  w 1 3 5 3 + 8 I 8 ( a O ;  1 1 7 9 + 9 8 6 ( b 2 )

1 8 1 8 - 2 7  wb 8 6 3 + 9 5 6 ( a i ) ;  9 8 6 + 8 1 8 ( b 2 ) ; 1 2 6 9 + 5 5 3 (a z )

1 6 9 0  w  8 6 3 + 8 2 5 ( a i ) ; ~ 1 5 5 5 + I 3 0 ( a i )

1 6 5 7  v w  1 6 6 4  v w  2 x 8 2 5 ( a % ) ; 9 8 6 + 8 1 8 ( a 2 )

d’here uix' (In-ee ( ' —II C — I) si retcl i ing \ ilnal  inns nf Hiis I vpe.  TIk'  choices 
of ( ' — II s t r e t ch ing  fre( |neneies are the same  as those of Ka ton  and  Lippincot t .  
4’he ( ’— I) s t r e t ch ing  fi 'e(|uencies have  heeu assumed to he tlie same  in the 
infrared as in the  R a m a n  and ha \  (' heen selected as ‘J2S7. '4‘J7t), and 'J’J.âô cm * 
using the  cr i ter ion tlial t hey must  he lower than  their  ( I )„ coun tm+ar t s .  44iis 
l a t t e r  is ha.sed on the  sound assumpt ion  that  the elTects of fo re t ' cons tant  changes 
art'  small .  .Ml ( I % , CVdXsIR and  C’cITr. fre([uencies whieh will In' (|Uoted are from 
Refs.  25  and  2(1.

4 4 ie highest s t r e t ching f ret juency is expected in the r ange lâllO to KilO
cm^ '  for hot h molecules.  It is nece.ssary to choo.<e het ween the R a m a n  hamis  at 
lt){)3 c n r  ' (vs) and  1583 c a r '  (vs) lor ( 4d R „  and  ht ' tween 1571 c a r '  (\'s) anti



TIS S'l'KKLE AND LIl’PIXCOTT

TABLE I I .  ( c o n t i n u e d )

I n f r a - r e d  Raman

1641 vw 1631 w

1609 w-m

Assignment 

863+783(b^) ; 783+843(ap  

1313+297(b2)

1 5 7 8  v s  1 5 7 1  v s  p a ^  f u n d a m e n t a l

1 5 j 5 w -m  1 5 5 1  m b ^  f u n d a m e n t a l

1 5 4 2  w - m  9 5 6 + 5 9 2 (b g )

1 5 2 8  w 1 5 3 1  w 8 4 3 + 6 9 0 ( b g ) ; 783+746(a^ )

1490 w 1 3 5 3 + 1 3 7 (b g )  ; 2 x 7 4 6 ( a p

1 4 4 8  ms 81 8 + 6 2 6 (a  )

1 4 2 0  w 1 4 2 9  ra p  2 x 7 0 5  ( a j )

1 4 0 9  m - s  5 5 3 + 8 6 3 ( b g )

1 3 9 2  w s h  \

1 3 8 2  s  1 3 7 0  w j 6 2 6 + 7 4 6 ( a i )  ; 5 5 3 + 8 2 5 ( a p

1 3 5 3  v s  a 2  ̂ f u n d a m e n t a l

1 3 3 0  m - s  1 3 3 5  ra 8 6 3 + 4 8 5  ( a ^ )

1 3 2 6  w s h  1 3 2 0  m 8 4 3 + 4 8 5  ( 6 2 )

1 3 0 7  w 5 5 3 + 7 4 6  ( a ^

1290 v w  1 2 9 6  w 5 9 2 + 7 0 5 (6 . , )  ; 2 9 7 + 9 8 6 ( a p

1 2 6 9  w-ra 1 2 7 2  m 6 2  f u n d a m e n t a l

15 5 1 cm ' (m) lor ( ),„ , the oil ier  two haiuls eorrespoiidiiig to h.-typt '  modes.
All nmimlt igi ious ehoiee can he made  hy apj i l icat ion of the  inequal i ty rule to 
( ' J  I,, and  ( '12II III and  to ( ),•, and ( 'i. Du, . This rule {27\ 2S) may  he hrielly s ta ted
as folldws; " ( ' o n s i d e r  two molecules h' X ,  and h’ ) , the mass ol the suh- 
slit lient .V heing g r ea te r  than  that  of the suhst i tuent  V. Then  in any gi\ en 
s y m m e t r y  class of the molecule A con ta ining '(/' modes associated with I he 
h'X group,  the./Til highest iVeqiieiiev lies hetweeii  the /th a n d . /  +  n th highest 
rre([ueiieies of the eqi i i \ ' alent  sy m m e t r y  class ol li - )  . Where A’- A and /i’ )
are of different  s.\ i n m e t ries the \ ihrat ions must  he classilied according to the 
highest c o m m on  sy m m e t r y  g r o u ps .” Compar i son  with C.dhi and  ( I )„ indicates 
that  the  a, f requencies  of (TJR, i  and  ( \ J ) i u  must  lie a h o \ e  loP.) and ah o \ ’e 15oe
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TABLE I I .  ( c o n t i n u e d )

In fra -red  R am an  A s s i g n m e n t

1226 vw 1 2 1 8  m 7 4 6 + 4 8 5  (b]^)

1204 w-m 3 4 6 + 8 6 3  ( b ^ )

1182 vw 1 1 7 9  s  p f u n d a m e n t a l

1 1 5 1  m 2 9 7 + 8 6 3  ( b p

1121 w 2 9 7 + 8 1 8  ( b 2 ) j 4 3 0 + 9 8 6  (a^^)

1093 w ~  1 3 0 + 9 5 6  ( b g )

1 0 7 4  v w  5 9 2 + 4 8 5  ( b . )

1 0 1 0  w 1 0 1 3  vw

998 vw ~  1 3 0 + 8 6 3  ( b . )

990 w s h  4 3 5 + 5 5 3  (a^^)

986 s  b g  f u n d a m e n t a l

973 vw 7 4 6 + 2 3 2  ( a p

966 vw 9 6 7  m s h  ^ 1 3 0 + 8 1 8  ( b p

956 w-m 9 5 5  s  p  ) a ^  f u n d a m e n t a l

952 w-m

938 vw 825+113 (a^) ; 592+346  ( a p

922 s I 4 3 5 + 4 8 5  ( b p  ; 297+626 ( a p - 1 3 0 + 7 8 3  ( a p

913 s 913 W 7

oil ’, respecti\-(‘Iy, aiul  lliat t he  fre(|tieiicies must  lie helow 1595 and 1553
cm '. I'hi.< clearly snggest.s HiU3 and  157! cm ’ as the e, fnndan ienlal s  and 15S3 
and 1551 ein ' as the  /)•_. .

llie jtiwi'st ( ' - - ( ' st r e l ehing  \ ihiat  ion deri \ 'ed Iroin the henzene C ( '  inodes 
at 1037 (ei„), 1010 (5|„), and  993 cm ' f(/ ,J  is s t rongly ina.ss sensitive,  dropping 
lor example to SOS ein ' in ( ’,41;,f ’ (AO, .1(1). 4'he presence of a s t rong  mass 
insensitive, polarized han d  nea r  1000 cm * as well as a mass .sensiti\'e ( ’—( ’ 
stretching hand  well helow this  l ' rei |nency in mono- ,  mi' la-di-  and symmetr ical  
tr i-suhsti tnted henzenes  has heen explained in t e rms ol a mixing ol the modi's 
dcri\'cd from the . symmetrical  (Oi,,) an d  t r igonal (/q,,) r ing h rea thing  modes ol 
i'cnzciK' (;Ap. It is clear  f rom this ex | ) lanat ion that  the new modes are roughly
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I n f r a - r e d  

9 0 8  w  

8 6 3  m 

8*43 s  

8 3 0  m 

8 2 5  3 

8 1 8  v s

7 8 3  m 

7 6 9  v w  

7 6 2  w 

7 5 2  m 

7 4 6  a  

7 3 9  w 

7 1 7  w  

7 0 5  ms  

6 6 0  m

TABLE I I .  ( c o n t i n u e d )  

Raman A s s i g n m e n t

8 6 5  m p 

8 3 6  m

7 9 0  w  

7 8 4  m 

7 7 5  w

6 9 0  m 

6 6 0  w  

6 5 2  m

a ^  f u n d a m e n t a l  

b 2  f u n d a m e n t a l  

- 1 3 0 + 7 0 5  ( b g )  

b j  f u n d a m e n t a l  

f u n d a m e n t a l  

a 2  f u n d a m e n t a l  

b £  f u n d a m e n t a l  

2 9 7 + 4 8 5  ( b 2 )  

6 2 6 + - 1 3 0  ( a g )

b^ f u n d a m e n t a l  

6 2 6 + 1 1 3  ( a p  

5 9 2 + 1 3 7  ( a p  

8 ]̂  f u n d a m e n t a l  

1 1 3 + 5 5 3  ( a p  

3 4 6 + 2 9 7  ( b p

equal  a i lmix tu res  of the  symmc' tr ieal  and  irigoiial modes,  and tiial eonseqiieiUly 
these sutl ixes are no longer appl ieahle  to the new modes  ip  and (j ol I ig. I, Ref. 
.A f). An est im a te  of I he fret jueney of the mass sensit i\'e \ ihrat ion can he made 
hy no t ing  how elo.seiy the ITe(|Ueneies assigned agree with the cor responding 
( ’idl;,]'' fre(|neneies.- 4 'he inler -r ing s t r eWr ing fret |nency of (' ,dh,-(Vdh, al 1275 
em ' is r easonab ly  close to I he ( '  V si retehiii 'gTix'qmmey of 1220 em and liu' 
r emain ing  fre( | ueneies are typical  oi (he ('(41;, group.  This then would indieatt '  
t ha t  the  (Uy-type li ipiienyl f requency is near  800 cm On the assumption,  which 
now seem.s very phurdli le,  that  the R a m a n  shifts and ah,sorption hands  are 
ex|)licahle in t ' s m s  of a  (h,, like independent  r ing v ih rat ional  model,  three 
reasonahh-  a l t e rn a t iv es  exist.  4 ' here is a s t rong infrared hand  at  778 cm ', a

- 8 ,',' Table III.
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TABLE I I . ( c o n t i n u e d )

I n f r a - r e d Ram an A s s i

6 2 6  s 6 4 6  s f u n d a m e n t a l

5 9 2  v s 5 9 3  w b 2  f u n d a m e n t a l

4 8 5  ms 5 0 0  w a 2̂  f u n d a m e n t a l

4 6 2  v s 4 7 4  v w  j1 2 x 2 3 2  ( a ^ )  o r / a n d

4 3 5  v s 4 2 8  v w  J b]^ f u n d a m e n t a l

3 9 3  v w

3 4 6  w a £  f u n d a m e n t a l

2 9 7  v w b 2  f u n d a m e n t a l

2 3 2 - 4 2  m b]^ f u n d a m e n t a l

moderately s t rong  polarized R a m a n  Land at  733 e in“ ‘ an d  a  very  s t rong  infrared 
band a t  738 em “ ‘. T h e  former  is the  more  aeeeptahle  hy  eompar i son  wi th  CVdUR 
and has bec'ii assigned as due to this  mode hy  Dale  on the  hasis of dilTerenees 
between the  spe c t ra  of a  single crys ta l  an d  a K B r  disc of hiphenyl .  However ,  it 
remains to exphun  the  R a m a n  hand .  T h e  very  s t rong  infrared ha nd  at 738 c m ~ ‘ 
is certainly a bi y  C — II mode  cor responding  to what  is almost  inva ri ahly  the 
strongest inf rared h an d  of m o n os uhs t i t u t e d  henzenes (A/). It,  therefore,  obl i t e r 
ates the «1 infrared c o u n t e r pa r t  of the  R a m a n  hand .  I f  t he  l a t te r  is not a f u n d a 
mental it mus t  he a first o \ ' e r tone  since it is so s t rong,  hut  no fundam en ta l  is 
expected nea r  370 cm~* on the  hasis  of the  model  adop t ed .  738 cm ' is conse
quently t a k en  as the  Ui f u nda me nta l  fre( |uency.  Th i s  agrees wi th  the  choice, of 
Katon and  Lipi)incott  and  wi th Ko\  ner.  It r emains  for an  in te rp re ta t ion  of the 
liand at 778 cm"* to he made.  Dak '  failed to observe it in the  crystal  spectra.  It 
has heen ohseiwed in the  present work hut  it is considerably  weaker  in the  nn-  
nriented disc spe c t rum  th an  in solut ion.  Polar izat ion s tudies  confirm that  it is 
an «I hand.  I t s  weakness  in the spect ra of the solid m a y  he due to it being in 
resonance wi th the  a, fu ndam enta l .  In the solid phase' ,  na rrowing of the  hands  
due to suppress ion of rota t ional  t r ans i t ions  would he ('xpecti 'd to wt 'aken tlu' 
resonance.

The remaining  Oi-tyjie fundam en ta l  of the  l ighter  isotopic nndecule corix'sponds 
to the f'2y-like C — C i leformat ion mode,  ' i 'his mode  gi\ es ri.se to R a m a n  hands  of 
moderate s t r eng th  in C J I r  at hOh c m - ' ,  C’J ) c  at 57!) c n r ' ,  (7IIr,P at 520 cm - ' ,  
and in Ci>Dio a t  505 c m ' ' .  Th i s  suggests  it is to he identified e i the r  wi th  the  
Raman ha n d  a t  531 or  th a t  at 470 cm~'  in CR-Jlm and  wi th  one of the  R a m a n  
liands 530, 500, an d  474 c n r '  in CHTR'.  Bo th  those  of (h-jTIio have verv  s t rong
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TABLE III.
FUNDAMENTAL FREQUENCY ASSIGNMENT FOR 0^2^10 ^ND CgH^F

S o l u t i o n C1 2 H10 C r y s t a l
Raman I n f r a - r e d Raman I n f r a - r e d Mode

" e N ’'

aj  ̂ l i k e  3 0 8 3 3 0 8 6 3 0 8 8 CH s t r e t c h 3 1 0 1

3 0 6 7 3 0 5 2 3 0 5 4 CH s t r e t c h 3 0 6 7

3 0 3 1 3 0 3 8 3 0 3 8 CH s t r e t c h 3 0 4 4

1603 160 0 1 6 0 5 1 5 9 8 CC s t r e t c h 1 5 9 6

1 4 9 7 1484 1 5 0 6 ^ 1 4 8 1 CC s t r e t c h 1 499

1 2 7 5 - 1 2 7 3 - i n t e r - r i n g  s t r e t c h 1 2 2 0

1 1 8 5 1 1 8 2 1 2 0 6 ? 1 1 7 9 /3C -H  d e f . 1 1 5 7

1 0 2 5 1 0 1 2 1 0 3 2 1 0 3 8 P  C-H d e f . 1 0 2 2

9 9 6 993 9 9 8 1 0 0 5 r i n g  b r e a t h i n g 1 0 0 8

73 3  - - - ( 7 3 3 ) 73 8 r i n g  b r e a t h i n g 8 0 8

5 3 1 543 550 r i n g  d e f . 5 1 9

b2  l i k e  3 0 8 3 3 0 8 6 3 0 8 8 o r 3 0 7 6 CH s t r e t c h 3 0 9 1

3 0 3 1 3 0 3 8 3 0 3 8 CH s t r e t c h 3 0 3 5

1 5 8 3 1 5 7 7 1 5 8 9 1 5 7 0 CC s t r e t c h 1 6 0 3

1 4 4 8 143 4 14 5 9 ^ 1 4 3 5 CC s t r e t c h 1460

1 3 1 6 1 3 1 3 1 343 CC s t r e t c h 1 323

1 2 3 5 1 250 1 2 6 5 P  CK d e f . 1 2 3 6

int’r i i m l  c o u nU ' rp ar t s ,  al  5 13  a n d  187 c n r ' .  In t h e  o r i e n t e d  c r y s t a l  s p e c t r i n n  t he  
higi ier  i 'reciuency h a n d  a l m o s t  di . sappears  w he r e a s  t h e  o t h e r  ix'tains i t s  s t r e n g t h .  
( \ ) n s ( ' ( | u e n t l y  t h e  5 1 3 - c n r '  h a n d  is t a k e n  a s  t he  0,-1 y pc  a n d  t h e  o t h e r  is a. ssigned  
a s  the  lowc'st /;, o i i t -o l ' -plane  r ing d e f o r m a t i o n .  I ) al e  h a s  a s s i g n e d  t h e  h a n d  at hOh 
c n r  ' t o  tlu'  a,  f u n d a m e n t a l  a n d  t h e  5 1 3 - c n r '  h a n d  to t he  l owest  h-, l i n g  di'lLr-  
n i a t i o n .  T h i s  d o e s  not s e e m  p l a u s i b l e  in \ i ew o f  t h e  m a s s  s e n s i t i \  i l y  o f  t h e  o,  
m o d e ,  f u r t h e r m o r e ,  in \  i ew o f  t h e  fact that  t he  m o d e s  c h a n g e d  in g o i n g  f r om  
t h e  | )arent  m o n o n u c l e a r  c o m p o u n d  t o  t h e  h i n u c l e a r  c o m p o u n d  are a s  f o l lows:

(o,  c la s s )  (3— 11 s t r e t c h  3 1 0 0  c n r ' to  ( ’— Cl s t r e t c h  ~  1 27 5  c m
{!)•> c la s s )  C — II d e f o r m a t i o n  1 15 0  c m  ' t o  C — Cl def .  ~  3 0 0  c n r ' ,

i t  is c l ea r  f r o m  t h e  i ne ci ua l i t y  rule  that  t h e  g , f i e t j u e n c y  o u g h t  t o  d r o p  s o m e w h a t ,  
f r o m  i t s  h e n z e n e  c o u n t e r p a r t  , w l i e r ea s  t h e  /q f r e i i u e n c y  o u g h t  to  rise
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S o l u t i o n  
Raman I n f r a -

TABLE I I I .  ( c o n t i n u e d )  
C1 2 HIO C r y s t a l  

- r e d  Raman I n f r a - r e d Mode
(=6^5

1151 1 1 6 2 1 160 1 1 6 8 ,1 1 5 2 ACH d e f . 1 1 5 7

( 1 1 6 4 ,1 1 4 6 7 )

1077 1 0 8 2 1 0 9 7  ^ 108 9 P CH d e f . 1 0 6 6

606 6 0 6 6 0 7 610 r i n g  d e f . 614

, 3 0 2

140

-— 32 9 r i n g  r i n g  s h e a r i n g  , 

r i n g  r i n g  s c i s s o r i n g  ^
1 4 0 5

970 9 6 9 9 8 2 ,9 6 6 ■>' CH d e f . 9 9 7

9 0 4 9 0 2 y C H  d e f . 8 94

7 3 8 731 rC H  d e f . 754

696 69 5 6 9 8 r i n g  d e f . 6 85

4 7 0 4 8 7 4 6 0 r i n g  d e f . 50 0

246

( 1 2 0 )

250 r i n g  r i n g  s h e a r i n g  |  

r i n g  r i n g  s c i s s o r i n g )
242

9 8 5 I'CH d e f . 9 7 6

834 84 1 8 4 6  ^ 8 4 1 VCH d e f . 8 2 6

3 97 3 9 9 r i n g  d e f . 4 0 5

- ? - ? I n t .  r o t a t i o n -

( ) e s t i m a t e d ; 7  o b s e r v e d  b y  A z iz  [icQ

Since  (l ie a,  r i ng  m o d e  f r e q u e n c y  o f  m u s t  l ie b e l o w  tliat o f  ( ' i j l i io  t he
choice is b e t w e e n  5 0 0  c n r  ' a n d  -171 c m  4'l ie d i lTen'nces  bet w e e n  t l ie  fre(|U('ncics  
of this m o d e  in ( ’,41,; a nd  ( ’«I),-, a n d  in ( ’,41.4’ a n d  ( 'r, l \ l ' '  are  2 7  c m  ' a n d  15 c m  
n'sjM'ctively.  T h i s  i n d i c a t e s  5 0 0  c m  ' is t h e  correct  c ho i c e  in a c co r d  w i t h  t he  
great('!' s t r e n g t h  o f  t h e  R a m a n  b a n d  o f  thi s  f r e ( |u en cy .

A va lue  h a s  ye t  to  b e  a. ssigned to o n e  ( ’ D  d e f o r m a t i o n  f re ( | ue nc y .  C’m n p a r i -  
sun with ( ’fil),: a n d  CAIA,!'" i n d i c a t e s  i t s  v a l u e  t o h e  c lose  t o S 2 0  c m  A l s o  exjM'ctc'd 
in this region are  t w o  /q- l ike  C’— 1) d e f o r m a t i o n  m o d e s  ( ne ar  S 10 c m  ‘ a n d  SOO 
r i i r ' )  and a /q- l ike m o d e  (m'ar 8 2 5  c m  ') e a c h  w i t h  i t s  infrared a n d  R a m a n  a c t i v e  
c omponent s ,  a n d  a n  ao-l ike R a m a n  b a n d  ( n e a r  7 8 0  c n r ' ) .  S i n c e  n e i t h e r  t h e

• See T;ihlo IV
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TABLE I V .
FUNDAMENTAL FREQUENCY ASSIGNMENT FOR C i z ^ l O  AND C6 D 5 F

S o l u t i o n  ^121*10

a2 likfi

bg l i k e

Raman I n f r a - r e d Mode C6 D5 F

( 2 2 8 7 ) 2 2 8 7 CD s t r e t c h 2 2 9 5

( 2 2 7 6 ) 2 2 7 6 CD s t r e t c h ( 2 2 7 5 )

( 2 2 5 5 ) 2 2 5 5 CD s t r e t c h ( 2 2 7 0 )

1 5 7 8 1 5 7 1 CC s t r e t c h 1 5 7 8

1 3 7 5 1 3 5 3 CC s t r e t c h 1 3 8 9

1 1 7 9 - i n t e r  r i n g  s t r e t c h 1 163

9 5 5 9 5 6 r i n g  b r e a t h i n g 9 5 9

8 6 5 8 6 3 P  CD d e f . 880

( 8 1 8 ) 8 1 8 P CD d e f . 81 7

69 0 ( 7 0 5 ) r i n g  d e f . 753

5 00 4 8 5 r i n g  d e f . 505

( 2 2 7 6 ) 2 2 7 6 CD s t r e t c h ( 2 2 7 6 )

( 2 2 5 5 ) 2 2 5 5 CD s t r e t c h ( 2 2 6 6 )

1 5 5 1 1 5 5 1 CC s t r e t c h 1 5 6 4

1 335 1 3 3 0 CC s t r e t c h 1 3 1 1

1 272 1 2 6 9 CC s t r e t c h 1 2 8 1

pohirizi i l iou d a t a  nor  t he  h a n d  s h a p e s  g u i d e  t h e  c ho i c e ,  a  c o m p a r i s o n  w i t h  
('id Ire(|uenci('s ( w h i c h  we r e  u s ed  a s  g u i d e  in ( [Uol ing  I he aho\ ' ( '  e s t i m a t e d  
values)  a n d i n l e n s i t i e s  s e e m s  to  o f fer  t h e  Lest cr i ter i on.

Thi s  l ea ds  to t he  I’o l l o w i n g  c ho i c e :

.A.ssigmnciil

6'j4ikc 
7>i4ikc 
ui- l ik( '  • 
Go4 ike  
/cjdikc!

Infrared

SI3 s 
S25 H 
SIS vs

7s:? in

Nainan

s:ts m

7l)U w 
7S I in
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TABLE IV . ( c o n t i n u e d )
S o l u t i o n

like

like

like

Raman I n f r a - r e d Mode C6 D5 F

9 6 7 9 8 6 P CD d e f . 1 0 3 5

8 3 8 84 3 P CD d e f . 84 3

784 783 P CD d e f . 8 0 6

59 3 5 9 2 r i n g  d e f . 59 0

2 9 7

^ 1 3 0

r i n g  r i n g  s h e a r i n g  j 

r i n g  r i n g  s c i s s o r i n g  '
> 3 8 8

? 82 5 Y CD d e f . (8 2 5 )

? 74 6 y  CD d e f . 717

64 6 6 2 6 VCD d e f . 6 2 7

5 3 9 ? 5 5 3 r i n g  d e f . 56 3

4 2 8 4 3 5 ,4 6 2 r i n g  d e f . 4 3 8

2 3 2 r i n g  r i n g  s h e a r i n g
1 229

( 1 1 3 ) r i n g  r i n g  s c i s s o r i n g

790 ? V CD d e f . ( 7 8 9 )

660 ? V CD d e f . 6 8 2

3 4 6 — r i n g  d e f .
} 3 5 0

_ ? I n t .  r o t a t i o n

The C— C mo di '  d e r i v e d  f ro m ( h e  h e n z e n e  m o d e  :i( 1 ISO e m ~ ‘ c o n t a i n s  
appreciable C — II d e f o r m a t i o n  (o’/ )  a s  is e v i d e n t  f ro m its s e n s i t i \  it y  to s u h s t i -  
liition (13 II c m  ' in C’r.Di l l ,  1330 c m  ' in ( 74%).  Du i '  t o  t he  i n t er - r i ng  st r e t c h i n g  
Irequcncy, h o w e x ’cr,  it o u gh t  t o  l ie a h o v e  t h e  (%;I)r4I iTequi 'ncy.  K a t o n  and  
Lippincott, c h o s e  t h e  R a m a n  h a n d  at 1335  c m  ' ( m )  a n d  t h e  i nfrared l ia nd  at 
1353 c m ^ ‘ ( v s )  a s  d u e  t o  t h i s  m o d e .  Thi '  latt i 'r  s e e m s  u m p u ' s t i o n a h l e ,  hut  t h e  
lîaman f re i | ue nc y  is s o m e w h a t  low.  T h e  c or r i ' s p on d in g  m o d e  o f  ( / I A d '  g i v e s  a  
very strong infrari'd h a n d  a n d  o n l y  a  w e a k  R a m a n  h a n d .  T h i s  s u g g e s t s  that  t h e  
Iviiinuu ha nd at 1370 c m  ' is pr ef er ahl e ,  

riio.se Gi- type infrared f r e q u e n c i e s  w h i c h  h a v e  not  h e e n  q u o t e d  are  o b v i o u s  
apart iroiu c o u n t e r p a r t s  o f  t h e  7 3 3 - c m~ '  a n d  0 0 0 - cm" '  h a n d s  w h i c h  are  o b s c u r e d  
l»y out-of-plane  f u n d a m e n t a l s .
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TIu'so assij^iunonts load to a sa t i sfac to ry  product  rat io for the  l)-j, model (see 
I 'alile V).  1 lie product  rat ios for tlie D-x moilels a i e  oh ta iuah ie  from the D-̂ n hy 
mul t ipl icat ion of the  rat ios  of the classes that  coalc'sce on reducing the 
sy mm et ry .  Conse( |uent  ly, the assi^ued fr(M|iiencit's fit ( ' i |ually well the calculated 
ratios for a 7>j model.  .Assuming a (',-,1 h.A' model  and applying; the ine(|uali ty rule, 
I he present assi”;nments  arc' sc't'ii to he consislc'iit w il h I hose of ( h, and (%,I . 
I']v('ii he t t e r  evidence'  for th('  inde|)endc'nl rini; model comes from a compar ison 
of frt'cpK'ncic's and  intensi t ies of tlu'  a.ssiipM'd hands  with tIn' tahle of characlc' i ' istic 
hands  of mo nosuhs t i tu t ed  henzeiu's compiled hy Ihmdh'  and  W'hilTen ( 2 (h This 
('iicouraj^i's its use iu mak in g  furt lu ' r  ass ignments .

I h . - l / i p c  a s s i g n  m e n  t s

Tin'  /crtypc' C'— II and (■— 1) strc' tchinK fundam en ta l s  ha\c '  hec'ii sek'clc'd hy  a 
compar ison wi th  the (hi In and  (hDn frc'ciuencies.

Of the C^nlU frcMpiencies, two have  a l ready  hec'u assi^m'cl and  the  re-
maiiuh' r  are clearly chosen hy  correlat ion wi th tin'  tahle of Hand le  and  Whilïc'ii.

Th is  leave's only the in-plane rin<; slu'ar ing and  the  in-plane scis.sorinp; v ib ra 
tions, hoth  of which helonp; to the hj-like group.  Katem an d  Tappincott  have 
a.ssigiu'd these freepiencie's of 302 cm " '  an d  NO cm"' ,  re'spectively,  for (hd l io  and  
207 c m " '  and  137 cm " '  for CT-Dio.

I ' our  h< a.ssignments re'main for Chulym . T h e  s t rong infrared han d  at, OSO cm" '  
and the  R a m a n  shift of 0tl7 c u r ' are r eadi ly  assigned to the highest, in-])lane 
C — 1) de' formation mode  der ived f rom the (/.•„ mode  of (hOn 1037 cm" ' .  T he  
othe r  thive a s s ignments  are chosen hy  compari.son wi th the spect ra  of ( '«Hd'  
(3,2) as 1335, 1272, and  503 cm" ' .

TABLE V .

REDLICH TELLER PRODUCT RATIOS

^ 2h
o b s . t h e o r .

a . 1 7 3 0 . 1 7 7

g

b lu . 1 7 6 6 0 . 1 8 2

H n /  . 1 9 1 0 .182

b 3 g
. 1 9 1 _  0 . 1 8 7

au . 5 3 1 . 5 0 0

^I g  ^ "
. 5 4 3 0 . 5 4 9

'-'3U
. 3 9 8 0 . 3 6 5

^ 2 g
0 . 3 7 2
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Applying the  p r o du c t  rule to the  above assignments ,  as suming  a D^i, model ,  
leads to  a  sa t is fac tory  rat io for the  class, but  to a sl ightly high rat io for the 
l),„ class. Th i s  suggests  that, t he  ( \ , l )u i  scissoring f requency is nearer  130 cm" ' .

hi-Jikc assigtiJiirnls
\ ' ( ' ry s t rong  infrared hand s  iu the spect ra  of ('vdlio at 001 cm " '  and  73S cm" '  

are readi ly assigned as out-of-plane ( ' — 11 deformat ions and those at 005 cm"'  
and 487 cm" '  are clearly tlu'  two r ing deformat ions .  T he  higlu'st ( ' — D defor 
mation has  a l ready  been assigned as 825 cm" ' ,  and on the basis of intensit ies,  
the r emain ing two are idc'iitdied with the  infrared hands  at 710 cm" '  and  020 
cm"' .  These  correla te  well wi th the fu ndamenta l s  of (V,1Y,1''- I he highest r ing 
deformat ion is identified wi th the  vc'iy s t rong  infrared hand  a(  553 cm"' ,  and  
the lower wi th  one of the  s t rong  pai r  of hand s  at 435 and  4t>2 cm"' .  Since only 
one fundamenta l  is expected in the  I'egion of the  l a t t e r  two hands ,  it is nece.<sary 
to assume ITrmi  r esonance of the  fun dam en ta l  wi th a  h r  like combinat ion hand.  
Such a  low-lying combinat ion  han d  m u s t  arise from inter-r ing deformat ion  
modes.

Th e  highest  y  — H v ibrat ion  f ic( | uency is expected to  he ab o u t  t)80 c m " '  hy  
comparison wi th  CoTUl''. Th i s  mo de  usual ly  gives rise to (pdte weak  absorpt ion 
in cont ras t  to  the  lower f reipiency y  ( II I  modes  of this  class. On ly  weak a b 
sorption is observed in the  expected  region.  As pointed out  hy  Whifl’en (.73), t he  
intense combina t ion ha nd s  of suh s t i tu t e d  benzenes,  be tween 2000  and  1500 
cm"' ,  arise f rom t rans i t ions  involving the  out-of-])lane C — II de fo rmat ion  modes,  
and these can he used in de t e rmin ing  the  fre(|uencies of the  inact ive and  weakly 
ah,sorbing f un d am e n ta l  v ibrat ions .  T h e  crys ta l  s tudies  indicate t h a t  the  three 
lowest of the  s t rong  combina t ion  hands ,  tha t  is those at abou t  1500, 1050, 1703, 
and 1880 cm " '  are  Ui-type modes,  whereas those at 1052, 1812, an d  1751 cm" '  
are bo. Tl ie cor responding freipu'ucies in the  solut ion spect ra  are \ e r y  close to 
the.se, t hough  it  is clear  wi th  the  h (4ter  resolut ion avai lable that  most  of the 
hands are double.  Th i s  doubl ing  clearly arises f rom weak coupl ing be tween the 
vibrat ions of the  two langs leading to a  spl i t t ing of the  (h,. model  fre(|uencies. I t  
can be readi ly seen f rom s y m m e t r y  cons iderat ions  t h a t  such cou;)ling for an y  
model with a centre of sy m m e t r y  leads to an inherent  doubl ing of all combinat ion 
liands. D u e  to lù ' rmi r esonance bet ween the component s ,  it is to be ex|)ected 
that wheie the  coupl ing is ajipix'ciable, spl i t t ing  of combinat ion  band s  will be 
observed. All the  ob.<er\ed s t rong  combina t ion ba n ds  in the r ange 2(K)() 1500 
cm"' arc readi ly exj)lained using t he fre( |uencieshi-like ca. 075, 004, 738, ti!)5 cm ' ; 
«rlike. c. 075, c. 840 cm"' .

1 he lowest f un dam en ta l s  of this  class are the  r ing-r ing shear ing and  llu'  out -  
of-plane scissoring modes.  These  havt;  been assigned as by  K a to n  and  Lijipincott..

ih-iypc vihraiions
Ihe trec|uencies of these modes  o u g h t  to be ve ry  close to thosi '  of the co rre

sponding bcMizene modes.  For  a  Cn„ modcd, these ba nd s  are R a m a n  ac t ive only,  
though in the  licjuid phase th ey  usual ly absorl) int rared radia t ion with appn ' c i ab le
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slr(>ng1li due  to r elaxat ion of the  selection rules. As indicated above,  the s tud y  
of combina t ion bands  leads to fre((U('nci('s of about  075 and 810 cm " '  for the 
7  ( I— II modes.  These as s ignments  are in agreement  with the as signments  of 
Ka ton  and  Lippincot t  Hands at 307 cm"'  (Ha inan)  and  300 cm ' ( infrared)  are 
sat isfacloi’ily a.ssigned as ar ising from t he a-., like ring déformai  ion. 'I’lu' corre- 
sponding  (hd), i i  fre(|Uenci('s ha\'('  licen chosc'ii by compari.son with Cnlhi and
CdAK.

P.AUT 2. (hnST.AU Sl'KCTlt.A
T h e  crystal  sy m m e t r y  is /A, /h,  thus  the  molecular  site sym nu ' t r y  is ( \  {'>). 

Th is  lowering of th(’ . symmetry iVom that  of the isolated molecule leads to the 
formal coalescing of all tlu'  <j and  of all t he  u classes of the isolated /)>i, moletaile. 
; \s  has  b('('U shown by m a n y  previous crystal  studies,  however,  (for example,  
Hef. 33),  t he  sc'k'ction rules and  fre(|uenci('s m a y  be t aken,  as a first a))])roxi- 
ma t ion ,  to b(' those of the  isolated molecule,  and  the relaxat ion of I he .sek'clion 
ruh's and  the  fr('(]uency shif ts considered subsequent ly  as the  cons(' ( |uence of 
small  [)('!•(u rba t ion  forces. T h e  intensit ies,  in tin'  s ame  apj)roximation,  can Ix̂  
t aken as those of the isolated gas mok'cule corrected for o r i entat ion of the 
molecuk' s a n d  the  change of dielectric constant  in passing from the  gas to crystal  
phases.  T h e  l a t t e r  correct ion is given by  (35)

On the  basis of the  above  modi ' l ,  a n y  large diffeix'nces between the  spec tra  of 
the crys ta l  an d  the  vaj)or  af te r  al lowing for molecular  or i en ta t ion  must  be ex
plained by  s t rong  crysta l  in t eract ions or  s t ructu ra l  changes.  I lornig  (33) has 
shown that  the  potent ia l  funct ion for a crystal  m a y  he writt('U as T =  lb, +  

+  IV)  + J l i l l k V j k "  +  ITV, where r , .  is the lat t ice potent ial ,  IV' if^the 
pot('Utial of the  fret' mok'cule,  l b '  is th('  jx'rt urbat  ion due to the crystal  held, 
lb/," is tlie interact ion pott ' ii tial bt ' twt'cu dif ferent  molecules and  l b / '  is the in ter 
act ion of till' in ternal  modes  wi th the lat t ice vibrat ions.  I ' /  leads to fri 'qui 'ncy 
shifts and  Ibt ' '  coupl ing of the  vibrat  ions and  to changes in the dii 'ection of the 
t ransi t ion mo me nt .  .Assuming tha t  the coupl ing term is small,  no spl i t t ing of tlu' 
bands  should ri'sult from the presence of two molecules per unit cell, and  the 
dichroic rat ios can be eva lua ted  I'asily from a knowledge of the crystal  s t ructure .

.Vccording to 1 ) ah r  (5), the molecules are al igned with their  Z  axes paralk' l  to 
the I) axis of I hi' crystal .  T h e  unit cell contains  two molecules,  tlu'  planes of the 
rings of the two being inclini'd at about  ti 1°. For noninterference of radiat ion 
from the  var ious  par t^ of the crystal ,  Ihe v ibrat ions  of Ihe uni t  cells must be in 
phase.  T h a t  i'-, the  phase dilTerence between adjacent  cells must  bi' 2 irti where 
n is an hueger .  T h e  two molecules in the unit cell m a y  v ib rate  in-phase or  out-  
cf-pha,<e. For  the  Ui v ibrat ions  the out-of-phase results in no resultant,  dipole
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cha ng e ,  h u t  t h e  o u t - o f - p h a s e  b i -  a n d  ^2- t y p e  v i l i r a t i o n s  r es ul t  in a  n e t  d i p o l e  
c h a ng e  a t  9 0 °  t o  t h e  i n - p h a s e  c h a n g e .  I f  t h e  c o u p l i n g  p o t e n t i a l  V "  is su f f i c i en t l y  
s trong ,  t h i s  wi l l  resul t  in t w o  h a n d s  w i t h  e lect r i c  v e c t o r s  e x a c t l y  at 9 0 °  to  o n e  
a not her .  If  t h e  j ieak s e p a r a t i o n  is i nsu f f i c i en t  to  r e s o l ve  t h e  h a n d s ,  t h e  ov era l l  
i l i chroisni  wi l l  d e p e n d  on t h e  r e l a t i v e  s t r e n g t h s  o f  t h e  t w o  c o m p o n e n t s ,  f'or v e r y  
w e a k  c o u p l i n g ,  t h e  s t r e n g t h s  wi l l  he  e<|ual a n d  t h e  electric,  v e c t o r  el l i ])soid wi l l  

d c g e n e i a t e  t o  a  c ircle. '
B a n d  A  s s i g n n i c n t s

T h e  Cg, f u n d a m e n t a l  m o d e s  o f  t he  CVdK radical  e a c h  g i \ e  ri.se in c r y s t a l l i n e  
Ci 2lIi i)(/72/, s y m m e t l y ) (J)  t o  t w o  m o d e s ;  a  “ ly” a n d  a  “ a ” m o d e .  8 inc(' all g  m o d e s  
are infrared i n a c t i v e  a n d  all  11 m o d e s  are  H a i n a n  i n a c t i v e ,  n o  a m b i g u i t y  is l ike l y  
to arise  in re f err ing  to  t h e  v i b r a t i o n s  in t e r m s  o f  t h e  ('■>,, cla.sses f ro m w h i c h  t h e y  
are d e r i v e d .  T o  f a c i l i t a t e  c o m p a r i s o n  w i t h  t h e  s o l u t i o n  a n d  CV,Ilr>-V f re( (uencies ,  
t he  C T r t y p c  n o m e n c l a t u r e  wi l l  b e  r e t a i n e d .  T h e  D ^ n  a n d  C o ,, f u n d a m e n t a l s  
arc r e l a te d  a s  f o l l o w s :

t ' j i j  (i \  —* n„  - p  b i „  D i h

1 )0  — > h i u  - P  l ) j g

« 2  —* (lu -p b\Q 
bi  —> bo„ -p b;iu.

T a k i n g  i n t o  a c c o u n t  t h e  i n t e r- r in g  d e f o r m a t  i ons ,  t h e  D o /, f u n d a m e n t a l s  s e p a r a t e  
as 1 la,/ +  106],, -p 1062,, -p l()6;i,/ -p 4a„ -p 36:>u -p O62,, -p (Wi;,,, .

S i nc e  t h e  m o l e c u l e s  are  a l i g n e d  w i t h  t he i r  Z  a x e s  p e r p e n d i c u l a r  to  t h e  a r  p l a n e  
of  t he  c r y s t a l ,  t h e  m u c h  s m a l l e r  a b s o r p t i o n  i n t e n s i t y  o f  infrari 'd b a n d s  a t  1700,  
1044,  1507,  1520 ,  1 481 ,  1380,  1238,  1179,  1038,  a n d  1003 c m"'  in t h e  c r ys t a l  a s  
c o m p a r e d  w i t h  t he i r  c o u n t e r p a r t s  in t h e  pellet,  s p ec t r a ,  i n d i c a t e  t ha t  t h e y  ar ise  
from a i - t y p e  v i b r a t i o n s .  A l s o  a b a n d  at 1108  c m ” ' w o u l d  a p p e a r  to  h a v e  c o n 
s iderable  U] c h a r ac te r .  A  p o l a r i z a t i o n  s t u d y  i n d i c a t e s  t ha t  t h e  e l ec t r i c  v e c t o r s  o f  
the  w e a k  res id ua l  b a n d s  at 1380,  1 179,  a n d  1003  c m " '  w e re  in t h e  s a m e  d ir ec t io n ,  
heing a m a x i m u m  w h e n  t h e  v e c t o r  w a s  jiai'allel t o  a n  a rb i t ra r i ly  c h o s e n  e d g e  of  
the c ry s ta l  a n d  a  m i n i m u m  at  9 0 °  t o  (h i s  d i r ec t io n .  ( 44 i e  angk* o f  t he  e l e ct r i c  
vector  in t h e  a c  p l a n e  o f  t h e  c r y s t a l ,  0 ,  wi l l  be  d e f in e d w i t h  respect  to  t h i s  e d g e . )  
T h e  b a n d  at 1481 c m " '  g a i n e d  i n t e n s i t y  in m o v i n g  t h e  e l ec t r i c  \ e c l o r  f r om  0  to  
90° i n d i c a t i n g  t h e  presenci '  o f  anothi'i* b a n d  t y p e .  T h e  ot her  res idual  b a n d s  wi're  
too Aveak t o  o b s e r v e  in t h e  c r ys ta l .

' P i n c e  c o n n m i n i c i i t i o n  of  l l i i s  it l ias  c o m e  t o  t l i e  n o t i c e  o f  1 lie aut  hor s  that,  t h e
■' l̂iectruin o f  c i y s t  a l l i i i e  pol  \ el  h v l e n e ,  \vli i(4i  a l s o  c o n t a i n s  t w o  m o l e c u l e s  ( i n l i n i t e  ( 4 ia i ns)  
per u n i t  cel l ,  h a s  b e e n  i n t e r p r e t e d  in a  s i m i l a r  m a n n e r . ^  T i m s ,  t w o  p e r pe i i d i c n l a r  h a n d s  
na mel y  a d e f o r m a t i o n  m o d e  at 1 Hit) c m" '  a n d  a  waKKÎOK m o d e  at 7 ‘2ô cm"' ,  spl i t  i n t o  t w o  
c o m p o n e n t s  t)0° o ut  o f  p h a s e  w i t h  o n e  a n o t h e r .  P o l a r i z a t i o n  a n d  dent  ('rat i on  s t u d i e s  a n d  
the r ep l a c em e n t  o f  t h e  d o u b l e t s  b y  s i n g l e  b a n d s  on  nu' l t int i  h a v e  c o n l i r m e d  t h a t  t h e  t w o  
c o m p o n e n t s  ar i s e  f r o m i n t e r a c t i o n s  b e t w e e n  t h e  c h a i n s  in t h e  t w o  c r v s t i d l o g r a p h i e a l l y  
dif ierent s i t e s .



?
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T h e  o u t - o f - p l a n e  b a n d s  a t  0 98 ,  731 a n d  9 0 2  c m~'  r e t a i n  t h e  s a m e  s t r e n g t h s  
relat ive t o  t h e  h i  b a n d s  in p a s s i n g  f r o m  t h e  d i sc  t o  c r ys t a l  s p ec tra ,  a s  i s  to  be  
expected f r o m  t h e  m o l e c u l a r  a l i g n m e n t .  T h e  i n t e n s i t i e s  o f  t h e s e  b a n d s  s h o w  a 
strong d e p e n d e n c e  o n  t he  d i r ec t i on  o f  t h e  e l ec t r i c  v e c t o r s  i n d i c a t i n g  a preferred  
phase r e l a t io ns hi p .  S i n c e  t h e s e  b a n d s  are so s t r on g ,  it, w a s  not  possible'  to me a su re  
their i n t e ns i t i e s ,  b u t  t h e  ha l f  he i ght  w i d t h s ,  for v ar io u s  inc ident  v e c t or s  g i ven  
in T a bl e  V I ,  s h o w  c le a r l y  t h e  m a r k e d  n a t u r e  o f  t hi s  preferred c oupl i ng .

One o f  t h e  I h  C — C  s t r e t c h e s  is c l e ar l y  a s s o c i a t e d  w i t h  t he  v e r y  s t r o n g  b a n d  
at 1435 c m ” *, a n d  t he  l owest  ( ' — O s t r e t c h  w i t h  o n e  of  t h e  t w o  b a n d s  at 131)7 
and 1343 c m ” '. T h a t  at 1343 c m ” ' is c o n s i d e r a b l y  stj-onger t h a n  that  at 1307 and  
is therefore  t a k e n  as  t h e  f u n d a m e n t a l .  Al l  o f  t ia'se b a n d s  are charact( 'ri / .ed b y  
an i nd( ' pende ne e  o f  t h e  d i r ec t i on  o f  t h e  i nc ident  eh'ctr ic  v e c t o r  s h o w i n g  that  t he  
degree o f  c o u p l i n g  is w e a k  for t he  a s s o c i a t e d  \ i brat ions .

T h e  a b o \ e  pattx'rn o f  b e h a v i o r  for  t h e  di f ferent  s y m m e t r y  c las se s  a l lo w s  mo st  
of the  o b s e r v e d  c r y s t a l  b a n d s  t o  be  a ss i g n e d .  T h e r e  are,  h o w e v e r ,  t w o  pairs of  
hands at 9 8 2  a n d  9 0 0  e m “ * a n d  at 1 108 a n d  1152 c n r  * w h i c h  are  not  classi f ied  
l iy t h e  a b o v e  b e h a v i o r .  N o n e  o f  t h e s e  are Oi-type,  but t h e y  all s h o w  v e r y  h i gh  
dichroic r at ios ,  t h e  b a n d s  at 1152  a n d  9 0 0  c m ” * h a \  i ng  m a x i m u m  i n t e n s i t y  for  
0 = 0  a n d  p r a c t i c a l l y  zero  i n t e n s i t y  at 0  =  90° .  T h e  o t h e r  t w o  b a n d s  h a v e  
electric d i s p l a c e m e n t  v e c t o r s  9 0 °  o u t - o f - p h a s e  w i t h  these .  T h e  m a x i m u m  i n 
t ensi t i es  o f  t h e  9 8 2  a n d  9 0 0  c m ” * b a n d s  w e re  in t h e  rat io  1 . 4 8 : 1 .  TIu' i n t e ns i t i es  
of t he  o t h e r  pa i r  w e re  t o o  s t r o n g  to m e a s u r e ,  but  t h e  l l O S - e m ” ' b a n d  at 0  =  90°  
a ppeared at  l east  t h r e e  t i m e s  as  s t r o n g  a s  t h e  1 1 5 2 - c m ” * Ixind at  d  =  0.  H o w e v e r ,  
as p r e v i o u s l y  i n d i c a t e d ,  t h e  1 1 0 8 - c m “ * b a n d  is a p p a r e n t l y  c o m p l e x  a n d  c o n t a i ns  
fl] a b s or pt io n .  T h e s e  r a t i o s  s u g g e s t  t h a t  t h e  b a n d s  arise f rom a s t r o n g  s] ) l i t t ing  
of the  i n - p h a s e  a n d  o u t - o f - p h a s e  c o m p o m ' u t s  o f  a  ()-.u, or v i br a t i on .  T h e  h i gh er

TABLE V I .

VARIATION OF THE HALF HEIGHT WIDTH OF 9 0 2  cm~'^ B A ^

WITH THE ANGLE OF THE INCIDENT ELECTRIC VECTOR.

9 A V  ^

+ 9 0 ° 20 cm"^

+ 6 0 ° 24 cm"^

4-30° 29 cm"^

0 ° 29 cm "l

- 3 0 ° 26 cm " l

- 6 0 ° 21 cm " l



2()2 STKELi: AND L Il’PIXCOTT

pair  are  i v a i l i ly  a s s i g n e d  l o  Hie (3 C — 11 d e f o rn i a l i o n .  T h e  l owe r  pair  eainiot  
I"' a s s i g n e d  w i l h  as  i nu eh  c e r t a i n l y .  T w o  I ' nndana'ntal s— a L a n d  an a ,  (forhidchai  
for D -ii, s y n i i n e t r y ) — are ex pe ct i x l  in thi s  region.  'I'he c lo se ne ss  o f  the  rat io  of  the  
n i a x i i n i n n  i n t e n s i t i e s  to that  e x p e c t e d  for an e(|tial  i ni xt nre  of  i n -p h as e  a nd  ont -  
of-pl ias( '  m o t i o n s  disi  i n g n i s he s  t he  h an d in ( |ue s l i on  from the  p n ' v i o u s l y  ass igned  
h:i„ (hi - l ike)  h a n d s .  I l o w e v e r ,  it is t ent ai  i \ ' cly a. ssigned to t he  highe.st o f  the  
h]-lik(' 7  (.1-— II \ i h r a l ions,  hh e  pos i t i on  ol lIu’ f u n d a m e n t a l  is \ 'crv u n l i k e l y  to  
he far fi'oin t hi s  fi-('(|ueney.

T h e  relat i ve  i n t e n s i t i e s  o f  t h e  h a n d s  at about  HlOO and at about  1580 c m '  
di ffer  e o ns ide i 'a b l y  in t he  s o l u t i o n  a nd  di.<e sp ec t ra ,  h l h s  in part ari.ses from a 
part i al  a l i g n m e n t  o f  t h e  m o l e c u l e s  in tin' di sc ,  a s  is e v i d e n c e d  b y  t he  general  
increa.se o f  t he  L - t y p e  i nt e n s i t i e s  r e l a t i ve  to t he  a,  . N e v e r t h e l e s s ,  it w o u l d  s e em  

that  t h e  l o we r  f r e ( | u en cy  b a n d  h as  g a i n e d  c o ns i de r a b l e  i n t e n s i t y  at  t h e  expen.se  
o f  th(' higlu'r fr( ' ( |ueney b a n d.  T h e n '  is sonu'  i n d ic a t io n  of  a b a n d  o f  eharact i 'r  
su pe ri i np os i ' d  o n t he  low('r frei |U('ney b a n d  w h i c h  h a s  p r o l ia b ly  t a k e n  s o m e  of  
t he  intc' i i s i ty f r om  tlu' a,  f u n d a m e n t a l .

T h e  corr( ' s ] )onding R a m a n  b a n d s  art' o b s e r \  I'd at 1(105 a n d 158!) c m ” '. 1 4 le 
di l f i 'n' i i ce  betwei ' i i  t he  R a m a n  a n d  infraix'd fi'C(|U('nci('s o f  t h es e  t w o  f u n d a 
m e n t a l s  is s l ight  ly  gri 'ater  for t h e  c rys ta l  t h a n  for t h e  so l ut i on ,  i nd ic a t i n g  a  
s l i g h t l y  i nc r e a s e d  interact  ion bet wet'ii t he  rings.  1 l o w e \  I'r. tiu' nu'an fre( |uenei( 's  
r e m a i n  t h e  s m n e  i n d i c a t i n g  that  tlu're is \ ( ' l y  l i tth'  i ncrease  in t he  7r-electron 
c o n t r i b u t i o n  to  tIu' b o n d i n g ,  l l i i s  is in a c co r d w i t h  ( l u y ’s  c a l c ul a t i on s  ( 2 1 )  

w h i c h  i n d i c a t e d  that  t h e  s ta b i l i z a t i o n  I'nergy d u e  to 7r-('lectron o v e r l a p  r e m a i n s  
f air ly  c o n s t a n t  for a ng h' s  Ix'twi'cn t he  r ing ] ) lanes  of  +  + 8  t o  — tt. 8 . T h e  r ing  
b r e a t h i n g  m o d e  m u s t  c o n t a i n  n])prenciabh'  ( ' - 1 1  d e f o r m a t i o n  i lue  to  t h e  p r o x 
i m i t y  o f  i t s  f r e ( | u e n e y  to that  o f  tin' highest  a i - h k ( ' d  ( ' — 11 modi ' .  TIu' sma l l  risi' 
in f r e i i u e n c y  o f  thi s  m o d e  in tIn' c ry st al  is mn le rs t an da b l i '  in t i 'rms ot i ncrensed  
( ' — II i n t e r a c t i o n ,  l l i e  othi 'r  v i b r a t i o n s  w h i c h  mi ght  be  I 'xpected to bi' s e n s i t i \ e  
to t h e  TT-electron d e n s i t y  are  tin' i nt er - r ing  s t r e t c h i n g  f re ( | ue nc y  a n d  t he  o ut - of -  
p l a n e  r ing  d i ' f o r ma t i o n  (5i-ty[)i ' ) .  I' lu'  i nt er- ring  s tr i ' tc hi ng  f re i i ue nc y  ob.<er\ed  
in t he  R a m a n  s p i ' c tr mn  is t h e  s a m e  w i t h i n  e x | ) er im e nt a l  error in so l ut i on  a nd  the  
c r y s t a l .  I ' l i i s  is s u rp r i s in g  in \ i ew o f  t he  s h o r t e n i n g  of  t he  r ing-ring b o n d  in I he  
c r ys t a l  (1.-18 A ( / ( A )  a s c o m p a r e d  w i l h  t he  va | )or  ( 1.51 A  (.S’, / A )  l 'h i s i m ] ) l i e s e i (  hei' 
that  t h e  b o n d  l e n g t h  in t he  hijuid pha.se is ne ar  to that  o f  t he  cry sta l ,  or that  the  
i nt e r- r in g  ( '  II i n t e r a c t i o n s  r ed uc e  t he  res to r i ng  force lor th i s  \ i brat ion sul -  
l ici i ' i i t lv to c o un t e r a c t  t h e  s h o r t e n i n g  of  b o n d  l en gt h.  l l i i '  o uf - o l - ) ) l ane  de l or-  
m a t i o n  m o d e  c lear l y  g i v e s  rise to the  s t r o n g  cry sta l  a bs o r p t i o n  at -Kit) c m  '. 
l l i i s  is a d r o p  of  27  c m  ' f rom t he  s o l ut i on  fr e i |ue nc y.  In v i e w  of  the  v e ry  sma l l  
f r e i i u en c y  s h i f t s  o f  o t h e r  f u n d a m e n t a l s ,  thi s  is felt to be a s t r o n g  i nd ic at io n o f  a 
t h i n n i n g  o f  t he  7r-e l ec tron d e n s i t y  a b o v e  t he  i n d iv i du a l  r ings  as  wo u l d  be e x p e c t e d  

for i n c re a se d  c o n j u g a t i o n .
T w o  s t r o n g  L - l y p i '  b a n d s  exist  at 12(15 c m ” ' a n d  1307 c n r ' ,  o n e  o f  w h i c h  must.
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be the higlu'sl  h-j-liko /j C — II d e t o r m a t i o i i .  T h e  l a t t er  is t h e  s t ronge r,  but  this  
lV('(|uency sei ' ins far  t oo  h i gh  s i n o '  t h e  c o r r e s p o n d i n g  C'TH fr e i p i en cy  is o n l y  1,309 
cm Tl ie  loi' iner I r e p u e n c y  is a l so  in m u c h  bett i 'r  a g r e e m e n t  w i t h  t he  a ss ign ed  
li(|iiid value .

The  i n- p l a ne  ( ’- - ! !  d e l o r m a t i o n  Iri ' i juencies are  s o m e w h a t  h i gher  in the  
crystal t ha n  in s o l u t i o n .  T h i s  is a ga i n in a c co rd  w i t h  a de cr ea se  in t he  inl i 'r-ring  
plane a ng l e  in g o i n g  f ro m s o l u t i o n  to tin' cry sta l .  T h e s e  f req ue nc ie s  oug ht  to be  
very sensi l  i\ (' to p l a n a r i t y  in v i e w  o f  t he  c l o s e n e s s  o f  t he  h y d r o g e n  a t o m s  on 2 
and 2' a nd  1 a n d  1' p o s i t i o n s  in t he  ]) lanar nioh'cul e  ( ca lc u la t ed  1.78 A for non-  
(Icfornn'd m o l e c u l e ) ,  l l i e  i nt er - r i ng  d i ' f o rm a t i on s  ou gh t  to be s e n s i t i \ i '  to p la n ar 
ity for thi s  sanu'  rea.son.  In agri'enu' i it  w i l h  (' .xpi'ctation t h e  i n- pl an e  r ing-ring  
shearing I'reqtiency ri.ses f rom .302 to .329 c m ” ' a n d  o u t - o f - p l a n e  s h e ar i n g  f rom  
2 It) to 2 5 0  c m  ' in t h e  c ry s ta l .

CONCLUSION

The m a i n  s p ec t r a l  l e a t u r e s  o f  b i p h e n y l  c r y s t a l s  a n d  s o l u t i o n s  c an  be i n t e i p r e t e d  
ill terms o f  a  m o d e l  c o n s i s t i n g  o f  t w o  m o n o s u b s t i t u t e d  b e n z e n e  r ings  w h i c h  
interact wi 'akl y .  It appt 'ars  f r o m  t h e  C — C s t r e t c h i n g  v i b r a t i o n s  that  t he  T-elec-  
Irnii c o n t r i b u t i o n  to  t he  b o n d i n g  is e s s e n t i a l l y  t h e  s a m e  in s o l ut i o n  a s  in the  
.solid. . According to  t he  c a l c u l a t i o n s  o f  G u y ,  t h i s  is c o n s i s t e n t  w i t h  t he  a n g l e  
hct ween t h e  p l a n e  o f  t h e  r in gs  for t h e  si dut  i on  b e i n g  l ess  t h a n  t t /8 .  T h e  lowest  
Ill-type r ing d e f o r m a t i o n  f r e q u e n c y  a p p e a r s  t o  b e  v e r y  sen.si t ive to  t h e  7r-electron 
(h'lisily, p r i ' s u m a b l y  b e c a u s e  t he  d e f o r m a t i o n  i n v o l v e s  e ons i de ra l i le  r ehybr id i -  
.s'ltion a n d con.sequi' i i t  d i s to r t i o n  o f  t h e  7r-electron s y s t e m .  A s  is to be I 'xpeeted  
fi'oin t he  short  d i s t a n c e  b e t w e e n  t h e  h y d r o g e n  a t o m s  o n  t he  2 a n d  2'  a n d 0 a n d  
()' ] iosi t ions,  t h e  C — II i n t e r a c t i o n s  c a u s e  s m a l l  i nc re ase s  in t he  v i br a t i o n a l  
l'rc(|uencies o f  t h e  c ry s ta l  f rom t ho s e  in s o l u t i o n .  T h i s  i nt e ra c t i on  m a y  al so  
explain t h e  l ack  o f  i n cre as e  in t h e  i nt e r- r in g  s t r e t c h i n g  f reqiu'ncy  w h i c h  is 
expected to a c c o m p a n y  tlu' s horl i ' i i ing  o f  t h e  i n t er - r i ng  b o n d  in g o i n g  f ro m t he  
solution to  c r y s t a l  p h a se s .  It is not  pos s i bl e ,  h o w e v e r ,  o n t he  e v i d e n c e  present i 'd  
to I'liniinati' t h e  ; ) oss i l dl i t y  that  t he  i nt e r- r in g  b o n d  li ' i igth in .volution is c loser  to 
diat of  t he  c r y s t a l  t ha n  that  m e a s u r e d  for  t he  v ap or .

Ih'.riavKi); . lu ly  21,  19(10
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The vibrational spectra of tetra-fluoro-benzenes

D . S t e e l e ,
D e p a r tm e n t  o f  C h e m istr y , U n iv e r s i ty  C o lleg e  o f  S w a n se a , S in g le to n  P a r k , S w a n se a

{R ece iv ed  J a n u a r y  1962)

Abstract—T h e  v ib r a t io n a l s p e c tr a  o f  1 :2 :3 :4  a n d  1 :2 :3 :5 -te tr a -flu o r o -b e n z e n e s  are  m te r p r e te d  
in  t e r m s  o f  s tr u c tu r e s  a n d  t h e  r e s u lt in g  a ss ig n m e n ts  sh o w n  to  b e  c o n s is te n t  w ith  a ss ig n m e n ts  
o f  o th e r  f lu o r o -a r o m a tic s .

T h e  D e c iu s  a n d  W ilso n  s u m  r u le  is  sh o w n  t o  b e  a p p h c a b le  w ith in  c e r ta in  Ih n its  t o  n o n 
is o to p ic  s y s t e m s . T h e  d e v ia t io n s  in  are  o f  t h e  o rd er  o f  0-5 p er  c e n t  fo r  in -p la n e  v ib r a t io n s  
a n d  a b o u t  3 - 5  p e r  c e n t  fo r  o u t-o f -p la n e  v ib r a t io n s .

1. I n t r o d u c t io n

T h e  v ib ra tio n a l sjiectra  o f  flu oro-arom atics h a v e  a ttr a c ted  con sid erab le in terest. 
T h ere are th ree  m ajor reason s for th is: F ir s tly , th e  flu oro-b en zen e series form  a 
v o la t ile  se t  o f  p lan ar  arom atic  m olecu les; se co n d ly , th e  h ig h ly  e lec tr o n e g a tiv e  
fluorine a to m  im p a rts  in te re stin g  ch aracter istics to  th e  m o lecu les, for in sta n ce , 
in te n se  in fra-red  a b so rp tio n  an d  ch an ges in  force co n sta n ts , w ith o u t  d estro y in g  
th e  p la n a r ity  o f  th e  sy stem s; an d , f in a lly , a ll flu o r in e-su b stitu ted  b en zen es are 
n ow  k n o w n  an d  th u s  y ie ld  a co m p lete  an d  in te re stin g  series in  w h ich  to  s tu d y  th e  
effect o f  p ro g ressiv e  su b st itu t io n  o n  th e  arom atic  n u c leu s.

V ib ra tio n a l a ss ig n m en ts  h a v e  b een  j)resen ted  p rev io u s ly  for CgH^F [1 -3 ] , 
m-CgH^Fg [4] an d  CgFgH [5] in  a d d itio n  to  a ll th e  flu o ro -d er iv a tiv es  w ith  sy m 
m etr ies  grea ter  th a n  Cg, [5 -1 2 ]. In  th e  p resen t w ork  th e  sp ectra  o f  1 ;2;3:4  an d  
1 :2 :3 :5 -tetra -flu oro -b en zen es h a v e  b een  in v e s t ig a te d  an d  a ssig n m en ts p resen ted  
w h ich  are sh o w n  to  b e co n sis te n t w ith  a ssig n m en ts o f  o th er  flu oro-arom atics.

I t  w o u ld  seem  reason ab le  to  e x p e c t  b o th  th e  m olecu les in  q u estio n  to  b e p lan ar

[1] D .  H . W h i f f e n ,  j . C h em . S o c . 1 3 5 0  (1 9 5 6 ).
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i l l  v ie w  o f  th e  p la n a r ity  o f  CgFg [11, 13] a n d  c o n se q u e n tly  th e ir  m o lecu lar  sym 
m etr ie s  can  b e  ta k e n  as Cg,, w ith  reason ab le  con fid en ce . T h e  v ib r a tio n s  separate 
a cco rd in g  to  th e ir  sy m m e tr ie s  as in  T a b les  1 an d  2, th e  r e le v a n t  ch a ra cter istics  of 
th e  in te r a c tio n  o f  th e  c la sses  w ith  e lec tr o -m a g n e tic  r a d ia tio n  a lso  b e in g  presented  
in  th e se  ta b le s . T h e  re co m m en d a tio n s  o f  M u l l i k e n  [14] h a v e  b e e n  fo llow ed  in 
la b e llin g  th e  sy m m e tr y  c lasses .

Table 1. Selection rules for 1 :2:3:5-tetra-fluoro-benzene

Xo. of  vibrations Ra m a n  activi ty I.  R.  act ivi ty

« I 1 1 pol. type A
O g 3 dp. inactive
G 6 dp. type C
6 g 1 0 dp. t\rpe B

Table 2. Selection rules for 1 :2:3;4-tetra-fluoro-benzene

Xo. of vibrations Ra ma n  activity I.  R.  act ivi ty

« 1 1 1 pol. type B
(Xn 5 dp. inactive
G 4 dp. type C
^2 1 0 dp. type A

2. E x p e r im e n t a l

T h e m a te r ia ls  w ere g if ts  from  P ro fessor  J . C. T a t l o w  a n d  h is  grou p  an d  from  
D r. L . W a l l  a n d  w ere ch ro m a to g ra p h ic a lly  p u re. A ll in fra -red  sp e c tr a  a t  frequ en 
c ies g rea ter  th a n  650 cm~^ w ere m easu red  o n  a P e r k in -E lm e r  2 1  e q u ip p e d  w ith  a 
N a C l p rism , a n d  a t  freq u en cies  b e lo w  th is  on  a B e ck m a n n  I .R .4  w ith  C sB r optics. 
A  H ilg er  E 6 1 2  sp ectrograp h  w as u sed  for o b ser v a tio n  o f  th e  R a m a n  sp ec tr a  o f  the 
liq u id s  e x c ite d  b y  th e  H g  4358-Â  lin e , o th er  w a v e le n g th s  b e in g  re m o v e d  b y  a filter 
s o lu t io n  o f  R h o d a m in e  G B N  500 an d  n itr o b e n z en e  in  a lco h o l [15].

T h e  o b ser v ed  freq u en cies  are ta b u la te d  in  T a b les  3 a n d  4. F o r  th e  sak e of 
c o n s is te n c y , w h erever  p o ssib le  th r o u g h o u t th e  t e x t  th e  v ib r a t io n  frequ en cies  
q u o te d  w ill b e th e  liq u id -s ta te  freq u en cies.

3. 1 : 2 ; 3 : 5 - T e t r a - f l u o r o - e e n z e n e
C lass

O n th e  b asis o f  s tre n g th  o f  in fra -red  a b so rp tio n  a n d  v a p o u r -p h a se  b a n d  con
to u r s , a n d  o f  in te n s ity  o f  R a m a n  sh ifts  an d  th e  p o la r iz a tio n  o f  th e  b a n d s, % 
fu n d a m e n ta ls  can  b e  c lear ly  a ssig n ed  a t  1124, 997 , 786 an d  580  cm ~i.

N o  h ig h  reso lu tio n  d a ta  are a v a ila b le  for  d ec id in g  th e  e x a c t  C— H  stre tch in g  
freq u en c ie s , b u t  b o th  th e  % an d  6 g are u n d o u b te d ly  n ear 3 0 8 0  cm ~ i. A p a r t from

[1 3 ]  C. A. CouLSON and D. S t o c k e r ,  Mol. Phys. 2, 39 7  (1 9 5 9 ).
[1 4 ]  R.  S. M t j l l i k e n ,  J .  Chem. Phys.  23, 1 997  (1 9 5 5 ).
[1 5 ]  J .  T. E d s a l l  and E.  B. W i l s o n ,  J .  Chem. Phys.  124 (1 9 3 8 ).
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T a b le  3. O b se r v e d  v ib r a t io n a l sp e c tr a  o f  1 :2 :3 :5 -te tr a -flu o r o -b e n z e n e

R a m a n I .R .  v a p o u r I .R .  liq u id

2 5 8  w
302  v w  1 
31 0  s  1

bg fm id a m e n ta l  

a^ fu n d a m e n ta l

3 2 4  w 3 3 4  v s bg f im d a m e n ta l
3 6 8  m w 36 8  w" \  f im d a m e n ta l
3 9 0  w

437  w
2 05  T  185(ag -j- bf)

4 4 2  w 4 4 0 4 45  m s 36 8  4- 185(b i - f  bf)
4 6 6  w 46 5 471  m s «2  fu n d a m e n ta l
5 0 6  w 5 0 8  s  B 5 1 0  s bg f im d a m e n ta l
52 3  v v w 2 X 2 5 8 (2  X bg)

5 5 7  w  A  ? 55 8  m s 36 8  +  185(bi +  bp
5 7 8  s  p 5 8 0  w fu n d a m e n ta l
60 9  v w 6 10  s  (7 60 6  s bj fu n d a m e n ta l
641 w - v w 6 40  w  B 641 m bg fu n d a m e n ta l

7 07  m s 702 m s bj fu n d a m e n ta l
7 1 4  m  p 7 3 2  vvw^ 736  w 2 X 3 6 8 (2  X b )̂
7 8 6  m s  p 787  a A 78 6  s fu n d a m e n ta l

8 4 3  v s 8 4 0  s bj fu n d a m e n ta l
9 9 4  m s  p 1 0 0 2  s  A 99 7  s fu n d a m e n ta l

1 0 5 6  v s  B 1 050  v s  
1083  w

bg fu n d a m e n ta l

1 1 3 0  w 1 130  v a  A 1 1 2 4  v s a j  fu n d a m e n ta l
1 1 7 3  VAV h r 1 1 7 9  m s  B 1 176  m s bg f im d a m e n ta l
1 238  v w 1 249  s 1 240  s  

1267  m
bg f im d a m e n ta l  
9 9 7  258((ij 4 " bg)

1 282  m 1287  w  
1 310  w  
1 330  w

2 X 6 4 1 (2  X bg) 
9 9 /  -+- 310(cij 4" d^) 
9 97  4- 3 3 4 (a i - f  bg)

1 3 8 4  m  p 1381  w  ) a j  fu n d a m e n ta l

1 4 0 4  w  p 1 405  m 1 405  m  i a n d  3 3 4  4- 1050(bg -j- bg)
1 4 6 6  s 1455  s bg fu n d a m e n ta l

1 530  w 1 531  v s 1523  v s ttj fu n d a m e n ta l
1571 m w 155 6  m w 5 1 0  4-  1050(oq 4- a j
1585  w 1587  m w 4 71 4~ 1124(iÏ2 4~ Qj)

1 640  w  h r 1642  v s 1631  v s  
1 660  w  
1681 m w  
1695  m w  
2 5 1 0  m w

a^ a n d  bg fu n d a m e n ta l

(b 4- Og) 8 4 3  4* c. 8 45  
1 050  4- 641(bg 4- bg) 
1 405  4- 1124(cii 4- a p

3 0 9 0  m  p 3 1 0 0  m w Oj fu n d a m e n ta l

th e  C— H  s tr e tc h in g  freq u en cy  th e  h ig h e st  Uj fu n d a m en ta l is  p red o m in a n tly  a 
C— C str e tc h in g  v ib r a tio n  e x p e c te d  n ear 1612 cm~^ [16]. T h e corresp ond ing  6 g 
m ode w ill a lso  h a v e  a fre q u en cy  near th is  v a lu e  an d  it  is  n ecessa ry  to  a ssign  th e  
v e r y  stro n g  a b so rp tio n  a t 1631 cm “  ̂jo in t ly  to  th e se  tw o  m od es. T h e th ird  h ig h e st  

an d  6 g freq u en c ie s  are d er ived  from  th e  fu n d a m en ta l a t 1530 cm   ̂ in  CgFg.

[1 6 ] R . R . R a n d l e s  a n d  D . H . W h i f f e n ,  M o le c u la r  S p e c tro sc o p y ,  p . 111. R e p o r t  o n  t h e  c o n fe r 
e n c e  h e ld  in  L o n d o n  in  O ct. 1 9 5 4  b y  th e  I n s t i t u te  o f  P e tr o le u m .
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Table 4. Observed vibrational frequencies o f  o-CgHgF^

R a m a n I .  R , v a p o u r I .  R . l iq u id

1 70  w fu n d a m e n ta l
29 1  m bg fu n d a m e n ta l

3 1 0  v w bg fu n d a m e n ta l
3 2 4  v w 3 2 5  v s Uj f im d a m e n ta l
3 7 4  m s 3 7 6  w bj fu n d a m e n ta l

4 3 2  v w a  2 fu n d a m e n ta l
4 5 7  m . b r 4 6 0  m . b r fu n d a m e n ta l
4 8 9  m 4 8 7  w bg fu n d a m e n ta l

5 0 0  w
5 3 7  w 5 4 0  v w 2 X c. 2 6 8 (2  X ttj)
58 1  v w  p 2 X 2 9 1 (2  X bg)
5 9 8  v w 5 9 7  m s  G 5 9 7  m s b  ̂ fu n d a m e n ta l
6 0 5  v w
6 2 5  w  p 2  X 3 1 0 (2  X bg)

66 9  v \w v
6 8 4  v s  p 68 2  8 B 68 2  s fu n d a m e n ta l
74 6  w 74 8  s A 74 7  s bg fu n d a m e n ta l

80 2  v s  G 8 0 3  s bj fu n d a m e n ta l
9 2 9  w Og f im d a m e n ta l

96 2  m  A 9 6 3  s  1 bg f o n d a m e n ta l
99 3  w  A 9 8 8  w  J A  (3 1 0  -f- 682)(bg (ij)

1 0 0 3  w
1 0 4 6  m 1 0 5 0  v s  B 1 0 4 8  s fq  fu n d a m e n ta l
1 0 7 0  v v w 3 2 5  +  7 4 7 (o^ -f- bf )

1 0 8 9  w 109 3  w 9 2 2  +  170(«2  +  b“)
1 1 6 4  v w 1 1 6 5  s  B 1 1 6 2  s Oj fu n d a m e n ta l

1192  v v w 1211  v w Oj fu n d a m e n ta l
1 2 3 3  v v w 1 2 4 3  v s  A 1 2 3 9  s bg fu n d a m e n ta l
1 2 7 0  w 1 2 7 8  s A 1267  8 bg fu n d a m e n ta l
1 3 0 4  v w 1 3 1 4  v w 1 0 4 8  -|- 2 6 8 (flj  -f- cty)
1 3 2 8  s  p 1331  s  B 1328  s fu n d a m e n ta l

1402  m w bg fu n d a m e n ta l
1 4 4 6  v w 1438  w
1 4 7 5  v w 1476  m w 1 1 6 2  +  3 1 0 (« i  +  bg)
1517  v v s 1515  v v s bg fu n d a m e n ta l

1 5 2 3  w . p . 1525  v v s 1522  v s fu n d a m e n ta l
1531 s 1541 s 1 1 0 4 8  -f- 4 8 9 (o j  -f- bg)
156 5  m 1560  w I 1211  -f- 3 2 5 (fq  -f- a.y)
1606  w 1 607  m bg f im d a m e n ta l

1 6 3 4  m 1 6 3 4  m 1 632  s Oj f im d a m e n ta l
1638  m 1 1 6 2  +  4 6 0 (a i  +  a j
1648  w 68 2  +  963(cq  +  bg)
1 7 2 5  m 98 8  +  747(bg +  bg)
1787  m 747  -p 1048(bg -f- tty)
1 8 4 0  s 1 1 6 2  -p 682((2j -p Q.ĵ )
1 9 0 4  m 1162  -p 7 4 7 (n^ -P bg)
1 919  m w 682 -p 1 2 3 9 (« i -P bg)
1931 m w 1328  +  5 9 7 (« i  -p b p
2 0 1 1  mw: 1211 +  8 0 3 (a i  -P b p
2 0 7 4  m w 1402  +  682{bg +  a p
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T a b le  4  (c o n t.)

R a m a n  I .R .  v a p o u r  I .R .  liq u id

2 2 0 0  m w 68 2  -j- 1522((/^ -j- (*2)
2 3 0 9  m w 1048 4- 1 2 7 8 (a i -i- bg)
2 4 2 6  mw: 1 632  4- 803(cq  4- by)
2 4 7 4  m w 1328 1162(ci]_ -j- cij)
2 059  m w 1515  4- 988(6g 4- bg)
2 5 6 8  m 1328  4- 1211(O i 4- ay)
3 0 3 8  w bg fu n d a m e n ta l
3 1 0 4  m fu n d a m e n ta l

T w o ca n d id a tes  e x is t  for th e se , th e  v e r y  stron g  ab sorp tion  a t  1523 cm ”  ̂ an d  th e  
stron g  a b so rp tio n  a t  1455 cm ” .̂ A n  u n am b igu ou s ch oice b etw een  th e se  can  be  
m ad e b y  n o tin g  th a t  th e  freq u en cy  o f  th is  a^-type m od e drops o n ly  from  1530 cm ~i 
in  CgFg to  1511 cm ”i in  p-CgH^Fg d u e to  th e  rem o v a l o f  tw o  OF s tre tch in g  m od es  
and remplacement b y  tw o  OH stre tch in g  m od es, w h ile  th e  an a logou s fre 
q u en cy  d rop s from  1530 to  1437 cm ”i. In  m-CgF^Hg w e m a y  con sid er one CF stre tc h  
an d  on e CF d efo rm a tio n  to  h a v e  b een  rep laced  b y  th e ir  CH  cou n terp arts an d  th u s  
th e  ring  a ss ig n m en ts  o u g h t to  be in term ed ia te  b etw e en  th o se  o f  CgFg an d  p-CgH^F^. 
T his c lea r ly  p laces th e  in te rm ed ia te  o-CgHgF^ freq u en cy  a t  1523 cm~^ an d  th e  
6 2  a t  1455 c m -h  P o la r ized  R a m a n  sh ifts  a t  1404 an d  1384 c m - i an d  th e  corresp ond 
in g  in fra -red  ab so rp tio n  a t  1405 cm ”i  (m) an d  1381 cm ”i  (w) are p rop osed  as d ue  
to  th e  fo u r th  h ig h e st  rq fu n d a m en ta l freq u en cy  in te ra c tin g  w ith  an  % co m b in a tio n  
band . T h is  le a v es  on e v ib ra tio n  w ith  a freq u en cy  in  th e  N aC l reg ion  to  be a s 
sign ed . A  co m p a riso n  o f  th e  corresp ond ing  m od es o f  CgFg andp-CgH^^Fg (T able 5) 
p laces th is  b e tw e e n  1245 an d  1157 cm -R  T h e o n ly  b a n d  in  th is  reg ion  w h ich  is  
c lear ly  a fu n d a m e n ta l is  th a t  a t 1240 cm -R  H o w ev er , i t  seem s p referab le to  assign  
th is  as a 6 g C F -stre tch in g  m ode.

N o  vaipour-jihase b a n d  con tou rs or clear R a m a n  p o la r iza tio n  d a ta  are ava ilab le  
to  a ss is t  w ith  th e  ch o ice  o f  th e  lo w es t  tw o  m od es. T h ese are a C F -d eform ation  
m ode an d  a r in g -d e fo rm a tio n  m ode. S ince th e  r in g -d eform ation  freq u en cy  is a t  
451 c n i- i  in  p-CgH^Fg, th e  tetra -flu oro  freq u en cy  m u st lie  a b o v e  th is  v a lu e  due to  
in te ra c tio n  w ith  th e  lo w -ly in g  /3-CF m ode. T h e a b sorp tion  a t  4 /1  cm   ̂ a lm o st  
certa in ly  arises from  th is  m od e. T h e C F -d eform ation  freq u en cy  is  lik e ly  to  b e  
a sso c ia ted  w ith  stro n g  a b sorp tion  near 300 cn i”  ̂ an d  th e  ch o ice is b etw een  b an d s a t  
3 3 4  c m - i  a n d  310  cm ”h T h e la tte r  is preferred  th o u g h  n o  clear criterion  e x is ts  for  
m akin g th e  ch o ice . T h e a b sorp tion  a t 334 c m - i is a ssign ed  to  th e  6 3 -CF ab sorp tion .

6 2  Class
F u n d a m e n ta ls  o f  th e  &g class h a v e  a lread y  b een  a ssign ed  a t  3080 , 1631, 14oo, 

1240 a n d  334  cm ” .̂ S tro n g  in fra-red  b an d s w ith  t y p e -P  con tou rs in  v a p o u r-p h a se  
ab sorp tion  lo c a te  o th er  fu n d a m en ta ls  a t 1176, 1050, 641 an d  510 cn i” .̂ T h is  
lea v es ju s t  th e  lo w e s t  ^-C F d eform ation  to  be lo ca ted . T h e w eak  R a m a n  sh ift  a t  
258 c m - i  is  sa t is fa c to r ily  a cc o u n ted  for b y  th is  m od e an d  h as a freq u en cy  close to  
th a t  e x p e c te d  fro m  a  com p arison  w ith  CgFg.
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Table 5. Comparison of  vibrational assignments o f  CgFg, l:2:3:5-CgFjH2 and  p-CgH^Fg.

% m-CgHgF^ p - C g % LS.-S-CgFgHg

«1 1655 3090 3084 3111
1530 1631 3050 3081
1490 1523 1617 1620
1323 1405 1511 1471
1157 ? 1245 1350
1006 1124 1225 1 122

640 997 1142 1 010
559 786 1 012 993
443 580 858 578
315 471/445 737 502
264 310 451 326

595 845 943 845
370 (645) 800 665
175 c. 205 410 214

6g 1655 (3080) 3084 3111
1530 1631 3080 1620
1253 1455 1617 1471
1157 1240 1437 ag'
1006 1176 1304 Gg'

691 1050 1285 1 122
443 641 1085 993
315 510 635 « 2'
264 334 427 502
208 258 350 326

w 714 840 928 1191
595 702 833 845
370 606 692 665
249 368 509 595
215 ? 375 253
175 c. 185 186 214

C lass

T h e  th r ee  h ig h e st  fu n d a m en ta ls  are a t  840 , 702 a n d  606 cm ~ i. T h e  lo w e s t  
y-C F  d e fo rm a tio n  is  u n h k e ly  to  h e  far from  th e  CgFg a n d  p-CgH^Fg freq u en c ies  
a t  175 an d  186 cm ”i  re sp e c tiv e ly . N o  R a m a n  b a n d  is  o b ser v ed  in  th is  reg ion . 
T h e lo w e s t  r ing  m o d e  is  lik e ly  to  b e d ep ressed  s lig h t ly  from  it s  fr e q u e n c y  in  CgFg 
(370  cm ” )̂ d u e to  th e  y -C H  m od e . T h e R a m a n  an d  in fra -red  b a n d s a t  368  cm ”  ̂
m a y  b e  sa fe ly  a ssig n ed  to  th is  m od e th o u g h  th e  fre q u en cy  h a s ch a n g ed  b u t  lit t le  
fro m  370  cn i~ i. N o  o b ser v ed  lo w -fr eq u e n c y  b a n d  rem a in s to  b e  a ss ig n e d  as th e  
la s t  y -C F  m od e. A p p lic a tio n  o f  th e  in e q u a lity  ru le [11, 17] in d ic a te s  it s  fre q u en cy  
t o  b e  b e tw e e n  249 an d  215 cm “ .̂

[17] M. S t a c e y ,  R . H . M o o r e ,  S . A. B a r k e r ,  H . W e i g e l ,  E . J. B o u r n e  and D. H . W h i f f e n ,  
Proc. 2nd In t .  Conf. Peaceful Uses o f  A tom ic  Energy, Geneva 1958 P. 1466. Pergamon Press, 
London (1959).
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«2 Class
T h e (r-m atrix  for th is  class is id en tica l w ith  th a t  o f  th e  a^' class o f  sym -tri-flu oro-  

b en zen e. T h is  in d ica tes  th a t  th e  fu n d a m en ta l freq u en cies are near 845, 665 an d  
214 cm~^ [9]. N o n e  is  o b served . H o w ev er , th e  stro n g est co m b in a tio n  b an d s o f  
a rom atics a b o v e  th e  fin ger-p rin t reg ion  u su a lly  arise from  com b in ation s o f  y -C H  
freq u en c ies  [18]. In  th is  case th e  stro n g est b an d  is a d o u b le t a t  1695/1681  c m 'h  
T h e m ajor co m p o n e n t is m o st p ro b a b ly  y -C H  +  y-C H  a^, th u s  confirm ing a  
v a lu e  o f  a b o u t 845 cm ~i for th e  h ig h e st  a^ fu n d a m en ta l.

D u e  to  th e  lo w  sy m m e tr y  o f  th e  m olecu le  l it t le  is to  b e g a in ed  b y  try in g  to  
in terp re t th e  w ea k  co m b in a tio n  b an d s th ro u g h o u t th e  sp ectru m , e x c e p t  w here  
th e y  are a t  lo w  freq u en cies , s in ce so  m a n y  p ossib le  a ssig n m en ts in v a r ia b ly  ex is t.  
F o r th is  rea so n  th e  in fra-red  sp ectra l a b sorp tion s lis te d  do n o t  in clu d e w eak  
a b so rp tio n s a b o v e  1700 cm ~i, nor do th e y  in c lu d e  v e r y  w eak  ab sorp tion s b etw een  
1700 a n d  800 cm~^. W h ere sev era l a lter n a tiv e  ex p la n a tio n s  are p ossib le  for th e  
co m b in a tio n  b a n d s— as is  u su a lly  th e  case— o n ly  on e is  lis ted .

O n ly  on e co m b in a tio n  b an d  is  u n e x p la in e d  u sin g  th e  p rev iou s assign m en ts. 
I t  is th e  w ea k  R a m a n  lin e  a t  390  cn i'^ . T h e n u m b er o f  p ossib le  n o n -fu n d a m en ta l  
a ss ig n m en ts  for su ch  a lo w -freq u en cy  b an d  is v e r y  lim ite d  an d  th e  m o st p rob ab le  
ex p la n a tio n  is  th a t  i t  is  d u e to  co m b in a tio n  o f  th e  lo w e s t  a^ an d  6  ̂ y -C F  fu n d a 
m en ta ls . A ssu m in g  a v a lu e  o f  a b o u t 185 cm ”  ̂for th e  lo w est  6  ̂y ie ld s  an  a^ freq u en cy  
o f  205 cm~^.

T h e v ib r a tio n a l a ss ig n m en ts  for 1 :3 :5 -tr i-flu oro-b en zen e are a lso  in c lu d ed  in  
T ab le  5. A g reem en t w ith  th o se  p rop osed  a b o v e  for m-CgHgF^ is  sa tisfa cto ry . 
T h e q u e stio n  m ark  a g a in st  th e  h ig h e st  e" {hy in  CgJ is  th e  a u th o r ’s.

4. 1 ;2 :3 :4 - T e t r a f l u o r o b e n z e n e  

T h e fo llo w in g  a ss ig n m en ts  for th e  fu n d a m en ta l v ib ra tio n a l frequ en cies o f  
1 : 2 :3 :4 -tetra -fiu o ro -b en zen e  are rea d ily  m ad e on  th e  b asis o f  in te n s ities , b an d  
con tou rs a n d  p o la r iz a tio n  d ata :

ÜA 3 0 9 0 , 1522 , 1328, 1162, 1048 an d  682 c m - i  
1239, 988 an d  747 cm~^ 

hy. 803, 597 cm"^
A s w ith  m-CgF^Hg th e  tw o  h ig h e st  ring m odes (cq an d  hf) are to  be exjDected a t  

a p p r o x im a te ly  1600 cm~^. O ne R a m a n  b a n d  e x is ts  a t 1634 cm ”  ̂an d  tw o  infra-red  
b an d s a t  1632, (s) a n d  1607 c m - i  (m ). I t  is  te n ta t iv e ly  su g g ested  th a t  th e  h igher-  
freq u en cy  b a n d s are a sso c ia ted  w ith  th e  ay c lass on  th e  b asis o f  th e  in te n s ity  o f  
th e  R a m a n  b an d . T h e h igh er co m p o n e n t o f  th e  v er y  stron g  co m p lex  a t  ab o u t 1520  
cm~^ h a s an  a sso c ia ted  w ea k  p o la r ized  R a m a n  lin e  in d ica tin g  it s  a ssig n m en t as an  
ay. T h is  in d ic a te s  th a t  th e  seco n d  m ajor co m p o n en t a t 1515 cm ”i is to  be id en tified  
w ith  th e  fu n d a m en ta l.

T w o /9-CF d efo rm a tio n  m od es e x is t  in  each  o f  th e  in -p lan e classes. T w o o f  
th ese  are c lea r ly  a sso c ia ted  w ith  th e  tra n sit io n  freq u en cies o f  291 an d  325 cm~^. 
A lso th e  v e r y  w ea k  a b sorp tion  a t  310 cn i”  ̂ m a y  b e a th ird  ^-CF fu n d am en ta l.

[1 8 ]  D .  H .  WmFFEN, Spectrochim. Acta  7, 2 5 3  ( 1 9 5 5 ) .
[1 9 ]  S . B i i o d e r s o n  a n d  A .  L a n g s e t h ,  Kgl. Danske \ idenslcab. Selskabs M at. fy s . Skrifter  1, 

( 1 9 5 9 ) .
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T h ese  freq u en cie s  are r e a d ily  a cc o m m o d a te d  b y  co m p a riso n  w ith  o-CgH^Fg and  
CgFg as th e  h ig h er  fre q u en cy  (325 c m - i)  a n d  th e  tw o  fu n d a m e n ta ls  (310  c m -i  
a n d  291 cm ”^). T h e a ss ig n m e n t o f  tw o  lo w  /5-CF fre q u en c ie s  in  th e  c la ss  is  su p 
p o rted  b y  n o tin g  th a t  th e  r in g -d e fo rm a tio n  freq u en c ie s  are c o n s id er a b ly  h igher  
in  o-CgF^Hg (747 , 489  cm ”i) th a n  in  CgFg (640, 443 cm ”i).

T h e R a m a n  b a n d s a t  489  a n d  457 cm.~^ c lea r ly  arise fro m  % a n d  (or and  
a^) r in g -d e fo r m a tio n  m o d es. T h e form er p a ir  o f  a ss ig n m en ts  is  p referred .

T h e s tr e n g th  o f  th e  % a b so rp tio n  b a n d s a t  1328 a n d  1048 c m ”  ̂ in d ic a te s  th a t  
th e y  are p r e d o m in a n tly  C— F  s tr e tc h in g  m o d es. B y  fo llo w in g  th e  freq u en cy  
ch a n g es o f  th e  &2 u lik e  C— C stre tc h in g  m od e fro m  b en zen e  (1309  cm ~i) to  CgFg 
(1253 ciii.” )̂ i t  w o u ld  ap p ear th a t  th e  1162 cm ”  ̂b a n d  in  o-CgF^Hg is  p red o m in a n tly  
/3 -C H  a n d  th a t  th e  6 2 u‘lik e  r ing  m od e is  a t  a s lig h t ly  h igh er  fre q u en cy  a n d  m asked  
b y  th e  p a ir  o f  s tro n g  a b so rp tio n  b an d s a t  1239, 1267 c n i”i. T h e  stro n g est  
u n a ssig n e d  a b so rp tio n  is  a t  1402 cm~^ b u t  ap p ears to  b e  to o  h ig h  fo r  th is  ring  
m o d e , b o th  accord in g  to  m o d e tra c in g  an d  b y  a p p lica tio n  o f  th e  su m  ru le  d escrib ed  
in  th e  fin a l se c tio n .

I n  th e  & 2  c lass th e  rem a in in g  a ss ig n m en ts  are for th e  C H  str e tc h in g  freq u en cy , 
w h ich  is  a ss ig n e d  as 3070  cm~^ an d  for th e  /5-CH m od e . T h e p a ir  o f  6 2  m o d es  at 
1 267 /1 2 3 9  c m ”  ̂ is  d u e to  F erm i reso n a n ce  o f  a co m b in a tio n  b a n d  w ith  th e  h igher  
C F -stre tch in g  m od e. T h is  is  in d ic a te d  b y  th e  co n sid era b le  d ifferen ce in  re la tiv e  
in te n s it ie s  in  th e  liq u id  a n d  v a p o u r  p h a ses co u p led  w ith  th e  re su lt  th a t  u s in g  b o th  
freq u en c ies  as fu n d a m en ta ls  lea d s to  a 6  v a lu e  (see S e c tio n  5) o f  2 - 0  p er  c e n t . T he  
la t te r  su g g e sts  a co n sid era b ly  h igh er fre q u en cy  an d  th e  s tro n g est  u n a ss ig n e d  b an d  
a t  1402 cm ”  ̂ is  r e a d ily  a cc o m m o d a te d  as th e  so u g h t-fo r  fu n d a m en ta l.

T h e o u t-o f-p la n e  by-CF d efo rm a tio n s are a ssig n ed  as 3 7 4  cm~^ a n d  170 cn i” .̂ 
I n  th e  « 2  c la ss  th e  o n ly  a ss ig n m en t th a t  can  b e  a d v a n c e d  o n  th e  p r e se n t ex p e r i
m e n ta l fin d in gs is  th e  y-C H . T h e m o d e ra te ly  stro n g  in fra-red  b a n d  a t  1725 cm ”  ̂
is  v e r y  lik e ly  th e  co m b in a tio n  b a n d  resu ltin g  fro m  th e  tw o  y -C H  d efo rm a tio n s. 
A s th e  by is  lo c a te d  a t  802 cm ”  ̂ th is  su g g ests  a fre q u en cy  o f  922 cni~^ for  th e  a^.

T h e a ss ig n m en ts  are su m m a rized  in  T a b le  6  w h ere  th e  v ib r a tio n a l freq u en c ies  
are com p ared  w ith  th o se  o f  th e  a n a lo g o u s tra n s it io n s  o f  th e  series CgDg, o-CgH.^D 2 , 
o-CgH^Fg a n d  CgFg. W h ile  i t  is  o fte n  d ifficu lt as a  re su lt o f  m o d e m ix in g , to  a ssig n  
w ith  c e r ta in ty  th e  n a tu re  o f  th e  m o d e  to  an  o b serv ed  v ib r a tio n a l tr a n s it io n  for  th e  
p a r tia lly  fiu o r in a ted  series, th e  m od es o f  th e  Dg;  ̂ m o lecu les  are w e ll k n o w n  from  
fo r c e -c o n sta n t tr e a tm e n ts . T h e Dg,^ freq u en cies  are la b e lled  acco rd in g  to  th e  
m o d e in v o lv e d  so  as to  a ss is t  in  th e  id en tific a tio n  o f  th e  v ib r a tio n s  o f  th e  in te r 
m e d ia te  m o lecu les.

5. T h e  A p p l ic a t io n  o e  t h e  S u m  R u l e  t o  N o n - I s o t o p ic  M o l e c u l e s

T h e su m  ru les for iso to p ic a lly  re la ted  m o lecu les  [20, 21] h o ld  to  a g rea ter  d egree  
o f  p rec is io n  th a n  d oes th e  p ro d u ct ru le o f  R e d l ic h  an d  T e l l e r  [2 2 ]. T h is  is  d ue

[20] S. B b o d e r s o n  and A . L a n g s e t h .  K gl. D anske V idenskah. Selskabs M a t. fy s .  Skr ifte r  1 ( 1956).
[21] J . C. D e c iu s  and E . B . W i l s o n , J .  Chem. P hys. 19, 1409 (1951).
[22] O. R e d l i c h , Z . phijsik. Chem. {Leipzig) B  28, 371 (1935); E .T e l l e r  quoted by W . R . A n g u s , 

C. R . B a i l e y , J. B . H a l e , C. K .  I n g o l d , A . H . L e c k i e , C. G . R a i s i n , J. W . T h o m p s o n , 
and C. L . W i l s o n , J .  Chem. Soc. 971 (1936).
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Table 6. Comparison of vibrational assignments of CgHg, o-CgH^Dg, o-CgHWg, o-CgF^Hg and CgFg

CeHg o-CgH,Dg[18] o-CgĤ Fg o-CfiF.H, C .F,

3073 r c. 3074 3092 3090 1655 R
3068 r c. 3074 3053 1632 1530 R
3055 r 2291 1616 1522 1490 r
1600 R 1582 1506 1328 1253 R
1482 R 1461 . 1399 1 2 1 1 ? 1157 r
1309 R 1299 1269 1162 1006 r
1177/3 1159 1152 1048 559 R
1146/3 1055 1023 682 443 a
1037 /3 977 763 460 315/3

993 R 843 565 325 264/3
607 a 592 295 (268) 208/3

3068 r c. 3074 c. 3070 3070 1655 R
3057 r c. 3055 3039 1607 1530 R
3055 r 2281 1610 1515 1323 r
1600 R 1595 1464 1402 1157 r
1482 R 1437 1348 1278/1239 1006 r
1350/3 1271 1212 988 691 /3
1177 /3 1130 1101 747 640 a
1037 /3 997 857 489 443 a
1 0 1 0  a 872 597 310 315 /3

607 a 603 450 291 264/3

967 y 934 917 803 595^
845 y 780 750 597 370 y
673 y 579 549 374 215 y
398 c. 385 195 170 175 y

990 y 982 982 922 714
967 y 887 595^
845 y 779 370 y

661 437 249 y
398 ÿ c. 385 175 y

r =  extra nuclear bond stretching; /3 =  in-plane C H  or C F  bond deformation; y =  out-of-plane 
bond deform ation; R  =  R ing stretching; a =  ring deform ation; = CC tw isting

to  th e  p a r tia l b a la n c in g  o u t o f  d ev ia tio n s  from  th e  h arm on ic  freq u en cies w h ich  is 
in h eren t in  th e  su p er im p o sitio n  n a tu re  o f  th e  rule.

E x te n d in g  th e  a p p lica tio n  o f  ca n ce lla tio n  o f  n on -h arm on ic  term s i t  m ig h t be  
e x p e c te d  th a t  ch a n g es in  force co n sta n ts  w o u ld  a lso  b e p a rtia lly  co m p en sa ted  for  
as lo n g  as th e  ra te s  o f  ch an ge o f  force co n sta n ts  w ith  p ertu rb in g  in flu en ce are un iform  
th r o u g h o u t th e  series u n d er con sid era tion . In  o th er  w ord s, th e  su m  ru le m ig h t  
b e e x p e c te d  to  h o ld  r e a so n a b ly  w ell for n o n -iso to p ic  m o lecu les. T h e reason in g  
h as b een  con firm ed  b y  a p p lica tio n  o f  th e  ru le to  th e  fiu oro-arom atic  series [23]. I t  
is also  im p lic it  in  th e  a p p lica tio n  b y  B r o d e r s o n  an d  L a n g s e t h  o f  th e ir  su m  ru les  
to  series o f  n o n -iso to p ic  m o lecu les  [24].

[23] D . S t e e l e . M.Sc. thesis (qual.) B irm ingham  U niversity (1957).
[24] S. B r o d e r s q n  and A. L a n g s e t h , A cta  Chem. Scand. 12, 1111 (1958).
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I n  T a b les  7  an d  8  are g iv e n  th e  re su lts  o f  a p p lic a tio n  o f  th e  su m  ru le  to  various  
fiu o ro -a ro m a tic  series. F o r  in -p la n e  v ib r a t io n s  th e  p erc en ta g e  d e v ia t io n , exp ressed

k y
Ô =  ciZiV^  ̂ -j- hYiV^ — ((t 4 "

(a -j- b)YvQ^
X 100

Table 7

Common sym m etry El)2 6
in superim position CeHg CsFe P-CgH,Fg (%)

^2h
[A ,] 39,345,700 11,697,300 30,278,200 - 0  5

(11,389,300) 11,697,300 (11,256,300) ( + 2  2)
38,496,200 10,681,500 29,240,500 - 0  05

(10,564,200) 10,681,500 (10,335,300) ( + 2  6)

[6 .] 2,926,900 845,600 2,120,700 +  5  3 •

FgDe f^cFg P-CQD4F 2

[6J 2 3 ,6 5 4 ,2 0 0 10,681,500 19,334,100 - 0 0 2
(8,118,241) 10,681,500 (8,813,298) ( +  1 8 )

CeHe fe F e

[A ,] 39,345,700 11,697,300 20,968,100 - 0  2 6
(11,389,300) 11,697,300 (11,376,700) ( +  1 9 )

[K ] 38,496,200 10,681,500 19,856,000 +  0 5
(10,564,200) 10,681,500 (10,314,000) ( + 3 2 )

IM 2 ,9 2 6 ,9 0 0 845,600 1,467,100 +  4  9

[ A J 2 ,6 6 0 ,0 0 0 8 1 5 ,5 0 0 1,387,000 +  3 2

CeHg CaFs sym . CgFgHa

^ 3 h
m 26,165,500 7,803,800 17,045,200 - 0  35

(7,554,400) 7,803,800 (7,398,000) ( +  5-1)
[^I'l 2 0 ,6 7 2 ,3 0 0 4,689,500 12,662,500 +  0-15

(2,006,100) 4,689,500 (3,176,100) ( +  3 6 )
[A,"] 1,937,500 618,000 1 ,2 0 2 ,0 0 0 6  3
[ E l 1 ,8 2 4 ,7 0 0 523,300 1,135,400 3 4

C«Fg T'-CgH.Fg CgHgF^

^2v
[«il 1 2 ,4 9 3 ,4 0 0 30,657,600 21,471,300 +  0 -4 8

1 2 ,4 9 3 ,4 0 0 (11,727,800) (11,923,200) ( +  1-57)
[ b , ] 9,904,600 28,861,000 19,135,800 +  1-29

9,904,600 (9,863,500) (9,649,400) (+ 2 -4 )
[by] 1,139,600 2,468,200 1,792,900 +  0-61
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Table 8

Common
sym m etry Sr2 Ô*

CaFa CaHa p -C g F A o-CgF^Hg (%)

[«il 11,943,600 39,554,200 21,187,800 21,041,900 - 0  27
11,943,600 (11,567,300) (11,596,400) (11,493,800) (-2 -5 2 )

[LI ■ 10,435,200 38,287,700 19,636,300 19,425,000 -1 -1 3
10,435,200 (10,386,200) (10,094,400) (1 0 ,0 0 0 ,1 0 0 ) ( -3 -8 6 )

IL l 567,800 2,280,300 1,176,300 1,170,000 +  2-85

( ) CH stretching frequencies rem oved
(5* 2S:'2 o-CgF^Hg +  Sv^p-CgF^Hg -  2Sr%gFg -  Sr^CgHg 

ZEr^o-CgF^Hg +  Zy^p-CgF^Hg

is u su a lly  le ss  th a n  0-5 j)er cen t. 8 e%]aration an d  d iscard in g  o f  th e  C— H  stre tch in g  
freq u en cies  in creases Ô to  a b o u t 2  per cen t, m a in ly  as a resu lt  o f  th e  d ecreased  v a lu e  
o f  th e  d en o m in a to r . I t  is  in te re stin g , h o w ev er , th a t  in  a ll cases 6  ch an ges in  a 
p o s it iv e  sen se , e v e n  th o u g h  in  som e cases ô vd th  C H  stre tc h  in c lu d ed  is  n e g a tiv e . 
T h is ch a n g e is  in  th e  sen se  req u ired  for m ix in g  o f  th e  C H  stre tc h  w ith  CF m od es. 
F o r th e  o u t-o f-p la n e  c la sses  ô is  s lig h tly  greater b ein g  u su a lly  in  th e  ran ge + 3  to  
- f  6  per cen t.

I n  m a n y  fre q u en cy  a ss ig n m en ts  it  is  v e r y  d ifficu lt to  d ec id e  w ith o u t  a  d e ta ile d  
fo rc e -co n sta n t ca lcu la tio n  w h eth er  or n o t  a freq u en cy  h a s b een  m isa ssig n ed  b y  a  
con sid erab le  a m o u n t d u e  to  seriou s a d m ix in g  o f  th e  m od es. I n  su ch  cases th e  
ru le cou ld  b e o f  v e r y  con sid erab le  u se.

A c k n o w le d g e m e n ts — I  gratefully aclcnowledge the gifts o f  sam ples b y  Dr. L. W a l l  and Dr. J . C. 
T a t l o w ;  th e  use o f  instrum ents at th e  U niversity  o f Birm ingham  and at th e  N ational Bureau  
o f Standards, W ashington D.C., and o f  th e  interest and advice o f  Dr. D . H . W h i f f e n .  Finally, 
I  acloiowledge th e  tenure o f an I .C .I .  fellowship during w hich th e  final phase o f this work was 
com pleted.
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The far infra-red spectra of p-difluorobenzene 
and p-difluorodeuterobenzene

{R ece iv ed  18 S e p te m b e r  1 962)

A s  P A B T  o f  a  p r o g r a m m e  o f  s t u d y  o f  s u b s t i t u te d  a r o m a tic  s y s t e m s  i t  w a s  im p o r ta n t  to  k n o w  th e  
a b so r p tio n  fr e q u e n c ie s  o fp -C g H ^ F g a n d  p -C gD ^ F g in  th e  fa r  in fr a -red . T h e s e  h a v e  b e e n  m e a su r e d  
in  th e  l iq u id  p h a se  u s in g  a  M ic h e lso n  in te r fe r o m e te r , t h e  sp e c tr a  b e in g  o b ta in e d  b y  F o u r ie r  
tra n sfo r m a tio n  o f  t h e  in te r fe r o g r a m s  u s in g  th e  N .P .L .  A c e  c o m p u te r  [ 1 ]. T h e  p -C gD ^F g w a s  
p rep ared  b y  F r ie d e l-C r a fts  e x c h a n g e  w ith  D C l a n d  w a s  o f  9 4  joer c e n t  iso to p ic  p u r ity  (98-5  p er  
c e n t  d e u te r a t io n ) . T h e  s p e c tr u m  o f  th e  l ig h te r  is o to p ic  s y s t e m  is  re p r o d u c e d  in  F ig . 1., a n d  th e  
o b ser v ed  fr e q u e n c ie s  a n d  b a n d  a s s ig n m e n ts  g iv e n  in  T a b le  1. T h e  observ e d  p -C gD ^ F  g sp e c tr u m  
differs fro m  t h a t  o f  p -C gH ^ F g o n ly  in  r e s p e c t  to  sm a ll  fr e q u e n c y  s h if t s  o f  t h e  b a n d s .

o

420IW 3803 4 0300260180 220

Frequency cm-'

140

F ig .  1. C u rv e  1— B la n k  c e ll. C u rv e  2— p -D ih u o r o b e n z e n e .

[1] J .  H . S . G r e e n ,  W . K y n a s t o n  a n d  H . A . G e b b i e ,  N a tu re ,  1 9 5 , 5 9 5  (1 9 6 2 ).
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786 Research notes

T h e  fr e q u e n c y  r a n g e  c o v e r e d  in  t h e  p r e s e n t  s t u d y  overlajas t h a t  in v e s t ig a t e d  b y  F e r g u s o n , 
H u d s o n , N ie l s o n  a n d  S m it h  [2 ] u s in g  c o n v e n t io n a l  p r ism  s p e c tr o m e tr y  ( 2 5 0 -5 0 0 0  c m “ ^). 
T h e s e  a u th o r s  r e p o r te d  a  s tr o n g  a b s o r p t io n  b a n d  a t  2 6 5  cm ~^ a s  w e ll  a s  a  q u e s t io n a b le , w e a k  
b a n d  a t  2 8 8  cm ~^. T h e  fo r m e r  w a s  a s s ig n e d  a s  a  d iffe r e n c e  b a n d  in v o lv in g  t h e  lo w e s t  m o d e  
a n d  le d  th e m  t o  a  v a lu e  o f  186  cm ~^ fo r  t h e  u n o b se r v e d  fr e q u e n c y . T h is  s tr o n g  b a n d  is  c e r ta in ly  
a b s e n t  in  o u r  sp e c tr a .

T h e  &3u fr e q u e n c y  o f  16 4  c m “  ̂ n o w  o b se r v e d  is  in  g o o d  a g r e e m e n t  w i t h  t h a t  c a lc u la te d  b y  
S t e e l e  a n d  W h i f f e n  [3 ]  (1 6 8  cm ~^) a n d  is  a lso  in  a c c o r d  w ith  t h e  a s s ig n m e n t  o f  t h e  a n a lo g o u s  
m o d e  o f  p -f lu o r o to lu e n e  [4 ]  a t  152  cm~^ a n d  o f  p - x y le n e  [ 1 ] a t  166  cm ~^. A  R a m a n  b a n d  a t  
165  cm ~^ is  c le a r ly  d u e  to  t h e  6 3 ,̂  f u n d a m e n ta l  a p p e a r in g  in  v io la t io n  o f  t h e  g r o u n d  s t a t e  
s e le c t io n  r u le s .

I t  i s  th e  g e n e r a l e x p e r ie n c e  o f  t h e  a u th o r s  t h a t  t h e  lo w e s t  fr e q u e n c y , o u t  o f  p la n e , in fr a red  
a c t iv e  fu n d a m e n ta l  o f  a r o m a tic  m o le c u le s  f r e q u e n t ly  a p p e a r s  in  t h e  R a m a n  e f fe c t  in  v io la t io n  
o f  t h e  s e le c t io n  r u le s . A  p o s s ib le  e x p la n a t io n  a r is e s  fr o m  t h e  f a c t  t h a t  t h e  e x c it e d  s t a t e  p o p u la 
t io n  o f  th e  le v e l  n e a r  160  cm .~^ is  a p p r o x im a te ly  h a l f  o f  t h a t  o f  th e  g r o u n d  s t a t e .  T h e  m o le c u la r  
g e o m e tr y  m a y  b e  r e d u c e d  su f f ic ie n t ly  in  t h is  s t a t e  t o  a l lo w  fo r b id d e n  tr a n s it io n s  to  b e  o b se r v e d .  
H o w e v e r , i t  is  n o t  c le a r  w h y  t h e  o b se r v e d  fo r b id d e n  t r a n s it io n s  sh o u ld  b e  r e s tr ic te d  u su a l ly  to  
th e  lo w e s t  ly in g  fu n d a m e n ta l .

T a b le  1

F r e q u e n c y A s s ig n m e n t

P -C 6H 4F 2 p -C g D iF g
1 6 4  cm ~^ 163 cm~^
2 8 4  c m ~ i 2 8 4  c m ~ i 4 5 1 -1 6 4 (a ^  — b^f)
3 5 2  c m “ ^ 3 4 8  c m ~ i

T h e  16 4  cm ~^ b a n d  m u s t  b e  d e s ig n a te d  a s  a n  o u t-o f -p la n e  C F  d e fo r m a t io n  m o d e , t h o u g h  t h e  
c a lc u la te d  ^  m a tr ix  o f  S t e e l e  a n d  W h i f f e n  [5 ]  la r g e ly  o b sc u r e s  t h is  d u e  t o  t h e  n a tu r e  o f  th e  
s y m m e tr y  c o -o r d in a te s  c h o se n . T h u s  6^30 =  2 ~ '̂'®()q +  7 4 ) im p lie s  m o v e m e n ts  o f  c a r b o n  a to m s  a t  
C 4 a n d  C'4 . F o r  a  p u r e  C F  d e fo r m a t io n  i t  i s  n e c e s sa r y  t o  m ix  in  s o m e  0  a n d  d e fo r m a t io n s .  
T h e  in te r n a l c o -o r d in a te s  y  a n d  <f) a re  a s  d e f in e d  b y  W h i f f e n  [ 6 ]. U s e  o f  t h e s e  c o -o r d in a te s  th e n  
r e s u lts  in  a n  a p p a r e n t  c o n s id e r a b le  m ix in g  o f  th e  r in g  a n d  y^  m o d e s . T h is  is  r e a d ily  se e n  i f  o n e  
tr a n s fo r m s  t h e  n o r m a l c o -o r d in a te s  in to  c a r te s ia n  c o -o r d in a te s . T h e n

0164 — 0-56(?yj +  1]̂ ) — 0 -2 0 (î;2  +  173 +  Vb +  Ve) ~~ 0 -2 0 (z4 +  z^) -f- 0 '0 2 (zg +  2:3 Zg -f- Zg)

T h e  ifs , r e fer  t o  d is p la c e m e n ts  o f  t h e  h y d r o g e n  a n d  f lu o r in e  a to m s  a n d  t h e  z 's  t o  c a r b o n  
d is p la c e m e n ts .

T h e  o b se r v e d  fr e q u e n c y  fo r  th e  lo w e s t  m o d e  i s  in  g o o d  a g r e e m e n t  w ith  t h a t  o b se r v e d  
b y  F e r g u s o n , H u d s o n , N ie l s o n  a n d  S m it h  [2 ]  u s in g  c o n v e n t io n a l  p r ism  s p e c tr o m e tr y .

D epartm ent of Chem istry, U niversity College, Sivansea D . S t e e l e *
N ational Chemical Laboratory, Teddington, M iddx  W . K y n a s t o n

N ational P hysical Laboratory, Teddington, M iddx  H . A . G e b b i e

* P r e s e n t  a d d r e ss :  D e p a r t m e n t  o f  C h e m is t r y ,  R o y a l  H o l lo w a y  C o lle g e , E n g le f ie ld  G reen , 
S u r r e y .

[2 ]  E .  E .  F e r g u s o n , R . L . H u d s o n , J .  R . N i e l s o n  a n d  D . C . S m it h , J .  Chem, P h ys., 2 1 ,  1457  
(1 9 5 3 ).

[3 ]  D . S t e e l e  a n d  D .  H .  W h i f f e n , Trans. F araday Soc., 56, 8  (1 9 6 0 ).
[4 ] E .  E .  F e r g u s o n , R . L . FIu d s o n , J .  R . N ie l s o n  a n d  D . C. S m it h , J .  Chem. P h ys., 2 1 , 1 736  

(1 9 5 3 ).
[5 ] D . S t e e l e  a n d  D . H .  W h i f f e n , Trans. F araday Soc., 56, 177 (1 9 6 0 ).
[ 6 ] D .  H . W h i f f e n , P h il. Trans. R oy. Soc. London. Ser. A ,  2 4 8 , 131 (1 9 5 5 ).



Spectrochim ica A cta , 1963, V ol. 19, pp. 1947 to 1954. Pergam on Press Ltd. Printed in  Northern Ireland

The in-plane frequencies and atomic displacements for 
CeFgH, CgFgD and the model compounds CgFgX 

(X = mass 35-5, 80 and 127)

D . A .  L o n g  a n d  D . S t e e l e  
D e p a r tm e n t  o f  C h e m is tr y , U n iv e r s i ty  C o lleg e  o f  S w a n se a

{R e c e iv e d  11 A p r i l  1963)

Abstract— T lie  v ib r a t io n a l  fr e q u e n c ie s  a n d  a to m ic  d isp la c e m e n ts  fo r  C gFgH  a n d  CgFgD h a v e  
b e e n  c a lc u la te d  u s in g  a  fo r c e  f ie ld  b a s e d  o n  fo r c e  c o n s ta n t s  tr a n sfe r r e d  fr o m  CgFg a n d  CgHg. 
T ills  f ie ld  w h ic h  p r o v e d  v e r y  s u c c e s s fu l  h a s  a lso  b e e n  s h g h t ly  m o d if ie d  a n d  u se d  to  c a lc u la te  t h e  
fr e q u e n c ie s  a n d  a to m ic  d is p la c e m e n ts  in  t h e  m o d e l  c o m p o u n d s  C gF gX  w h e r e  X  h a s  su c c e s s iv e ly  
m a s s  3 5  5 , 8 0  a n d  1 2 7 .

R e c e n t  p a p ers  fro m  th is  la b o ra to ry  h a v e  sh o w n  th a t  a  rea so n a b ly  su ccessfu l 
force fie ld  for  p y id d in e, p yrid in e-d g  [1], p yrid in e-3 ,5-dg , p y r id in e-2 ,4 - ^ 2  an d  p yri-  
d in e-4-d  [2] m a y  b e  o b ta in ed  b y  tran sferr in g  force  co n sta n ts  from  b en zen e, m akin g  
d ue a llo w a n ce  for  th e  red u ced  sy m m e tr y . T h is  field  w as a lso  u sed  to  p red ict th e  
sk e le ta l fre q u en c ie s  in  y -p ic o lin e  a n d  y-picoline-<f; [3] b y  ca lcu la tin g  th e  freq u en 
cies for  v a r io u s  v a lu e s  o f  th e  m a ss  o f  th e  4 -su b st itu e n t  in  p y rid in e  an d  pyridine-dg. 
In  th e  p r e se n t p a p e r  w e  g iv e  a n  a cc o u n t o f  so m ew h a t sim ilar force field  stu d ies in  
co m p o u n d s o f  th e  g en era l fo rm u la  C gFgX  u sin g  as a  s ta rtin g  p o in t th e  force field  
d erived  b y  S t e e l e  a n d  W h i f f e n  [4] for CgFg. T w o ty p e s  o f  ca lcu la tion  h ave  b een  
carried  o u t.

(i) T h e  in -p la n e  freq u en c ies  o f  C gFgH  an d  CgFgD h a v e  b een  ca lcu la ted  u sin g  a  
force fie ld  b a se d  o n  force c o n s ta n ts  tran sferred  from  CgFg an d  CgHg. S ince in d e
p en d e n t a ss ig n m e n ts  [5] o f  th e  in -p la n e  fu n d a m en ta ls  o f  CgFgH an d  CgFgD h ave  
b een  m a d e  th e  e x t e n t  o f  th e  a g reem en t b e tw e e n  ca lcu la ted  an d  assign ed  fre
q u en cies se rv e s  as a fu r th er  t e s t  o f  th e  field  p rop osed  for CgFg and  th e  assign m en ts  
on w h ich  i t  is  b a sed  [ 6 ].

(ii) T h e  freq u en c ie s  o f  m o d e l co m p o u n d s o f  th e  gen era l form u la  CgFgX h a v e  
b een  ca lc u la te d  u s in g  force  c o n s ta n ts  from  CgFg th r o u g h o u t b u t w ith  th e  m ass o f  
X  ta k e n  su c c e ss iv e ly  a s 35-5, 80 a n d l2 7 . T h e tw o  ty p e s  o f  ca lcu la tion  h a v e  m an y  
fea tu res in  co m m o n  an d  as far as th e  m ech a n ics  o f  th e  ca lcu la tion s are concerned  
th e y  are b e s t  co n sid ered  to g e th e r .

D e t a i l s  o f  F o e c e  F i e l d  C a l c u l a t i o n s

A ll th e  m o lec u le s  w ere  a ssu m ed  to  b e  p lanar. T h ey  th u s  h a v e  C2  ̂ sy m m etry

[1] D . A . L o n g , F .  S . M u r f x n  a n d  E .  L . T h o m a s , T r a n s  F a r a d a y  S o c . 59, 1 2  (1 9 6 3 ).
[2 ] D . A . L o n g  a n d  E .  L . T hoim as, T r a n s , F a r a d a y  S oc. 59, 7 83  (1 9 6 3 ).
[3] D . A . L o n g  a n d  W . O . G e o r g e , S p e c tro c h im . A c ta  ( In  p ress) .
[4] D . S t e e l e  a n d  D .  H .  W h i f f e n , T r a n s .  F a r a d a y  S o c . 56, 5  (1 9 6 0 ).
[5] D . S t e e l e  a n d  D .  H .  W h i f f e n , S p e c tro c h im . A c ta  16, 368  (1 9 6 0 ).
[ 6 ] D . S t e e l e  a n d  D .  H .  W h i f f e n , T r a n s .  F a r a d a y  S o c . 55, 369  (1 9 5 9 ).

1 9 4 7



1948 D . A. L o n g  a n d  D. S t e e l e

an d  th e  v ib r a t io n s  are c la ssified  as fo llo w s: lOb^ (in -p lan e) a n d  3Ug +  Qb^
(o u t-o f-p la n e .)  T h e m o lecu la r  p a ra m eters  u sed  w ere  a s  fo llow s:

C— F  b o n d  le n g th  1 3 0  A; C— H  b o n d  le n g th  1  084  A;

C— C b o n d  le n g th  1-394 Â ; a ll in te r b o n d  a n g les  120°.

T h e  v a le n c e  force field  u sed  for b o th  ty p e s  o f  ca lc u la tio n  h a d  th e  fo llo w in g
gen era l form .

2V =  f l  -f  A?’,2 - f  2 /(^ )Z  Afi A/^+i +  Ar,+g

+  ^ /( r r )p S  -^^1+3 +  ^fur)o A?(A?*2 4" A fg )  +  A Z(A ;'3 +  A fg )

+  f̂{lr)j, Ai?^2 _|_ 2/(jj2î)„S AJ?i

4- ^f{RR)„^  AJ?i AJ?^-^2 4- ^ f (RR) f^  Ai?i 4 - /« S (i?  A a J 2

4- 2/(aa)^SJ2 AcCfE Aa^- î 4- - f  ^ f ( yp )^ r f Ff i - ^ i

4- 2/(^^)^Sr/5//5,-+2 4- 4- +  / ê)

4- +  fb )  +  4- ^f(iR)„ AZ(Ai?2 4- Ai?g)

+  2/(j72)^AZ(A223 4- A i 2 g) 4- ^ / h r ) ,  AZ A JÎ4  4- ’̂ f ( r R ) ^  Ar^Af?^ 4- 

4- ^f{rR)J^ ‘̂ ^ i i ^ R i + l  4- A i? ,_2) 4- ' ^ / ( tR )^  Ar4Af^;+2 +  ^ R i - z )

4- ^f(ra.)^'*'iR A%̂  +  2/(^^)^Si?aj(A7u^i 4- Arj._i) 4- '^f(ia) AZiZa^

4- ^f{iu)o AZ(^ (% 2  4- -^«e) 4- ^f{ip)o ^ R { ^ pg —  ^pz)

+  2 /(j^)^AZr(A ^ 5  —  A^g) 4- ^fwpi^'^' ^/5 i(^L-+i —

4- ^f{rp)„,^^'   ^ ^ i-2) 4- ^ f f )  4" “̂ f 3 ---
4" 2 /(j^a)2 iZa4 Ai?j- 4- Ai2^_i) 4* ^ f(Rp)^ '* ' f i{^Ri  —  à^Ri -f i

4- -f{R.p),J^'>'^ii^Ri+l   ‘̂ R i - z )  4- ^ f ( R p ) ^ ^ f i i ^ R i + 2    ^ R l - z )

4" ^f(R%v)f'^{^Rl    A F g) 4- ^f{Rw)J'^^i^R2    ^ R b )

4- 2 / ( 2J«)Jî(^(Ai?3  —  AJÎ4) 4- ^fap^^^i(R°'-i+l   R^-i-l)

4- 2/ojjoSZw(iZa2 —  R<^q)

T h e  in te r n a l co -o rd in a tes  are d efin ed  in  F ig  1 . T h e  v a lu e s  o f  th e  force co n sta n ts  
u se d  for  (i) C gFgH  a n d  CgFgD a n d  (ii) C gFgX  w ith  th e  m a ss  o f  X  ta k e n  su c c e ss 
iv e ly  as 35-5, 80 a n d  127 are g iv e n  in  T a b le  1. T h e v a lu e s  u sed  for C gFgX  h a v e  
b een  tra n sferred  from  CgFg w ith o u t  a n y  ch a n g es. T h e  v a lu e s  u sed  for  C gFgH  an d  
CgFgD a lth o u g h  la r g e ly  b a sed  on  CgFg h a v e  b een  m od ified  to  ta k e  a c c o u n t o f  th e  
r e p la c e m e n t o f  o n e  flu orin e a to m  b y  a h y d r o g en  a to m . T h e  C— H  stre tc h in g  
c o n s ta n t  a n d  th e  C— H  d efo rm a tio n  c o n sta n t  h a v e  b een  ta k e n  fro m  b en zen e  [7]. 
A ll in te r a c tio n s  o f  th e  C— H  str e tc h  h a v e  b een  a ssu m e d  zero . T h e  in te r a c tio n s  o f
th e  C— H  d efo rm a tio n  w ith  th e  C— F  d efo rm a tio n s  an d  C— F  str e tc h e s  h a v e  a lso
b een  ta k e n  as zero . T h e  c o n s ta n ts  for  th e  in te r a c tio n  o f  th e  C— H  d efo rm a tio n  
w ith  th e  r in g  s tr e tc h in g  an d  r in g  a n g le  te r m s h a v e  b een  g iv e n  s lig h t ly  m od ified  
v a lu e s  co m p a red  w ith  CgFg.

[7 ] D .  H .  W h i e e e n , P h i l .  T r a n s .  A 2 4 8 , 131 (1 9 5 5 ).
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T h e v ib r a t io n a l freq u en c ie s  a n d  th e  C artesian  d isp la cem en ts o f  th e  a to m s for  
e a c h  n o rm a l m o d e  w ere c a lcu la ted  o n  a  co m p u ter  u sin g  th e  m eth o d s describ ed  b y  
L o n g  et a l. [ 8 ]  T h e c a lcu la ted  freq u en cies  for C eFgH  an d  CgFgD are com pared  
w ith  th e  a ss ig n e d  v a lu e s  in  T a b le  2 . T h is  ta b le  a lso  g iv e s  th e  ca lcu la ted  frequ en cies  
for  th e  m o d e l co m p o u n d s C gFgX  (X  =  m a ss 35-5, 80 an d  127) an d  th e  ca lcu la ted  
an d  o b ser v ed  freq u en c ie s  for  CgFg. T h e  ca lcu la ted  a to m ic  d isp la cem en ts for all th e  
in -p la n e  m o d e s  o f  CgFgH , CgFgD, CgFg, C gFgX  ( =  35-5), CgFgX ( =  127) are 
p resen te d  in  F ig  2 . T h e  arra n g em en t is  su ch  th a t  corresp ond ing  m od es in  each  
m o lecu le  ap p ear  in  a  g iv e n  row .

F

F ig .  1

D i s c u s s i o n

T h e a g re em en t b e tw e e n  th e  o b serv ed  an d  ca lcu la ted  freq u en cies for CgFgH  
an d  CgFgD is  v e r y  sa t is fa c to r y . A s th e  a ss ig n m en ts  for CgFgH an d  CgFgD are 
b ased  v e r y  la r g e ly  o n  in te n s it ie s  o f  in fra -red  b an d s, con tou rs o f  b an d s in  th e  
in fra-red  sp e c tr a  o f  th e  v a p o u r s  a n d  p o la r iz a tio n  m easu rem en ts on  R a m a n  sh ifts  
th is  g o o d  a g re em en t affords a d d itio n a l su p p o rt for th e  force field  p rop osed  for  
CgFg a n d  th e  a ss ig n m e n ts  u p o n  w h ich  i t  is  b ased .

T h e co rre la tio n  o f  th e  m o d es  in  su cc ess iv e  m o lecu les  is  r e la tiv e ly  s tra ig h t
forw ard . I n  th e  Uj c la ss th r e e  m o d e s  h a v e  e sse n tia lly  co n sta n t frequ en cies th ro u g h 
o u t an d  are c lea r ly  ch a ra c ter istic  o f  th e  C gFgX  ring sy stem . T w o o f  th ese  are 
ring d efo rm a tio n  m o d es  a n d  th e  o th er  is  a  C— F  d eform ation . O ne ring d eform a
tio n  m o d e  v a r ie s  o n ly  o v er  th e  ran ge  1 6 2 5 -1 6 4 8  cm"^ in  th e  w h o le  s ix  m olecu les. 
T h e o th er  r in g  d e fo rm a tio n  m o d e  v a r ies  o n ly  over  th e  ran ge 1509-1531  cm~^. 
T he c o n sta n c y  o f  th e  fre q u en cy  o f  th e  C— F  d eform ation  m od e is  even  m ore

[ 8 ] D . A . L o n g , R . B . G b a v e n o b  a n d  M . W o o d g e b , S p e c tro c h im . A c ta  1 9 , 937  (1963).
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Table 1. Valence force constan ts (mD/Â) for CgFgX

/ X  =  H ,D X  +: H / X  =  H ,D  X  :+ H

f n 5-478 5-478 0-000 -0-054
f ( S R ) o 0-660 0-660 facR -0 -1 8 0 -0-180

0-071 0-071 f l 5-093 7-405
f {R R )p 0-459 0-459 /(  lr)o 0-000 0-087
f {  lR)o 0-000 0-708 A l r ) m 0-000 0-050
Amrn 0-000 0-001 A  lr)p 0-000 0-032
/(  ln)p 0-000 -0 -2 6 3 f r 7-405 7-405
■f{tR)o 0-708 0-708 •firr)o 0-087 0-087
A r R ) m 0-001 0-001 ^ {rr)m 0-050 0-050
f { r R ) p -0 -2 6 3 -0 -2 6 3 •f(rr)p 0-032 0-032
f (a R )o +  0-050 +  0-112 f(u>r)o 0-000 0-170

-0-041 -0 -041 A 'Br )m 0-000 0-054
f{v;R)p +  0-050 0-033 f ( P r ) o 0-170 +  0-170
S(PR)ù +  0-112 +  0-112 -0 -0 5 4 0-054

-0-041 -0-041 f a r -0 -0 7 6 0-076
f { f iR )p -0 -0 3 3 -0 -0 3 3 f i a r ) o 0-344 0-344
u 0-866 0-826 1-030 1-030

0-826 0-826 / 0-141 0-141
0-000 0-072 f<xl 0-000 0-076
0-000 -0 -093 f  ( a  1)b 0-000 0-344

/  (u>̂ )p 0-000 0-002 f( f !P)o 0-072 0-072
/ . « -0 -127 -0 -1 0 3 -0 -0 9 3 0-093
f ^ o c -0 -1 0 3 -0 -1 0 3 f i p 0 ) p 0-002 0-002
f i p D o 0-000 +  0-170

Table 2. Calculated and  observed frequencies {cmr^ ) for CgFgH, CgFgD,
CgFg predicted  frequencies for CgFgX

C«F,H CeF,D C«F,S
CXO raS. -- ----

calc. obs. calc. obs. calc. obs. X  =  35-5 X  =  80 X  =  127

aĵ  3064 3105 2284 2315 1006 1011 969 942 934
16291 1648 1625 1638 1654 1655 1648 1646 1645
151C1 1514 1509 1511 1531 1530 1523 1520 1519
1407 1410 1399 1400 1488 1490 1476 1469 1467
1284 1286 1270 1277 1323 1323 1316 1312 1311
1083; 1075 1077 1067 1160 1157 1138 1128 1125

7501 718 738 701 640 640 622 614 612
5901 578 589 578 559 559 537 522 518
479 470 477 467 443 443 407 365 354
320 325 319 325 311 315 302 279 239
265 272 265 ? 264 264 263 255 271

1652 1648 1649 1638 1654 1655 1653 1653 1653
1528 1540 1510 1525 1531 1530 1531 1530 1530
1305 1268 867 870 264 264 242 233 231
1246 1182 1268 1268 1259 1253 1259 1259 1259
1132 1138 1186 1175 1160 1157 1160 1160 1160

• 960 953 1030 1018 1006 1011 1005 1005 1004
622 688 594 625 696 691 692 690 689
435 436 433 435 443 443 442 441 441
291 304 291 ? 311 315 301 297 297
225 247 S#5 ? 210 208 193 164 152
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Class ai (contd) 
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Class bi (contd) 
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str ik in g , th e  v a lu e s  ra n g in g  o n ly  fro m  263  to  271 cm -^. I n  fiv e  m ore m o d es in  
th is  c la ss  th e  b ig g e s t  ch a n g e  co m es w h e n  p a ss in g  from  CgFgH an d  CgFgD to  CgFg. 
T h erea fter , th e  freq u en c ie s  sh o w  o n ly  a  s lig h t  d ecrease  w ith  in crea sin g  m a ss o f  th e  
X  s u b s t itu e n t  a n d  te n d  to  lim it in g  v a lu e s  for la rg e  X  m asses . T h ere are th r ee  
m o d e s in  w h ich  m a rk ed  ch a n g es  o f  fre q u en cy  occu r  r ig h t  th r o u g h o u t th e  series  
a n d  w e  sh a ll con sid er  th e se  in  a  l i t t le  m ore d e ta il. O ne o f  th e se  m a y  b e  d escr ib ed  
a p p r o x im a te ly  as th e  C— X  str e tc h in g  m o d e . I n  C gFgH  a n d  CgF^D th is  is  a n  
e x c e lle n t  d esc r ip tio n  o f  th e  m o d es  w ith  freq u en c ie s  3064  a n d  2 284  cm~^. I n  th e  
o th e r  co m p o u n d s o th e r  m o tio n s  are in v o lv e d  to o , b u t  th e  m o d es  a t  1006 cm~^ in  
CgFg, 969 cm~^ in  CgFgCl, 942 cm~^ in  C gFgBr an d  934  cm~^ in  C gF gl are p re
d o m in a n t ly  C— X  str e tc h in g  m o d es . T h e  se co n d  m a ss  s e n s it iv e  m o d e  is  e s se n tia lly  
a  r in g  a n g le  d e fo rm a tio n  m o d e  w h ich  ra n g es from  479  cm  in  C gFgH  to  354  cm~^ 
in  C gF gl. A s th e  m a ss o f  th e  X  su b s t itu e n t  in crea ses th ere  are larger co n tr ib u tio n s  
from  C F a n g le  d efo rm a tio n  m e ta  to  th e  X  su b s t itu e n t . T h e  th ir d  m a ss  se n s it iv e  
m o d e  is  a C F a n g le  d e fo rm a tio n  m o d e  w h ic h  v a r ie s  from  320  to  239  cm~^.

I n  th e  c la ss  th e re  are fo u r  m o d e s , a ll r in g  m o d es, w h o se  freq u en c ie s  are  
e s se n tia lly  c o n s ta n t  th r o u g h o u t th e  series. T h e  ra n g es o f  fre q u en cy  are 1 6 4 9 -  
1654  cm ~ h  1 5 1 0 -1 5 3 1  c m ~ \  1 2 4 6 -1 2 6 8  cm~^ a n d  4 3 3 -4 4 3  c m ” .̂ I n  fou r  m ore  
m o d e s  th e  o n ly  ch a n g es occu r b e tw e e n  C gFgH  a n d  CgFg a n d  th e re a fter  th e  fre 
q u e n c y  is  e s se n tia lly  c o n s ta n t . F ro m  CgFg to  C gF gl th e  fre q u en cy  ra n g es  o f  th e se  
m o d e s are 1160 , 1 0 0 6 -1 0 0 4  cm~^, 6 9 6 -6 8 9  cm~^ an d  3 1 1 -2 9 7  cm ~ k  T liis  le a v e s  
o n ly  tw o  m o d e s  in  th is  c la ss  sh o w in g  m a ss  s e n s i t iv i ty  o v er  th e  w h o le  ran ge  o f  
co m p o u n d s. O ne o f  th e se  is  th e  C— X  a n g le  d e fo rm a tio n  m o d e  th e  fre q u en cy  
o f  w h ic h  v a r ie s  from  1305 cm~^ in  C gFgH  to  231 cm~^ in  C gF gl. T h e  o th e r  is  a  
C— F  a n g le  d efo rm a tio n  m o d e  lin k e d  w ith  a C— X  a n g le  d e fo rm a tio n  th e  fre q u en cy  
o f  w h ic h  ra n g es from  225  cm~^ in  C gFgH  to  152 cm~^ in  C gFgl.

T h ese  c a lcu la tio n s  th ere fo re  e s ta b lish  th e  g en era l p a tte r n  o f  freq u en c ie s  in  
co m p o u n d s o f  th e  t y p e  C gFgX . T h e  p red ic tio n s  m a d e  b y  th e se  c a lcu la tio n s  w ill  b e  
m o st re lia b le  for th e  CgFg—  fre q u en c ie s  a n d  le ss  re lia b le  for th e  (CgFg)— X  fre
q u en c ies  s in ce  o n e  v a lu e  o f  th e  C— X  str e tc h in g  c o n s ta n t  a n d  on e v a lu e  o f  th e  C— X  
d e fo rm a tio n  c o n s ta n t  h a s  b een  a ssu m e d  th r o u g h o u t.

Acknowledgements—W e are greatly  indebted  to  th e  English E lectric Com pany for th e  com puting 
facilities so generously placed a t  our disposal an d  to  A lbright an d  W ilson (Mfg.) Com pany for 
financial support. One of us (D. S.) aclmowledges th e  aw ard of an  I.C .I. Fellowship during the 
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A bstract—The infra-red spectra of CgFgCl, CgFgBr and  CgFgl and the E am an  spectrum  of 
CgFgBr are reported . A ssignm ents are proposed for the  in-plane fundam entals of these 
molecules.

I n  a  p r e v io u s  p a p e r  [1 ]  w e  h a v e  rep o rted  ca lcu la tion s o f  th e  in -p lan e  v ib ra tio n a l 
freq u en c ie s  o f  so m e m o d e l p en ta flu o ro b en zen es o f  th e  ty p e  CgFgX in  w liich  th e  
m a ss o f  X  w a s ta k e n  su c c e s s iv e ly  as 35*5, 80 an d  127. In  th ese  ca lcu la tion s th e  
force  c o n s ta n ts  h a v e  b een  tran sferred  from  h exaflu orob en zen e [2 ], CgFg, w ith o u t  
m o d ific a tio n  so  t h a t  th e  force  c o n sta n ts  a sso c ia ted  vd th  th e  C— X  b ond  are ta k en  
to  b e  th e  sa m e as th o se  fo r  a C— F  b on d . T h e ca lcu la tion s therefore g iv e  th e  
freq u en c ie s  o f  h y p o th e t ic a l d er iv a tiv e s  o f  h ex fiu orob en zen e in  w h ich  one fluorine is  
rep la ced  b y  h y p o th e t ic a l iso to p e s  o f  m a ss 35 5, 80 or 127. T h e frequ en cies ca l
c u la te d  for th e se  h y p o th e t ic a l d er iv a tiv e s  w ill serve as a  good  gu id e to  th e  fre
q u en c ies  o f  th e  re a l m o lec u les  o f  th e  t y p e  CgFgX. T h e tw e n ty -o n e  in -p lan e  
freq u en c ies  o f  su ch  a  sy s te m  ( l la ^  +  lO bi) m a y  b e  regard ed  as m ad e up o f  (lOu^ -j- 
96i) for th e  (CgFg)— s y s te m  a n d  ( l a ^ - f  I 6 i) for th e  (CgFg)— X  sy stem . T he  
freq u en c ies  for  (CgFg)— in  (CgFg)— (X ) w ill differ firom th o se  for (CgFg)— in  CgFg 
p a r tly  b eca u se  o f  th e  m a ss o f  X  an d  p a r t ly  b ecau se  o f  th e  d ifferen t in teraction s  
b e tw e e n  (CgFg)— an d — (F) a n d  (CgFg)— an d — (X ). T h e effect o f  m ass w ill pre
d o m in a te  a n d  h en ce  th e  ca lcu la tio n s  w h ich  ta k e  n o  a cco u n t o f  ch an ges in  force  
c o n sta n ts  sh o u ld  g iv e  g o o d  p red ic tio n s  o f  th e  a c tu a l freq u en cies in  th e  (CgFg)—  
sy s te m  in  C gFgX  m o lec u le s . I n  p a rticu la r  th e  ca lcu la tion s in d ica te  th e  e x te n t  to  
w h ich  fre q u en c ie s  o f  in d iv id u a l m o d es  are se n s itiv e  to  ch an ge o f  m ass. T he  
freq u en c ies  o f  (CgFg)— (X ) m o d es  vd ll d iffer from  th e  freq u en cies o f  th e  (CgFg)— (F) 
m o d es b eca u se  o f  ch a n g es  in  m a ss a n d  ch an ges in  force co n sta n ts . T h e force con 
s ta n t  w ill b e  m ore im p o r ta n t  h ere an d  so  th e  ca lcu la tion s, w hich  o n ly  ta k e  accou n t  
o f  m a ss  ch a n g e , w ill g iv e  zero order a p p ro x im a tio n s to  th e  ob served  frequencies  
o f  th e  (CgFg)— (F ) m o d es.

T h e  e x is te n c e  o f  th e se  ca lcu la tio n s  m ak es i t  feasib le  to  a tte m p t assign m en ts  
for so m e j)en ta flu o ro b en zen e  d er iv a tiv es . In  th is  p aper w e consider in  som e d eta il 
th e  a ss ig n m e n ts  o f  th e  in -p la n e  v ib ra tio n s  o f  th e  fo llow in g  com pounds; CgFgCl, 
CgFgBr, CgFgl.

[1] D . A. L o n g  and  D. S t e e l e , Spectrochmi. Acta  19, 1947 (1963)
[2] D. S t e e l e  and  D. H . W h i f e e n , Trans Faraday Soc. 56, 5 (1960).
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O bserved sp ec tra

T h e v ib r a t io n a l sp ec tr a  o f  th e se  co m p o u n d s h a v e  n o t  b een  record ed  p rev io u s ly . 
T h e co m p o u n d s w ere  p rep ared  a t  th e  U n iv e r s ity  o f  B irm in g h a m  b y  N ie l d  et a l  [3] 
T h e fo lio v d n g  v ib r a tio n a l sp ec tr a  w ere o b ta in ed ; CgFgCl, in fra -red  sp ec tr a  o f  th e  
v a p o u r  a n d  th e  liq u id  (4 0 0 0 -6 5 0  cm~^); C gFgBr, in fra -red  sp ec tr a  o f  th e  v a p o u r  
an d  th e  liq u id  (4 0 0 0 -4 0 0  c m “ )̂ a n d  R a m a n  sp ec tr u m  o f  th e  liq u id ; C gFgl, in fra -red  
sp ec tr u m  o f  th e  liq u id  (5 0 0 0 -4 0 0  cm ”^). T h e  in fra -red  sp ec tr a  w ere record ed  w ith  
a  P e r k in -E lm e r  2 1  w ith  IsTaCl p r ism  an d  w ith  a  G r u b b -P a rso n s  s in g le  b ea m  
in s tr u m e n t em p lo y in g  a K B r  p rism . T h e  p rec is io n  o f  th e  in fra -red  freq u en c ie s  is  
± 2  cm~^. T h e  R a m a n  sp ec tr u m  w a s o b ta in e d  p h o to g r a p h ic a lly  u s in g  th e  H ilg er  
E  612 sp ec tr o g ra p h  a n d  E  614  cam era . Q u a lita tiv e  p o la r iz a tio n  m ea su re m e n ts  
w ere m a d e  u sin g  th e  m e th o d  o f  p o la r ized  in c id e n t  lig h t . T h e p rec is io n  o f  th e  R a m a n  
freq u en c ie s  is  ± 2  cm~^ fo r  s tro n g  sh arp  lin e s  an d  so m ew h a t le ss  fo r  w eak er , m ore  
d iffu se  lin es .

F ig u re s  1 , 2  a n d  3 g iv e  th e  in fra -red  sp ec tr a  b e lo w  2 0 0 0  cm~^ o f  th e  h q u id s  
CgFgCl, CgFgBr an d  C gFgl. T a b le  1  g iv e s  th e  freq u en c ie s  an d  a p p r o x im a te  in te n 
s it ie s  o f  th e  in fra -red  b a n d s o f  th e se  liq u id s  b e lo w  2 0 0 0  cm “  ̂ to g e th e r  w ith  th e  
freq u en c ie s  a n d  q u a lita t iv e  in te n s it ie s  an d  p o la r iz a tio n s  o f  th e  lin es  o b ser v ed  in  
th e  R a m a n  sp ec tr u m  o f  h q u id  C gFgBr. W e h a v e  l im ite d  th e  p u b lish ed  d e ta ils  o f  th e  
sp ec tr a  an d  h a v e  lis te d  th e  freq u en c ies  b e lo w  2 0 0 0  cm~^ s in ce  w e are co n cern ed  o n ly  
w ith  th e  a ss ig n m e n t o f  fu n d a m e n ta ls . W e h a v e  g iv e n  d e ta ils  o f  th e  sp ec tr a  o f  th e  
liq u id s  s in ce  i t  is  o n ly  for  th is  s ta te  t h a t  th e  freq u en c ie s  are a v a ila b le  for a ll th ree  
co m p o u n d s.

A ss ig n m e n ts
T h e fo llo w in g  d iscu ss io n  o n ly  d ea ls  in  d e ta il w ith  CgFgBr for w h ich  th e  sp e c tr o 

sc o p ic  in fo r m a tio n  is  b y  far  th e  m o s t  co m p le te . T h e  c a lcu la tio n s  p red ic t  th a t  th e  
m a jo r ity  o f  th e  v ib r a t io n s  wiU h a v e  v e r y  s im ila r  freq u en c ie s  in  CgFgCl, CgFgBr an d  
C gF gl a n d  h en ce  m o s t  o f  th e  a ss ig n m e n ts  in  CgFgCl an d  C gF gl fo llo w  a u to m a tic a lly  
o n ce  th e y  h a v e  b e e n  e s ta b lish e d  in  CgFgBr. A n y  d iscu ss io n  o f  th e  a ss ig n m en ts  in  
CgFgCl an d  C gF gl w ill b e  con fin ed  to  th o se  w h ich  d iffer a p p r ec ia b ly  from  th o se  in  
CgFgBr.

C la ss  « 1

T h e p o la r iz a tio n  o f  th e  R a m a n  lin e s  le a d s  to  a r e a d y  id e n tific a tio n  o f  so m e o f  
th e  « 1  freq u en c ie s . T h e  R a m a n  sp ec tr u m  o f  C gFgBr co n ta in s  se v e n  p o la r ized  lin e s  
a t  1429 , 835, 585 , 524 , 497 , 361 a n d  241 cm~^. S ix  o f  th e se  are re a so n a b ly  stro n g  
a n d  are ce r ta in ly  a-̂  fu n d a m e n ta ls . T h e  p o la r ized  lin e  a t  524  cm~^ is  w ea k  a n d  its  
d e s ig n a tio n  is  le ss  certa in . W ith  th e  a id  o f  th e  c a lcu la tio n s  w e  can  a sso c ia te  th e se  
freq u en c ie s  w ith  p a rticu la r  m o d es . T h e  ca lcu la tio n s  p red ic t  t liree  a^ freq u en c ies  
b e lo w  400  cm~^ an d  s in ce  th is  is  th e  lo w er  f im it  o f  th e  in fra -red  m ea su re m e n ts  th e se  
freq u en c ie s  can  b e  id en tifie d  o n ly  from  th e  R a m a n  sp ec tru m . T h e  p red ic te d  v a lu e s  
o f  th e se  lo w  freq u en c ies  are 365 , 279  an d  255 cm~^. T h e h ig h e s t  o f  th e se  freq u en c ie s  
is  p r e d o m in a n tly  a  r in g  d e fo rm a tio n  m o d e  d er iv ed  from  an  m o d e  in  CgFg. T h e  
tw o  lo w er  freq u en cie s  are p re d o m in a n tly  C— F  d efo rm a tio n  m o d e s  d er iv ed  from

[3] E . N i e l d ,  R . S t e p h e n s  and  J .  C. T a t l o w ,  J .  C h e m . S o c .  166 (1959).
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F ig .  2 . In fr a -r e d  s p e c tr a  o f  C gFgBr ( liq u id ).
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F ig .  3 . In fr a -r e d  s p e c tr a  o f  C gF g l ( liq u id ) .
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Table 1. Frequencies (cm~^) below  2000 cm   ̂ in  tbe infra-red spectra o f  
CgFgCl, CgFgBr and CgFgl and tb e  ram an spectrum  o f CgFgBr

CgFgCl C«FgBr V g l

I.R . I ass. I .R . I R am an A ss. I .R . I Ass.

1985 w 1987 m
1961 w 1950 v w 1954 m

1925 w w
1904 w 1905 v vw 1908 vw
1891 w 1891 vw
1872 w 1877 m 1862 m

1844 vw
1821 m 1815 v w 1815 v w

1773 w
1789 m 1760 w

1743 vs 1739 s 1729 s
1719 w
1693 8 1703 w 1695 w
1665 m 1675 vs 1671 w 1666 s
1644 v v s 1639 w s 1635 s. dp 1634 w s «1
1615 m 1614 v s 1605 s
1597 m 1595 v s 1590 s
1576 m 1567 m 1579 w 1573 s
1530 m ài
1519 v s « 1,^1 1510 v\rs 1511 w 0^,62 1512 v v s a i
1509 m

1494 w s
1476 vw

1445 v s «1 1428 s 1429 s.p. «1 1432 s «1
1421 m 1421 8

1400 s 1409 s
1391 s

1370 vs 1366 vs 1365 vs
1347 vs 1335 vs 1326 vs
1311 8 « i~ l1 -1295 vs 1292 w «1 1286 vs

1285 s
1274 8 1268 s 1263 8
1244 S 1238 s
1219 m 1228 v s 1224 m
1196 s 1186 vs 1189 m
1162 S 1154 vs 1151 w 1149 v s
1153 8 1145 8

1119 vs 1113 vw
1101 v v s «1 1093 v v s «1 1092 v v s «1

1083 m 1083 v v s
1075 m 1069 m 1064 m

1038 m
1025 v w 1026 w

1013 vvs) 1007 w s ) 1005 vvs)
986 vvsj 979 vvsj *1 977 w s l ^1

938 8 943 vs
912 m 930 m

892 w 893 w
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Table 1 (contd.)

CgFgCl CeFsI
I.R . I  ass. I.R . I R am an Ass. I.R . I  Ass.

885 w s  —I 883 w 884 w
874 m 870 w

-  836 v v s 835 m .p. -----  836 m
824 m  
806 w  
790 w  
765 vw  
750 vw

739 vw  
722 vw  
716 s 
700 vw

811
781
765
753
746
740
717
714
692
668
657
637
618
595
568
555
524
518
498

vw
m
w
w
m
m
s
s
vw
vw
m
w
m
w
w
w
w
w

808
792
772
750

714
694
667

600

w s
V

v w
v w

s
w
v w

h

616 w
585 s.p. «1

524 w.p.

497 s.p. «1
443 m .dp. h
379 m .dp.
361 m .p. «1
350 m .dp.
281 w? a-i and/oi
241 m .p. «1
157 m .dp.

480

an d  e^g m o d e s  in  CgFg. T h e R a m a n  sp ec tru m  o f  CgFgBr con ta in s o n ly  tw o  
p o la r ized  R a m a n  lin e s  b e lo w  400  cm ~ i. O ne a t  361 cm"^ is  th e  ring d eform ation  
m o d e  an d  th a t  a t  241 cm~^ is  on e o f  th e  C— F  d efo rm a tio n  m od es. T h e o th er C— F  
d efo rm a tio n  m o d e  e x p e c te d  arou n d  279 cm~^ ca n n o t b e  id en tified  w ith  cer ta in ty  
b u t  th e  w e a k  R a m a n  lin e  o f  u n k n o w n  p o la r iza tio n  a t  281 cm -^ m ig h t arise from  
th is  m o d e  a lth o u g h  i t  is  a lso  a  p o ss ib le  ca n d id a te  for th e  6  ̂ c lass.

T h e  ca lcu la tio n s  su g g e st  tw o  rin g  m od es in  th e  reg ion  5 0 0 -6 0 0  cm “ .̂ A  ring  
s tr e tc h  d er iv ed  fro m  an  a-̂ g m o d e  in  CgFg h a s a p red ic ted  freq u en cy  o f  522 cm -^ and  
a r in g  d efo rm a tio n  m o d e  d eriv ed  from  a m o d e in  C gFg h as a ca lcu la ted  freq u en cy  
o f  614  cm~^. W e  a sso c ia te  th e  tw o  p o lar ized  R a m a n  fines a t  497 an d  585 cm~^ w ith  
th e se  tw o  m o d es. T h e in fra -red  sp ec tr u m  o f  CgFgBr h as corresp ond ing b an d s a t  
498  cm~^ (stron g) a n d  a t  595  cm “  ̂ (w eak).

T h e  p o la r ized  R a m a n  fin e  n e x t  h ig h e st  in  freq u en cy  is  a t  835 cm~^ an d  th ere is  a  
co rresp o n d in g  v e r y  in te n s e  in fra -red  b a n d  a t  836 cm~^. W e assign  th is  to  th e  
(CgFg)— B r stre tc h in g  m o d e . T h e ca lcu la tio n s  p red ic ted  942 cm~^ for th is  m od e b u t  
th e  ca lcu la tio n s  a ssu m ed  th a t  th e  s tre te llin g  force c o n sta n t for th e  C— F  b ond  w as  
th e  sa m e as th a t  fo r  th e  C— B r b on d . T h e stre tch in g  force c o n sta n t for th e  C

17
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h a lo g en  b o n d  d ecreases from  fluorin e to  io d in e  th e  b ig g e s t  ch a n g e com in g  b e tw e en  
fluorin e a n d  ch lor in e . I t  is  th erefore  to  b e  e x p e c te d  th a t  th e  o b serv ed  freq u en cies  
for th e  (CgFg)— h a lo g en  s tr e tc h in g  m o d e s  in  CgFgCl, CgFgBr an d  C gFgl w ill a ll be  
le ss  th a n  th e  ca lcu la ted  v a lu e s . T h e id e n tific a tio n  o f  th e  (CgFg)— B r s tr e tc h in g  fre 
q u en cy  is  m a d e  p o ss ib le  b y  th e  e x is te n c e  o f  o n ly  o n e  p o lar ized  R a m a n  fre q u en cy  in  
th is  reg ion . A lth o u g h  n o  R a m a n  freq u en c ie s  are a v a ila b le  for CgFgCl an d  C gFgl th e  
id e n tific a tio n  o f  th e  fre q u en cy  in  CgFgBr d efin es th e  reg ion s o f  th e  in fra -red  sp ec tra  
o f  CgFgCl an d  C gFgl in  wdiich to  lo o k  for th e  in te n se  a b so rp tio n  a sso c ia te d  w ith  th e  
(CgFg)— X  str e tc h in g  m o d e . I n  CgFgCl w e a ssig n  885 cm “  ̂ to  t in s  m o d e  a n d  in  
C gFgl th e  a ss ig n m e n t is  808 cm~^.

T h e  rem a in in g  p o la r ized  R a m a n  lin e  h a s a fre q u en cy  o f  1429 cm~^. T h ere is  a 
corresp on d in g  stro n g  in fra -red  b a n d  a t  1428  cm “ .̂ T h is  is  a ss ig n e d  to  th e  sy m 
m etr ic  C— F  stre tc h in g  m o d e  d er iv ed  from  th e  m o d e  o f  CgFg a t  1490 cm"^ an d  
p red ic te d  b y  th e  ca lcu la tio n s  to  lie  a t  a lo w er  fre q u en cv  (ca lcu la ted  1469 cm~^) in  
CgFgBr.

I n  CgFg th ere  are tw o  d o u b ly  d eg en era te  r in g  s tre tc liin g  m o d e s  on e a t  1655 cm~^ 
(ggg) an d  o n e  a t  15S0 cm~^ (e^^). I n  CgFgBr th e se  d eg en era cies  vdU b e re m o v ed  b u t  
th e  ca lcu la tio n s  sh o w  th a t  th e  s p lit t in g  o f  th e  d eg en era cies  w ill b e  v e r y  sm all. T h u s  
1655 cm~^ in  CgFg b eco m es 1646 c m “  ̂ (u^) a n d  1653 cm~^ (ô^) in  CgFgBr a n d  1530  
cm"^ in  CgFg b eco m e s 1520 cm~^ (a^) an d  1530 cm~^ in  CgFgBr. I n  p ra c tic e  th is  
s p lit t in g  m a y  b e  so  sm a ll th a t  o n ly  o n e  fre q u en cy , a ssig n a b le  to  b o th  th e  a n d  6  ̂
r ing  m o d es, is  ob serv ed  in  o n e  or b o th  cases. A n  e x a m p le  o f  t l i is  occu rs in  CgFgH  
w h ere 1648 cm “  ̂is  a ssig n ed  to  b o th  th e  a n d  m o d es  d er iv ed  from  th e  ê g m o d es  o f  
CgFg. T h e  ca lcu la tio n s  sh o w  th a t  th e  freq u en cies  o f  th e se  m o d es  are e s se n tia lly  
m a ss in d e p e n d e n t  in  th e  C gFgX  m o lec u les . T h e in fra -red  sp ec tr u m  o f  ea c h  o f  th e se  
co m p o u n d s sh o w s tw o  in te n s e  a b so rp tio n  b a n d s o f  n ea r ly  c o n s ta n t  fre q u en cy  in  th is  
reg io n :- CgFgCl, 1644  a n d  1519 cm~^; C gFgBr, 1639 an d  1510 cm~^; C gFgl, 1634  a n d  
1512 cm “ .̂ I n  ea ch  ca se  w e  a ssig n  ea c h  fre q u en cy  to  o n e  an d  o n e  r in g  stre tc h in g  
m od e. S u p p o rt for t li is  a ss ig n m en t is  fo u n d  b y  com p arin g  th e  in fra -red  a n d  R a m a n  
sp ec tr a  o f  CgFgBr. T h e  in te n s e  in fra -red  b a n d  a t  1639  cm~^ h a s a n  e s se n tia lly  
c o in c id e n t R a m a n  lin e  a t  1635  cm~^ w h ich  is  stro n g  b u t  d ep o la r ized . T h ere is  n o  
p o la r ized  R a m a n  lin e  in  th is  reg io n  a n d  s in ce  th e  r in g  s tr e tc h in g  m o d e  w o u ld  g iv e
a  stro n g  R a m a n  lin e  w e  m u s t  co n c lu d e  th a t  th e  lin e  a t  1635 c m “  ̂ arises from  th e  
co in c id en ce  o f  a n  a-̂  a n d  a  m o d e  o f  id e n tic a l freq u en cy . A s th e  lin e  w o u ld  b e  
p o la r ized  a n d  th e  lin e  d ep o la r ized  th e  o b ser v ed  lin e  w o u ld  ap p ear  to  b e  d e 
p o lar ized . T h e R a m a n  sp ec tr u m  o f  C gFgBr a lso  co n ta in s  a  lin e  a t  1511 cm~^ w liich  
is  e s se n tia lly  co in c id e n t  w ith  th e  in fra -red  b a n d  a t  1510 cm~^. T h e  R a m a n  lin e  is  
w ea k  a n d  i t s  p o la r iz a tio n  w a s n o t  m ea su red  b u t  i t  ca n  b e  a ss ig n e d  to  th e  o th er  
an d  b-i r in g  s tr e tc h in g  m od es.

T h e  tw o  rem a in in g  % m o d e s  are b o th  d er iv ed  from  C— F  str e tc liin g  m o d e s  in  
CgFg, 1157 cm ~ i (egg) an d  1323 cm~^ (6 i„ ). I n  g o in g  fro m  th e  Z>g,, sy m m e tr y  o f  CgFg 
to  th e  sy m m e tr y  o f  CgFgBr th e  tw o -fo ld  d eg en er a te  eg, m o d e  sp lits  in to  o n e  % 
an d  o n e  m o d e . T h e c a lcu la tio n s  sh o w  t h a t  th e  m o d e  in  C gFgBr w ill h a v e  
e s se n tia lly  th e  sa m e fre q u en cy  a s th e  eg, m o d e  in  CgFg b u t  th a t  th e  fre q u en cy  o f  th e  

m o d e w ill b e  so m e w h a t lo w er . O n th is  b a s is  w e  a ss ig n  th e  in fra -red  b a n d  a t  1093  
cm~^ to  th e  m o d e  a n d  th e  stro n g  in fra -red  b a n d  a t  1154  cm~^ to  th e  b  ̂m o d e . T h e
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b-i m o d e  h a s  a  w ea k  R a m a n  co u n te rp a rt a t  1151 cm~^ (depolarized ) b u t n o  R am an  
co u n terp a rt o f  th e  m o d e  w a s ob serv ed . T h e  la s t  m od e in  th is  cla ss sh ou ld  h a v e  a 
fre q u en cy  o n ly  s l ig h t ly  lo w er  th a n  th e  v a lu e  o f  1323 cm~^ assign ed  to  i t  in  CgFg. On  
th is  e v id e n c e  w e  se le c t  th e  s tro n g  in fra-red  b a n d  a t  1295 cm ~ i as th e  a ss ig n m en t for 
th is  m o d e . T h is  is  su p p o rted  b y  th e  e x is te n c e  o f  a  w eak  R a m a n  lin e  a t  1292 cm~^.

G lass b i

T h ree a ss ig n m en ts  in  th is  c la ss  h a v e  a lrea d y  b een  m a d e in  th e  course o f  th e  
d iscu ssio n  o f  th e  % a ss ig n m en ts . T h ese  are 1639, 1510 an d  1154 cm~^. T h e ca l
cu la tio n s  sh o w  th a t  th r ee  m o d es  sh o u ld  h a v e  freq u en cies  b e lo w  400 cm~^, th e  low er  
l im it  o f  th e  in fra -red  m ea su re m e n ts . T h e  p red ic te d  v a lu e s  are 297 , 233 an d  164  
cm~^. T h e R a m a n  sp ec tr u m  h a s  tw o  u n a ss ig n e d  freq u en cies in  t liis  region . T h e  
m ed iu m  str e n g th  d ep o la r ized  lin e  a t  157 cm~^ is  ce r ta in ly  to  b e  a sso c ia ted  w ith  th e  
m o d e o f  lo w e s t  fre q u en cy  in  th is  c la ss . I t  is  d er iv ed  from  th e  ftgw m o d e  o f  CgFg 
w liic h  occu rs a t  208  cm~^. I n  CgFg i t  is  a p u re C— F  an g le  d efo rm a tio n  m od e b u t  
in  CgFgBr i t  is  to  b e  d escr ib ed  as p a r t ly  C— F  d efo rm a tio n  an d  p a r tly  C— B r d eform a
t io n . T h e  w^eak R a m a n  lin e  a t  281 cm~^ co u ld  b e  a ssig n ed  to  t liis  c lass a lso . In  
CgFg th e re  is  a d eg en er a te  (ej„) C— F  a n g le  d efo rm a tio n  m o d e a t  315 cm~^. On  
r e m o v a l o f  th e  d eg en er a cy  in  CgFgBr th e  ca lcu la tio n s  in d ic a te  th a t  th e  co m p o n en t  
w ill h a v e  a  fre q u en cy  arou n d  279 cm~^ a n d  th e  b-̂  co m p o n en t a freq u en cy  a t  297  
cm~^. T h e  R a m a n  lin e  a t  281 cm~^ co u ld  th ere fo re  b e  a ssig n ed  e ith er  to  th e  a-̂  
c o m p o n e n t (as p r e v io u s ly  d iscu ssed ) or to  th e  b  ̂ co m p o n en t. T here is  a  s lig h t  
p referen ce  for th e  la t te r  as th e  lin e  is  so  w ea k . N o  a ss ig n m en t can  b e  p u t  forw ard  
for  th e  m o d e  for  w h ich  th e  c a lcu la ted  fre q u en cy  is  233  cm~^. T h is m od e is  a  m ix tu re  
o f  C— B r an d  C— F  a n g le  d efo rm a tio n s.

T h e r in g  a n g le  d efo rm a tio n  m o d e  w ith  th e  lo w e s t  freq u en cy  is  w ell e s ta b lish ed  
a t  443 cm~^ in  CgFg (gg,). T h e  b  ̂ c o m p o n e n t o f  th is  in  CgFgBr accord in g  to  th e  
c a lcu la tio n s  sh o u ld  h a v e  a lm o st  th e  sa m e freq u en cy . T liis  m o d e can  th erefore  
co n fid e n tly  b e  a sso c ia te d  w ith  th e  m ed iu m  stren g th , d ep o larized  R a m a n  lin e  a t  
443  cm~^.

T h e  C— F  d efo rm a tio n  m o d e  o f  a^g sy m m e tr y  occurs a t 691 cm~^ in  CgFg. T h e  
ca lcu la tio n s  sh o w  th a t  th e  corresp on d in g  m o d e  w liich  h as b  ̂ sy m m e tr y  in  th e  
C gFgX  m o lec u les  is  n o t  m a ss se n s itiv e . T h e ch o ice  th erefore lie s  b e tw e en  a stron g  
in fra -red  b a n d  a t  714 cm “  ̂ or th e  v e r y  w ea k  in fra-red  b a n d  a t  692 cm “ .̂

A  fea tu r e  o f  th e  in fra -red  sp ec tr u m  o f  ea ch  o f  th e se  com p ou n d s is  th e  ap p earan ce  
o f  tw o  v e r y  stro n g  b a n d s arou n d  1 0 0 0  cm~^. In  CgFgBr th e  tw o  b an d s are a t  1007 
a n d  979 cm~^. T h e tw o  b a n d s arise fro m  F erm i reson an ce. O ne co m p o n en t is  a  
C— F  stre tc liin g  m o d e  v d th  b  ̂ s y m m e tr y  for w h ich  th e  ca lcu la ted  freq u en cy  is  1005  
cm"^. T h e o th e r  c o m p o n e n t co u ld  b e th e  co m b in a tio n  b an d  714 (6 )̂ - f  281 (a^) =  
995 (&i).

T h e rem a in in g  b-̂  m o d e , is  a  rin g  stre tc liin g  m o d e for  w h ich  th e  p red icted  
fre q u en cy  is  1259 cm~^. T h e in fra -red  b a n d  a t  1268 cm"^ is  a ssign ed  to  th is  m od e.

T h e  a ss ig n m e n ts  for  CgFgCl, CgFgBr an d  C gFgl are in c lu d ed  in  T ab le 1.
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Force constants and atomic displacements for pentafluoropyridine

D . A . L o n g  a n d  D . S t e e l e  
D epartm en t of Cliemistry, U niversity  College of Swansea

{Received 11 A p ril 1963)

A bstract—D etails o f a  force field for pentafiuoropyridine based on force constants transferred 
from  CgFg are presented. The calculated frequencies and atom ic displacements for both the  
in-plane and  out-of-plane v ibrations are hsted.

T h e  in fra -red  a n d  R a m a n  sp ec tr a  o f  p en ta flu orop yrid in e  C 5 P 5 N  h a v e  recen tly  
b e e n  re p o r ted  a n d  a ss ig n m e n ts  o f  th e  fu n d a m en ta l v ib ra tio n a l freq u en cies m ad e [ 1 ]. 
T h e a ss ig n m e n ts  w ere m a d e  b y  u sin g  in fra -red  b a n d  sh a p es an d  p o lar iza tion  o f  
R a m a n  lin es , a n d  b y  co m p a riso n  w ith  CgFgH a n d  w ith  CgFg. T h e a ssig n m en ts  
w ere su p p o rted  b y  c a lcu la tio n s  o f  th e  freq u en cies u s in g  a  force field  tran sferred  
from  CgFg. D e ta ils  o f  th e se  ca lcu la tio n s  are p resen ted  here.

P e n ta flu o ro p y r id in e  w a s a ssu m ed  to  b e  p lan ar  an d  to  h a v e  Cg, sy m m etry . I t  
th u s  h a s  n in e te e n  in -p la n e  v ib r a tio n s  (lOa^ - f  an d  e ig h t o u t-o f-p la n e  v ib ra 
t io n s  (3Ug - f  56g). T h e fo llo w in g  p aram eters w ere assu m ed : C— C an d  C— N  b on d  
le n g th s  1 4 0  A ; C— F  b o n d  le n g th  1  30 A; a ll in te rb o n d  an g les 1 2 0 °.

T h e  in -p la n e  force  fie ld  h a d  th e  form

2 Fin-plane =  f r ^  +  2 /(,,, S  Ar  ̂ +  2/(,,)^S Ar, Ar^+g (1)

+  2 /(rr)„^ Ar,- A r , . + 3  +  fji'^  A i ? /  -f- AR^

+  AJ?i A i? i^ 2  +  '^f(RR)v^ A R j A i 2 i^ _ 3

+  A a .f )^  +  2 /(^^)^S(i2  A oc^R  A a^ -^ i)

+  2/(^^)Sr/5//5j^.3 +  ^ A r ^ ( A R ^  +  A i 2 j-_i)

+  ^f(rR)J^ A f^ (A R j.^ j^  - f  A J?j-_2 ) -f-  2 / ( , . j j ) ^ S  A r^ (A J 2 ^ ^ 2  +

+  Aaj. +  2 /(,.^)^SRaj(Ar,-4 .i - f  Ar,-_i)

+ 2 /(ry3 )gSr A^i(Ar,-+i —  Ar^_i) - f  A^XA> " ; + 2  Ar,-_2 )

+  2 /(^oj)2 i 2 a j (A i 2  ̂ +

+  2/(^^) 2r^ ,(A I2 ( -  A I? ,_J  -b 2A^^)^Zr^,(AR,+i -  AR,_g)

4- 2 /(jr^ )̂p2 1 r^^(Ai?j- + 2  —  Ai?i_3)
T h e  in te r n a l co -o r d in a te s  are d efin ed  in  F ig  1. T h e v a lu e s  o f  th e  v a le n c e  force  
co n sta n ts  u sed  w ere  tran sferred  d ire c tly  w ith o u t  m od ifica tion  from  CgFg [ 2 ] and  
are g iv e n  in  T a b le  1.

[1] D. A. L ong  a n d  R . T. B .v iley , Trans. Faraday Soc. 59, 599 (1963).
[2] D. St e e l e  a n d  D. H . W h ie e e n , Trans. Faraday Soc. 56, 5 (1960).
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F ig  1. In te rn a l co-ordinates.

Table 1. In-plane force constan ts (ind/A)

f n 5-478 f ( a a  )o 0-141
f(Rn)o 0-660 f a R -0 -1 8 0
S(RR)m 0-071 f{rR)o 0-708
f(RR)p 0-459 f {  rR) m 0-001
f r 7-405 f (rR)p -0 -203
f(rr)o 0-087 f{fiR)o 0-112
f ( rr )m -0 -0 5 0 f{pR)m -0-041
f { rr )p 0-032 f (pR)p -0 -0 3 3
f p 0-826 f a r -0 -076
f (pP)o 0-072 f  iar)o 0-344
f {PP)m -0 -093 f (/Ja)o -0 -103
f ( pP) v 0-002 f(Pr)o 0-170
f a 1-030 f  (Pr)m -0 -0 5 4

T h e  o u t-o f-p la n e  fo rc e  f ie ld  h a d  th e  form

2 Font.of.piane -b ( 2 )

+  2 / ( y ^ ) /P S y i ( ( 5 j _ ^  —  (5J -b  2 / ( y g )^ r i? S y i( (5 i_ 2  —

T h e  co -o r d in a te s  r y  a n d  R à  are a sso c ia te d  w ith  o u t-o f-p la n e  C— F  w a g g in g  m o tio n s  
a n d  to rs io n s  a b o u t C— C or C— N  b o n d s r e sp e c t iv e ly  [3]. T h e  o u t-o f-p la n e  v a le n c e  
c o n s ta n ts  are g iv e n  in  T a b le  2  an d  w ere c a lc u la te d  from  th e  o u t-o f  p la n e  co n sta n ts  
n se d  in  CgFg. I n  CgFg th e  to r s io n a l m o tio n s  w ere  d efin ed  in  ter m s o f  th e  4> co 
o rd in a te  b y  B e l l  [4] an d  u se d  b y  AVh i f f e n  [5] in  b en zen e . I t  is  n o t  p o ss ib le  to  
u se  th is  co -o r d in a te  w ith  th e  r in g  sy s te m  o f  C 5 F 5 N  w h ere  th e r e  is  n o  su b st itu e n t  
a t  o n e  rin g  a to m . F o r  th is  rea so n  th e  a lte r n a t iv e  c o -o r d in a te  6  w a s  u sed . T h e

[3] D. A. L o n g , F . S. M u b e i n  a n d  E . L . T h o m a s , Trans. Faraday Soc. 59, 12 (1963).
[4] R . P. B e l l , Trans. Faraday Soc. 41, 293 (1945).
[5] D. H . W h i e e e n , Phil. Trans. A248, 131 (1955).
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Table 2. Out-of-plane force 
constants (md/A)

f y 0-423
f ( y y ) o -0 -167
f (yy)m 0-080
/  (yy)p -0 -048
f s 0-320
f ô ô -0 -0 0 4
f{yd)o -0 -179
f (y<5)m 0-078

re la t io n sh ip s  b e tw e e n  th e  force co n sta n ts  in  th e  tw o  sy ste m s are as fo llow s:

Id  =  

fôô —

/(yy)o =  ^(yy)o +  -  F (y^)J -  4 -  2F^^)

f ( y y ) p  ^ ( y y ) p

f(yS)o — ^ îy<l>)o +  4-3“^/2p~^(F — F

/(y .,) .  =  -  4 . 3 - i / 2 p - i %  (3)

T h e v ib r a t io n a l freq u en c ies  (T ab le  3) an d  a to m ic  d isp la cem en ts (in-p lane
F ig . 2, o u t-o f-p la n e , F ig . 3) w ere ca lcu la ted  on  a com p u ter  u sin g  th e  procedure

Table 3. Calculated and  assigned frequencies (cm~^)

Class. Calc. Ass. Class. Calc. Ass.

«1 1629 1650 h 718 736
1510 1529 659 620
1404 1420 376 353
1278 1285 236 224
1080 1077 202 174

741 694
589 593 «2 694 570
478 476 371 428
319 310 175 174
265 273

h 1639 1650
1487 1492
1251 1285
1150 1172
970 983
632 706 or 620
438 457
291 273 or 310
225 224
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class a

1629 1404

1080 74 I

class bi

639

50

1 4 8 7

970

438 291 225

Fig. 2. In -p lane atom ic displacem ents (X40)
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class b2  - O I

class a,

F ig  3 . O u t-o f -p la n e  a to m ic  d is p la c e m e n ts  (1 0 " ^ A )

d escr ib ed  b y  L oistg [ 6 ]. T h e  a ssig n ed  v ib r a tio n a l freq u en cies are also  in c lu d ed  in  
T a b le  3 for  com p arison . T h e  agreem en t b e tw e en  ca lcu la ted  an d  ob served  fre
q u en c ies  is  v e r y  sa t is fa c to r y  for  th e  in -p la n e  m od es. T h e average p ercen tage  
error is  1 8  p er c e n t in  th e  c la ss  a n d  2  4 p er ce n t in  th e  6  ̂ c lass. T h e error o n ly  
ex c e e d s  3 p er  c e n t  for  th r ee  v ib ra tio n s . T h e  m o d e  w ith  a ca lcu la ted  freq u en cy  
o f  291 cm " i sh o w s a  large  p erc en ta g e  error o f  - f 8 - 6  or — 8 - 6  per cen t d ep en d in g  
on  w h e th er  th e  a ss ig n e d  fre q u en cy  is  310 or 273 cm~^, b u t th e  ab so lu te  error is  
o n ly  ± 1 8  cm~^. I f  th is  m o d e  is  e x c lu d e d  from  th e  avera g in g  o f  th e  class 6  ̂p ercen tage  
errors th e  m ea n  error di’o p s to  1 6  per cen t. T h e  o th er  m od e w ith  a  r e la tiv e ly  large  
d iscr ep a n c y  b e tw e e n  th e  c a lcu la ted  a n d  o b serv ed  freq u en cies is  in  th e  class. T h e  
r in g  m o d e  a ss ig n e d  a t  694  cm~^ h a s a ca lcu la ted  freq u en cy  o f  741cm"^. T h e agree
m e n t b e tw e e n  c a lc u la te d  a n d  o b ser v ed  freq u en cies  is  so m ew h a t le ss  sa tisfa cto ry  
for th e  o u t-o f-p la n e  m o d e s  b u t  th e  ca lcu la tio n s  are n ev er th e le ss  h elp fu l in  m ak in g  
a ss ig n m en ts .

T h e  c a lc u la te d  fo rm s o f  th e  m o d es b ear a  m ark ed  resem b lan ce  to  th o se  for  
CgFgH . T h is  is  to  b e  e x p e c te d  for  th e  cla ss s in ce  th e  C— H  stre tch in g  m od e w ill 
h a v e  n o  a p p rec ia b le  in te r a c tio n  v d th  th e  o th er m od es. I t  is  m ore surprising in  
th e  c la ss  w h ere  a n  a p p rec ia b le  m ix in g  o f  th e  C H  d eform ation  w ith  m od es o f  
sim ila r  fr e q u e n c y  m ig h t  h a v e  b een  e x p ec ted .

A c k n o w le d g e m e n ts— W e  a re  g r e a t ly  in d e b te d  t o  t b e  E n g b s b  E le c tr ic  C o m p a n y  fo r  th e  e x te n s iv e  
c o m p u t in g  f a c i l it ie s  so  g e n e r o u s ly  m a d e  a v a ila b le  t o  u s  a n d  t o  A lb r ig h t  a n d  W ilso n  (M fg.) 
C o m p a n y  L im ite d  fo r  f in a n c ia l  s u p p o r t . D . S . a c lm o w le d g e s  t h e  a w a r d  o f  a n  I .C .I . F e llo w sh ip  
d u r in g  t h e  te n u r e  o f  w h ic h  t h i s  w o r k  w a s  ca rr ied  o u t .

[ 6] D . A . L o n g , R . B .  Gr a v e n o b  a n d  M . W o o d g e b , S p ec tro cM m . A c ta  1 9 , 937  (1963).
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S u r r e y )

T h e  intensity o f  absorption o f  infrared radiation by a given system  is 
intimately related to the electronic charge m ovem ents during the associated  
vibrational quantum transition. M olecular deform ations must involve 
bond deform ations and are very unlikely to affect any but the valence-shell 
electrons. Consequently, in principle, absorption intensities could yield 
not only inform ation on charge distributions in m olecules but also infor
mation on the manner in which the valence electrons redistribute them
selves during m olecular deform ations. Since chem ical reactions, o f  neces
sity, involve specific bond deform ations, such inform ation could lead to a 
deeper understanding o f  reaction m echanism s. The equilibrium charge 
distributions can lead to a better understanding o f  the bonding.

During recent years a large number o f  publications on the theory, 
measurement, and interpretation o f  the absolute intensities, o f  infrared 
absorption bands has appeared in the literature. M any serious difficulties 
still beset the spectroscopist in the interpretation o f  the results, but the 
information gleaned has reached the state where a survey o f  the gains, the 
difficulties, and the prospects can be usefully m ade.

Experimental Techniques.— It has proved to be extremely difficult to  
make accurate absolute m easurements o f  absorption intensities. The 
intensities are usually defined as

A  =  l/c/Jln[(U /(I)Jdlnv (1)
where c  is the absorbent concentration, I  is the path length o f  the beam  
through the absorbing material, (/g)^ and (7J are the initial and final 
intensities o f  the beam  o f  frequency v (expressed in cm .“  ̂in all subsequent 
equations), and the integration is over the com plete band. Such a definition 
follows readily from  the usual exponential low  o f  absorption. The ex
perimental difficulties were first m ade apparent by the early m easurements 
of Bourgin^ and Bartholomé.^ Independently they measured the intensity 
of the vibration-rotation band o f  hydrogen chloride in the gas phase and 
obtained results which differed by a factor o f  four. The major reason for 
this was that, for finite slit-widths, the beam  is not m onochrom atic 
and consequently the m easured fractional absorption o f  the sample, 
[{Tq-T)ITq\, at a given frequency setting, v, generally differs from  the true 
transmission in such a way that the measured absorption value is too  low. 
Bourgin,^ B artholom é,^  Penner and Weber,^ W ilson and Wells,® and others

 ̂D. G. Bourgin, Phys. Rev., 1927, 29, 794; ibid., 1928, 32, 237.
 ̂E. Bartholomé, Z. phys. Chem., 1933, b23, 131.

® D. G. Bourgin, Phys. Rev., 1928, 31, 503.
 ̂S. S. Penner and D. Weber, J. Chem. Phys., 1951, 19, 801, 817, 974, ibid., 1953, 21, 

649.
® E. B. Wilson and A. J. Wells, J. Chem. Phys., 1946, 14, 578.
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have investigated the conditions under which these two values approach 
one another and how  the true absorption can be evaluated w ith an instru
m ent o f  lim ited resolving power. In the procedure o f  W ilson and Wells 
the measured integrated optical density /log io  {T q] T \  d In v, divided by the 
concentration, is graphed against the concentration and the p lot extra
polated to zero concentration. It was shown that the lim iting value o f  the 
integral for zero concentration is equal to Jlogjo d In v if  {a) the
incident intensity, /g, does not vary over the slit-width, and (6 ) the resolving 
power is high com pared with the variations in the absorption coefficient.

In Bourgin’s m ethod [ /(Tg/r)^ év] fc  is graphed against c and the ratio 
extrapolated, as in the W ilson-W ells technique, to zero concentration. 
H ow ever the curvature o f  the p lot is far greater and the extrapolation 
consequently less accurate.

Since the aim  o f  absorption intensity m easurements is usually to study 
intram olecular properties, it is necessary to carry out studies on the gaseous 
phase where interm olecular interactions are reduced to a minimum. 
Unfortunately, the removal o f  intramolecular interactions results in sharp 
vibrational-rotational absorption lines. A s a consequence condition (h) 
is difficult to attain. In order that this condition should be satisfied the 
rotational bands m ust be collision-broadened by adding a high pressure of 
a chem ically inert, non-absorbing gas, or, for the study o f  weak absorp
tion bands, by self-broadening at high pressures. The pressure-broadening 
is considered to be sufficient when an increase o f  total pressure produces no 
further change in the m olecular extinction coefficient, e = l / c /  logig(/g//)max. 
However, even when the individual rotational lines are sufficiently 
broadened to yield an overall sm ooth absorption curve, the band contour 
m ay still have sufficiently steep gradients to result in low  measured values 
o f  the absorbance. This is particularly the case with bands having strong 
sharp Q  branches (corresponding to no change in the rotational quantum  
number, J )  such as the out-of-plane deform ation bands in arom atic sys
tems. The pressure required to produce broad Q  branches m ay be exces
sively high, and it is to be noted that in such cases the extrapolation pro
cedure still m ay n ot be strictly valid if  condition {b) has not been fully met. 
C onsequently the use o f  instruments o f  high resolving power is really 
required in such cases.

A t very high pressures the m olecule is being subjected to excessive col- 
lisional perturbations which are often undesirable. Thus it has been shown 
that absorption by the infrared-inactive a-̂ ĝ m ode o f  m ethane can be 
induced in this manner,® and m any exam ples are now  know n o f  simultane
ous transitions in m ixed gases at high pressures.’ In a sim ultaneous transi
tion, absorption occurs at a frequency ±  vg, where Va and vg are transi
tion frequencies for two different m olecules and can be for tw o different

® R. Coulon, B. Oksengorn, J. Robin, and B. Vodar, J. Phys. Radium, 1953, 14, 63.
’ H. L. Welsh, M. F. Crawford, J. C. F. McDonald, and D. A. Chisholm, Phys. 

Rev., 1951, 83, 1264; J. Fahrenfort and J. A. A. Ketelaar, J. Chem. Phys., 1954, 22, 
1631.
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chemical species. Such evidence indicates that pressure-broadening m ust 
be treated cautiously, especially when dealing with weak bands and easily 
polarisable m olecules.

The sources o f  error in the W ilson-W ells and Bourgin procedures are so 
serious that efforts have been m ade to find alternative techniques. The 
dispersion o f  infrared rays has proved to be a very valuable tool in this 
connection since a vibrating electric m om ent in a m olecule gives a con
tribution to  the refractive index. M olecular vibrations are separable into  
normal m odes each o f  w hich m akes a contribution to  the refractive 
index, n, o f

A  (« -  1 ) =  6 ^  -  A  (2 )

where N  is the number o f  m olecules per m l., p. is the m olecular dipole 
moment, Qi is the zth norm al co-ordinate, Vi is the frequency o f  the cor
responding vibration and v  is that o f  the incident fight (in cm.~^). (This 
formula, know n as the K ram ers-H eisenberg form ula, assumes that the 
absorption fine is infinitely narrow, and has to be m odified slightly for 
finite line widths).

The infrared absorption intensity o f  a given fundam ental band has been 
shown to be equal to

(This form ula is derived neglecting rotational quantisation. A n exact 
summation o f  intensity over the rotational com ponents o f  a parallel band  
of a symmetric rotor molecule® leads to a correction factor equivalent to  
multiplying the right-hand side o f  (3) by

2 g  c  [1 +  exp ( — h v J k T ) ]
V [1 — exp ( — h v J k T ) ]

B, the rotational constant, is equal to  hlSn^c I b , where I b is the m om ent 
of inertia perpendicular to the axis o f  the top, and c is the velocity o f  fight. 
This factor is unlikely to lead to an error exceeding 5% in {d i i jd Q f ,  and  
is usually neglected on the excuse tliat the experimental uncertainty is 
generally o f  the sam e order o f  m agnitude.)

Thus the vibrational contribution to the refractive index is intimately  
related to  the infrared absorption intensity, and, in fact, these two pheno
mena are m anifestations o f  the same property. Consequently, absolute 
infrared absorption intensities can be deduced from  dispersion studies. 
The particular advantage o f  the dispersion m ethod, as can be seen from  
equation (2 ), is that even for infinitely narrow absorption fines the change 
of the refraction w ith  frequency is quite gradual. A  typical refraction 
spectrum due to the R 2 -0  bands o f  H®®C1 and H®’C1 is shown in Fig. 1,®

® B. L. Crawford and H. L. Dinsmore, J. Chem. Phys., 1950, 18, 1682.
® F. Legay, Rev. Opt. (jheor. instrum.), 1958, 37, 11.
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F i g . 1. The vihration-rotation contribution to the refractive index by the R{2) bands of 
the 2-0 vibrational transitions o f  H^^Cl and The vertical lines indicated as R{2)
represent the relative intensities o f the corresponding absorption lines.

and is com pared with the corresponding absorption curve. It can be seen 
that the distance between opposite branches o f  the refraction curve is a 
function o f  the absorption intensity. The technique is only suitable, at 
present, for sim ple m olecules with well-separated strong absorption bands. 
This is a very severe restriction, but fortunately it is for such molecules 
that the W ilson-W ells procedure is m ost unsuitable. The results o f  the 
dispersion measurements generally com pare quite favourably with those 
o f  the best absorption measurements and are usually, though by no means 
always, higher than their W ilson-W ells counterparts. A n  excellent sum
mary o f  measurements up to 1960 is given in ref. 1 0 .

Another recent technique capable o f  giving relatively accurate results is 
the curve-of-growth method.^^ This involves m aking m easurements at 
different path-lengths and allows the error due to finite slits to be eliminated 
i f  the band shape is known. It can be applied only if  the individual rota
tional lines can be resolved, which seriously restricts its applicability. 
W here it can be applied, it is usual to assume that the lines can be des-

J. H. Jaffé, “Advances in Spectroscopy,” Interscience, New York, 1961, Vol. 2, 
p. 263.

S. S. Penner and H. Aroeste, J. Chem. Phys., 1955, 23, 2244.



STEELE : INFRARED INTENSITIES 25

cribed by the Lorentzian function. In such cases the technique w ould be 
expected to be o f  superior accuracy to the W ilson-W ells procedure. 
Consequently there was a great deal o f  consternation when the intensity 
of the 670 cm.-^ band o f  carbon dioxide was measured in this way and a 
result obtained which was 50% higher than previous r e s u l t s .A s  pointed  
out by Kaplan and Eggers/^ this 670 cm .“  ̂ band is an extremely difficult 
band to study as far as the W ilson-W ells procedure is concerned, since: 
(a) it has a great deal o f  its intensity concentrated in a sharp Q branch 
(half-width, ca. 0 35 cm .“^); {b) to m easure it, it is necessary to remove 
absorption due to atm ospheric carbon dioxide; and (c) it lies in a range o f  
the spectrum where sodium  chloride prisms begin to absorb appreciably 
and where the dispersion o f  potassium  brom ide prisms is low . This means 
that all the serious problem s characteristic o f  this technique are in force 
for this case. Crawford and his co-workers^® have remeasured the intens
ity by the W ilson-W ells procedure, exercising great care to overcom e 
these problem s, and have obtained a result very close to that o f  the 
curve-of-growth m ethod (see Table 1). A lso they pointed out that calciila-

T able 1. M easured intensities o /1 5 ju  band o f  carbon dioxide.
Ref. 15 16 17 18 12 13
Method C -o-G  W -W  W -W  D  C-o-G W -W
Intensity (10®cm.®/mole) 7 40 6 28 5 41 6 02 8 07 8 09

C-o-G, curve-of-growth, W-W, Wilson-Wells. D, dispersion.

tions m ade by K ostkow ski and Bass^^ on the functional dependence o f  
the errors in m easuring intensities o f  individual rotational lines should be 
applicable to  m easurements on sharp Q branches. U sing K ostkowski and 
Bass’s results and estim ating the pressure-broadened line-widths from  
collision theory, they showed that the pressure-broadening in previous 
determinations o f  the intensity (at total pressures o f  up to 5 atm.) had been 
inadequate. A t the pressures o f  about 6 8  atm. that they had em ployed, 
the error resulting from  slit-widths should be negligible. A lso  they had 
failed to observe any induced absorption. These careful m easurements 
indicate that the W ilson-W ells procedure is capable o f  reasonable accuracy 
(within 2 — 3 %) i f  sufficient care is exercised.

Interpretation o f Results.— The interpretation o f  the measured intensities 
in terms o f  bond properties is best appreciated by considering what can be 
deduced, with and w ithout assum ptions, from  the intensity measurements. 
Equation (3) is derived on the assum ption that the dipole m om ent, can

L. D. Kaplan and D. F. Eggers, J. Chem. Phys., 1956, 25, 876.
J. Overend, M. J. Youngquist, E. C. Curtis, and B. Crawford, J. Chem. Phys., 1959, 

30, 532.
"  H. J. Kostkowski and A. M. Bass, J. Opt. Soc. Amer., 1956, 46, 1060.
"  L. D. Kaplan, / .  Chem. Phys., 1947, 15, 809.

A. M. Thorndike, J. Chem. Phys., 1947, 15, 868.
D. F. Eggers and B. L. Crawford, J. Chem. Phys., 1951, 19, 1554.
Values reviewed by O. Fuchs, Z. Physilc, 1927, 46, 519.
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be expanded as a Taylor series in terms o f  displacem ents from  the 
equilibrium  positions, and all but the first derivatives can be neglected. 
That is

=  /̂ o +  ^  Qk  +  higher terms (negligible).
k

Qjt represents the m olecular distortion in the vibration k  {i.e., normal co
ordinate for k).  This is the assum ption o f  electrical harm onicity which is 
true only to a first approxim ation. The intensity o f  infrared combination 
bands ought to be zero in this approxim ation. This is certainly not so, 
but the intensities are usually far less than those o f  fundam entals, unless a 
com bination band gains intensity from  a fundam ental o f  the same sym
metry, by resonance. This confirms the validity o f  the assum ption. The 
error involved is certainly m uch less than the present experim ental errors 
and those, which are to be discussed later, arising from  the uncertainty in 
the norm al co-ordinate Q.

I f  the m olecule has any symmetry, the vibrations can be separated into 
independent groups, each group being characterised by the behaviour of 
its constituents towards the symmetry elem ents. This m eans that the 
norm al co-ordinates, Qj., separate according to this behaviour. For 
exam ple, in carbon dioxide there are two non-degenerate vibrations and 
one doubly degenerate vibration. The linear m olecule has three planes of 
symmetry, m utually perpendicular, and passing through the carbon 
nucleus. This also im plies a centre o f  symmetry and rotation axes, but a 
consideration o f  the symmetry o f  the vibrations, w ith respect to the planes, 
suffices for our present purpose. Each vibration m ust be symmetric or 
antisymm etric with respect to a particular plane. I f  a vibration is sym
m etric with respect to the X Z  and Y Z  planes (axes defined in Fig. 2), then

—O C O -

O  C— -€•

o
y

Fig. 2. The vibrational modes o f carbon dioxide, and the definition o f the cartesian axes.

clearly this cannot involve m ovem ents o f  the nuclei in  the Z  direction. 
Consequently, only CO stretcliing m otions belong to  the symmetry classes 
involving these symmetry characteristics. In addition, the CO stretching
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vibrations m ust be symmetric or antisymmetric with respect to the X Y  
plane. This m eans that the CO bonds m ust vibrate either in phase (sym
metric stretch) or out o f  phase (antisymmetric stretch). Similar reasoning 
shows that the only deform ation which can be antisymmetric with respect 
to either the X Z  or the Y Z  plane is that o f  the O -C -O  angle. Thus in this 
simple case, the norm al co-ordinates are, apart from  norm alisation factors, 
d/"i +  Jrg, J r i  — Jrg, and Aoc. In general the symmetry o f  g*., and hence 
of dfjildQj,, is known, but in solving for the dipole gradients from  the 
measured intensities, using equation (3), there are sign ambiguities arising 
from taking the square root o f  the intensities. Furthermore, the exact 
form o f  the vibrations, g^, m ust be determined before any further inter
pretation o f  the gradients is possible. That is, it is necessary to obtain a 
relationship between the norm al co-ordinates, g, and a set o f  co-ordinates, 
such as cartesians, which are defined w ith respect to the m olecular axes. 
Provided that the potential energy can be expressed as a function o f  all 
possible distortions o f  the m olecule, m olecular-vibration theory w ill 
yield the required relationship as well as the vibration frequencies. In order 
to know  the potential energy it is sufficient to know  the force field , i.e.,the  
force constants connecting all atom s in the m olecule. Unfortunately, 
these are known with precision for very few  m olecules. A  simple exam ple is 
that for the harm onic oscillator, for which the vibrational frequency, v, 
is given by

V =  ^  and V  =  ^ k q \  (4)

where k  is the force constant for the distortion, q, and [x is the reduced 
mass o f  the system. Such equations describe, to a first approximation, the 
vibrational m otions o f  a d iatom ic m olecule. Purely theoretical approaches 
to evaluating the force constants o f  the system are im possible at present, 
except for the sim plest o f  m olecules. Force constants have been calculated 
for a number o f  sim ple system s such as LilF®, C-H,^° CH 4  (C -H  stretch),®^ 
and O 2 ®®. Except for d iatom ic m olecules, there are m ore quadratic force 
constants than fundam ental vibrational frequencies. Thus for the non
linear triatom ic system X Y X  a com plete description o f  the potential 
energy arising from  m olecular deform ations requires a knowledge o f  
four force constants— those for the X -Y  stretch, the X Y X  deform ation, 
the interaction between the X -Y  stretches, and between the stretch and 
angle m otions— whereas there are only three fundam ental vibrational 
frequencies. (The number o f  vibrational frequencies is 3iV — 6  for a non
linear m olecule, or 3 N  — 5 for a linear m olecule). For m olecules with a 
high degree o f  symmetry, certain o f  the fundam ental vibrations have the

A. M. Karo and A. R. Olsen, J. Chem. Phys., 1959, 30, 1232.
2» J. Higuchi, J. Chem. Phys., 1954, 22, 1339.

R. G. Parr and A. F. Saturne, unpublished data; I. M. Mills, Mol. Phys., 1958, 
1, 99, 107.

2* A. Meckler, J. Chem. Phys., 1953, 21, 1750.
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sam e frequencies, i.e., they are degenerate. A s the number o f  atoms in
creases and the m olecular symmetry decreases, the situation becomes 
rapidly m ore unfavourable. Clearly, additional sources o f  experimental 
data are needed in order to deduce the force field.

By m eans o f  isotopic substitution, the harm onic vibrational frequencies 
are altered w ithout affecting the electronic binding. By this expediency, it 
is possible to obtain further sets o f  experimental data from  which to deter
m ine the force constants. A t first it w ould appear that M  isotopic sub
stitutions w ould yield M x  sets o f  data, where x  is the number o f  funda
mental frequencies. In practice, this is n ot so. There are several reasons 
for this. First, whilst the m olecular vibrational frequencies are properties 
o f  the m olecule as a whole, it is well known that m any bonds vibrate 
alm ost independently o f  the remainder o f  the m olecule. Thus, > X -H  
stretching m odes interact only very weakly with other m odes. This clearly 
means that isotopic substitution o f  such atom s will not give significant data 
on the interaction terms which do not involve the X -H  stretching motion. 
Secondly, whilst all the vibrational frequencies m ay change on  isotopic 
substitution, it may be found that all changes are not independent. Vibra
tional theory shows that the product o f  the vibrational frequencies o f  any 
symmetry class are related, by the geometry o f  the m olecule and the masses 
o f  the atom s, to the product o f  the equivalent vibrations o f  an isotopically 
substituted molecule.^® Such internal relationships reduce the number of 
independent equations relating frequencies to force constants. A  third 
lim itation arises from  the extrem ely sm all changes in the m ajority o f  the 
vibrational frequencies which result from isotopic m ass changes o f  atoms 
other than hydrogen. This insensitivity o f  the vibrational frequencies to 
the isotopic masses drastically restricts the usefulness o f  the observed data. 
Frequently, all the vibrational frequencies may prove quite insensitive to a 
particular interaction force constant, thus m aking the uncertainty in the 
value o f  that constant large com pared with its actual m agnitude. An inter
esting case o f  this type has been discussed by Linnett.^^ The two stretching 
vibrations o f  H C N  belong to the U  symmetry class and m ay be considered 
independently o f  the angular deform ation frequency o f  the tt class. 
Writing the stretching part o f  the potential energy as

2v =  k i  {A i'chY  4" ko(Arct.iY +  2 /cia (d/'cH) W/'cw),

and using the values o f  k i  and k -2 as determined from  H C N  and DCN, 
it may be shown that a change in the interaction constant, k^^, from  0  to 1 

X 10® dynes/cm . results in a change in the calculated stretching frequencies 
o f  HC^^N and H C ^ N  o f  only 1-7 and IT cm.~^, whilst for D C N  the 
corresponding changes are 100 and 74 cm .“ .̂ The actual value o f  ki^ is 
near —0 4 X 10® dynes/cm . Clearly the constant k i 2  contributes little to

O. KcdWch Z . phys. Chem., 1935, b28, 371; see also W. R. Angus, C. R. Bailey, 
J. B. Hale, C. K. Ingold, A. H. Leckie, C. G. Raisin, J. W. Thompson, and C. L. Wilson. 
/. ,  1936, 971.

W. Linnett, Ann. Reports, 1952, 49, 8.
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the potential energy o f  HC^^N and HC^®N, and w ould be difficult to  
estimate from  the vibrational frequencies o f  those systems. The reason  
why the frequencies o f  D C N  are so m uch m ore sensitive to is that the 
CD stretching frequency near 2320 cm.-^ is m uch closer to the stretching 
frequency o f  the C N  group (at 2089 cm.~^ in H C N ) than is the CH  
frequency o f  3310 cm.~^.

If we are to arrive generally at a realistic force field and hence at a good  
description o f  the vibrational distortions, we m ust seek additional sources 
of information about the force constants. Such inform ation can be ob
tained, in principle, from the m agnitudes o f  vibration-rotation interactions 
and centrifugal distortions, from  m ean-square vibrational amplitudes as 
determined by electron diffraction, and, in certain circumstances, from  
absorption intensity studies. According to the Born-O ppenheim er approxi
mation, electronic, vibrational, and rotational m otions are independent 
of one another for non-degenerate vibrational states. For example, the 
rotational energy levels o f  a spherical rotor {e.g., C H 4 , S F J  can be written 
as

Eroi.jh =  BJ {J ^  \),  . (5)

where Frot. is the rotational energy, h  is P lanck’s constant, and B is the 
moment o f  inertia about any axis. H ence, since z l /  =  ±  1 for the P  and R  
branches o f  a vibrational band, w e have

A Evoi.lh =  2 BJ, ( 6 )

which is independent o f  the vibrational and electronic states. In the case o f  
a degenerate vibrational band, the rotational spacings in the R {AJ  =  - f  1 ) 
and the P  {AJ  =  — 1) branches are different as a result o f  vibration- 
rotation interaction. The rotational spacings are now  2B^ {J  +  and 
2B  ̂ {J  — ^j), respectively. is the m agnitude o f  the angular m omentum  
arising from  the interaction, and may be expressed in terms o f  the potential 
constants and the m asses. This has been done in algebraic form for m any o f  
the m ore im portant types o f  vibration o f  sim ple molecules.^® Clearly, each 
li value gives an extra relationship between the force constants and the 
result o f  an observation. Unfortunately, C oriolis constants, which is the 
name given to the vibration-rotation coupling parameters, can only be 
determined with reasonable precision for small m olecules. In a similar 
manner, the change in  rotational spacing with changes in the rotational 
parameter, J, can be related to the force constants and molecular para
meters. This effect o f  centrifugal distortion has proved o f  little value, 
owing to the rather large uncertainties in the observed values.

In principle, it is possible to determine, from  the electron-diffraction  
patterns o f  gases, the mean-square am plitudes o f  bond and angle vibrations 
as ŵ ell as the bond and angle values themselves.^® These amplitudes are

G. Herzberg “ Infrared and Raman Spectra of Polyatomic Molecules,” Van 
Nostrand, New York, 1945.

J. L. Karle and J. Karle, J. Chem. Phys., 1949, 17, 1052.
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readily evaluated from  the force field, and have been used to test assumed 
fields.®^>2 ® The precision o f  the experimental data is again low . Even so, 
such calculations have served to show  inadequacies o f  assumed fields.

The m athem atical difficulties involved in  determining the set o f  force 
constants w hich give the m ost satisfactory fit between observed and cal
culated frequencies, distortion constants, etc., are very form idable for all 
but the very sim plest o f  m olecules. Electronic com puters have been pro
grammed by several groups o f  research workers to derive optim um  sets of 
force constants.^®"®® Early optim ism  in  obtaining good  fields in this way 
was rapidly dispelled when it was discovered that further mathematical 
problem s were o f  prim e im portance. The major problem  arises from the 
fact that the solution o f  a vibrational problem  involving n vibrational 
frequencies involves tlie solution o f  an equation o f  order n, to which there 
are generally n solutions. In the com puting procedure, a guessed set of 
constants is used to derive a calculated set o f  frequencies, distortion con
stants etc. The difference between the calculated and observed sets are then 
used to derive an im proved set o f  force constants by a perturbation tech
nique. It was expected that, i f  a reasonable set o f  force constants was chosen 
initially, from  previous experience with simpler m olecules, then the pertur
bation w ould lead to convergence on a unique set o f  im proved constants, 
which w ould yield a description o f  the vibrational distortions close to the 
truth. In practice it was found that the perturbation problem  was often 
unstable and the perturbed constants diverged to im possible values. This 
usually arises from  the differences between the calculated and observed 
frequencies being too  large for a perturbation treatm ent, and can some
tim es be overcom e by taking sm all fractional im provem ents, i.e., i f / ,  is a 
typical input constant and is its “ im proved” value, then using +  
i f j —f è x ,  where x  1 , in the next cycle m ay rem ove the divergence o f the 
constants. O ccasionally the cause o f  the divergence is m ore deep-seated 
and arises from  an unstable situation in the perturbation solution due to 
a special case o f  ill-conditioned behaviour.®^ A nother frequent occurrence 
is that the convergence o f  the force constants terminates at a stage of 
oscillation. This behaviour has been shown to correspond to a set o f  com
plex solutions. Such com plex solutions m ay arise as a result o f  simplifying 
assum ptions m ade in the force field to m ake the problem  tractable. It has 
been shown, however, that the oscillations occur about the real compo
nents o f  the converged set. Finally, and perhaps m ost disturbing o f  all, it 
has been found that in certain cases slightly different initial guesses lead 
to a different set o f  converged solutions.®® Various criteria have been de
scribed to test the validity o f  the final answers, but the uncertainty in the

D. A. Long and E. A. Seibold, Trans. Faraday. Soc., 1960, 56, 1105.
D. E. Mann, T. Shimanouchi, J. H. Meal, and L. Pane, J. Chem. Phys., 1957, 27,

43.
J. Overend and J. R. Scherer, J. Chem. Phys., 1960, 32,1289.
D. A. Long, R. B. Gravenor, and M. Woodger, Spectrochim. Acta, 1963, 19, 937.
D. A. Long and R. B. Gravenor, Spectrochim. Acta, 1963, 19, 961.
Joan Aldous and I. M. Mills, Spectrochim. Acta, 1962,18,1073.
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reliability o f  the distortional co-ordinates remains a major obstacle to 
progress in the interpretation o f  absorption intensities.

Once the force field has been deduced and hence the form  o f  the normal 
co-ordinates determined, or approxim ated, the next step is to visualise 
what the resulting 9/^/9Q, mean. T he m olecular dipole gradient w ill 
generally be difficult to visualise and to utilise. Since physical chemists 
almost invariably find life a great deal easier i f  they can translate m olecular 
properties into com paratively sim ple, directed, and m ore-locahsed pro
perties, the next step is to find a suitable set o f  assum ptions that w ill yield  
the desired sim plifications. The obvious assum ptions are those that w ill 
decompose the m olecular properties into the sum  o f  a set o f  bond pro
perties, and are generally chosen as :

{a) the stretching o f  a bond by dr produces a change o f  dipole m om ent 
along the bond o f  (9/i/Sr) dr;

{b) the deform ation o f  a bond through an angle àd  produces a dipole 
change (8fxf86)d6  perpendicular to the bond and in the plane o f  m ovem ent;

(c) changes in one bond  do n ot result in changes in another bond, 
except when this is geom etrically necessary.

The test o f  the validity and usefulness o f  these assum ptions is whether 
any or all o f  the fo llow ing criteria are found to hold, and, i f  not, whether 
anything positive can be deduced from  the discrepancies.

(i) Values o f  the deduced bond m om ents and gradients in different 
molecules are com parable.

(ii) Values o f  given gradients and m om ents derived from  different sym
metry classes o f  the same m olecule are equal.

(iii) The perpendicular gradients to  any bond are negligible.
(iv) Values o f  the bond dipoles derived are com parable w ith  the static 

dipoles as measured by other m ethods.

Table 2. Effective bond dipole moments and derivatives f o r  C -H  bonds.

Compound Symmetry Dipole- Effective M easure Ref.
Class mom ent

derivative
(D/A)

bond dipole 
m om ent 

(d)

ment

CH4 /a ±0-83 TO-37 W -W 33
CH3D, C H 2D 2 \  
CD3H  J Oi,e - 0 6 1 033 W -W 34

C2H4, CgHgDg l̂ 2u 3=026 TO-42 W -W 35
C2D4 bzu

^lu
TO 23 

067
TO-60

== I. M. Mills, Mol. Phys., 1958, 1, 107.
R. E. Hiller and J. W. Straley, J. Mol. Spectroscopy, 1960, 5, 24.
R. C. Golike, I. M. Mills, W. B. Person, and B. L. Crawford,/. Chem. Phys., 1956, 

25, 1266.
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T a b le  2 .— continued.

Com pound Symmetry Dipole- Effective M easure Ref.
Class moment bond dipole ment

derivative moment
CgHg 0 8 D 36

n . 1-05
CgDg 078 W -W 37

H u 0-89
CgHg 0 87 W -W 37

H u 1 05
CgHD 079(H ) 090(H ) W -W 37

n  f 078(D ) 092(D )
CgHg Oou ±1-24 ±0-23 W -W 40

eu ± 0 7 5 ±0-26
CeHg eiu ± 0  45 -0 -3 1 W -W 38

^2u - 0 6 1
C H 3CI ± 1 0 0 ±0-17 W -W 39

e ±0-24 - 0  45
CHaBr a-L ±0-98 ±0-27 W -W 39

e ± 0 1 9 -0 -4 8
C H 3I ±0-73 ±0-42 W -W 39

e ± 0  13 -0 -4 6
N H 3* «1 061 104 W -W 41

e 0 16 0-52
P H 3 eii 1-2 W -W 41

e 0-8
SiH^, SiDa k ±1-23 ±1-58 W -W 42

h ±1-44 W -W 43

W-W, Wilson-Wells method. D, dispersion method.
* Introduction of and assumption of complete bond following leads to:

«1. Mu.p. =  0 740 and ^nh =  - 0 - 6 5 d ; e, /Uu.,,. =  0 -7 0 d  and /linh =  - 0 - 6 8 d .

It can be seen from Tables 2 and 3 that criteria (i), (ii), and, hence, (iv) 
certainly do not hold, though there is a certain am ount o f  consistency 
between the gradients and dipoles for similar m olecules, and som e trends 
are apparent. The situation is particularly bad for carbon-hydrogen bonds. 
It is from an analysis o f  these inconsistencies that a great deal o f  useful 
inform ation and knowledge o f  m olecular structure has been gleaned. The 
first step in such an analysis m ust be a consideration o f  the four major 
reasons for the failure o f  the m odel.

R. L. Kelly, R. Rollefson, and B. S. Schurin,/. Chem. Phys., 1951,19, 1595.
D. F. Eggers, I. C. Hisatsune, and I. Van Alien, J. Phys. Chem., 1955, 59, 1124.
H. Spedding and D. H. Whiffen, Proc. Roy. Soc., 1956, A, 238, 245.
A. D. Dickson, I. M. Mills, and B. L. Crawford,/. Chem. Phys., 1957, 27, 445.
I. M. Nyquist, I. M. Mills, W. B. Person, and B. L. Crawford,/. Chem. Phys., 1957, 

26, 552.
D. C. McKean and P. N. Schatz, / .  Chem. Phys., 1956k 24, 316.
D. F. Ball and D. C. McKean, Spectrochim, Acta, 1962, 18, 1019.
I. W. Levin and W. T. King, / .  Chem. Phys., 1962, 37, 1375.
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Table  3. Effective bond dipole moments and derivatives fo r  X -F  bonds.
Compound Symmetry Dipole Effective M easure Ref.

class mom ent
derivative

(D/A)

bond dipole 
moment 

( d )

ment

CF4 fz 5 99 
or 3 71

M l
or 2 98

D 44

4.9 11 W -W 45
or 3 4 or 2 4

CH3F 4 0 W -W 46
CFgBr +  8 1 + 2 8 W -W 47

e + 4 1 +  0-5 (V5) 
+ M  (yg)

CaFg ^ 2u
e u

+  3 4  
+ 3  8

+ 2 2  
+  16  
+ 0 7

W -W 48

CgFg e iu +  5 0 1 6 W -W 49
P-Q H 4F 2 \  
P-C6D4F 2 / k u +  6 5 1-3 W -W 50

P -C Q H 2E 4 l^lu +  5-2 W -W 50
BFg e ' + 4 0

or + 6  1
+ 2 6  

or + 0 9  
1 7

W -W 51

NFg* «1

e

+  1-5
to + 2 0  
or 3 3 

ca. + 4  7

+  0 9  
to  + 1-2 
0 to 0 3

W -W 52

SFg f lu 3 85 2-65 W -W 53
SIF4 f2 3 3 3-3 W -W 53

or 7 5 2-3
D, dispersion method. W-W, Wilson-Wells method.
* Introduction of and assumption of complete bond following for the

class leads to; 1-7 or 1-2d ; 1 lo.

(a) In criterion (i) it is im plicitly assum ed that the charge distribution in 
the bond X Y  is always the same and always alters in the same manner. 
It is com m on experience that all X Y  bonds do not have the same chemical 
reactivity, apart from  steric effects, and since chem ical reactivity is inti
mately related to the valence-shell electronic structure o f  the bonds, tliis 
contradicts the above assum ption. Furthermore, all X Y  bonds do not have

** B. Schurin, J. Chem. Phys., 1959, 30, 1.
P. N. Schatz and D. F. Hornig, J. Chem. Phys., 1953, 21, 1516.
G. M. Barrow and D. C. McKean, Proc. Roy. Soc., 1952, A, 213, 27.
W. B. Person and S. R. Polo, Spectrochim. Acta, 1961, 17, 101.
I. M. Mills, W. B. Person, J. R. Scherer and B. Crawford, J. Chem. Phys., 1958, 28,

851.
D. Steele and D. H. Whiffen, J. Chem. Phys., 1958; 29, 1194.
D. Steele and D. H. Whiffen, Trans. Faraday Soc., 1960, 56, 177.
D. C. McKean, J. Chem. Phys., 1956, 24, 1Ô02.
P. N. Schatz and I. W. Levin, J. Chem. Phys., 1958, 29, 475.

"  P. N. Schatz and D. F. Hornig, J. Chem'. Phys., 1953, 21, 1516.
2
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the sam e bond length, but this in turn depends on the environment of 
X  and Y . Thus the CH  bond decreases in length as the local hybridisation 
at the carbon atom s takes on less p  and m ore s  character. Thus, this is a 
further m anifestation o f  the variation o f  the electronic structure of the 
bond between tw o given atoms.

{b) The effect o f  lone-pair electrons on the d ipole change during a 
vibration is ignored. A s the m olecule vibrates, the hydridisation of the 
orbitals w ill generally change and consequently affect the infrared ab
sorption. Burnelle and Coulson®® have shown, using wave-mechanical

T a b le  4. Effective bond dipole moments and derivatives f o r  various bonds.
Com  Symmetry Bond Dipole- Effective M easure Ref.
pound class moment

derivative
( D / Â )

bond dipole 
m om ent 

(D)

ment

CgHg e\u C -C 0 0 W -W 38
CieQiso E C = 0 579 W -W 54
COg c = o 6 0 W -W 16

c - o 585 W -W 17

H u c = o 133 W -W 13
H u c = o 133 C-o-G 12

(C N ),
k

C = N
C = N

0 585
1-2

W -W 55

i®CN"CN E i®C=N
i®C=N

0-595
0-605

W -W 56

CICN E

n
C = N

C = N

0 3
to 0-7

1-4

W -W 57

BrCN E

n
C = N

C = N

0-5 
to 0 8

1-3 W -W 58

CHgCN «1
e

C = N
1-3

W -W 59

HCl E H -C l 121 W -W 60
H C N  \ E C = N 06 6 W -W 61
D C N  / n C = N 1-8
SOg s = o 4-17 W -W 33

s = o ± 2-0 
or ±4-3

+  1-3 
± 1 2

W-W, Wilson-Wells method. C-o-G, curve-of-growth method.

D. F. Eggers and C. B. Arends, J. Chem. Phys., 1957, 27, 1405.
T. Miyazawa, J. Chem. Phys., 1958, 29, 421.
J. W. Schultz and D. F. Eggers, J. Mol. Spectroscopy, 1958, 2, 113. 
R. W. Hendricks and D. F. Hornig, see ref. 58.
D. F. Hornig and D. C. McKean, J. Phys. Chem., 1955, 59, 1133. 

®® A. V. Golton, D.Phil. Thesis, Oxford, 1953.
S. S. Penner and D. Weber, J. Chem. Phys., 1953, 21, 649.
G. E. Hyde and D. F. Hornig, J. Chem. Phys., 1952, 20, 647.
L. Burnelle and C. A. Coulson, Trans. Faraday Soc., 1957, 53, 403.
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calculations o f  Ellison and Shull®® and Higuchi,®^ that the lone-pair 
contribution to  the m olecular-dipole change associated with the bending 
vibrations o f  HgO and N H 3  is nearly as large as the contribution resulting 
from the bond deform ations. Thus, for HgO, dpfdct. ~  1-41d and 

—2 T 3 d , where ju,L and are the lone-pair and bonding con
tributions, respectively, to the m olecular dipole. That this must be the case 
can be seen from  the fact that the lone-pair contribution to the m olecular 
dipole is calculated to be 1-69d for HgO. In the deform ed state where the 
oxygen and hydrogen atom s are collinear, the lone-pair contribution  
must be zero, by symmetry.

Several o f  the discrepancies between the effective bond m om ents given 
in Tables 2, 3, and 4  can be explained by sim ilar reasoning to  the above. 
Thus in boron trifluoride, w hich in  its equilibrium position is planar, there 
is a vacant p  orbital associated w ith the boron atom  and perpendicular to  
the plane o f  the m olecule. D uring the symmetrical, out-of-plane, bending 
vibration, rehybridisation o f  the B -F  bonding electrons at the boron atom

( 6 -  ;

c i

Fig. 3. Electron rehybridisations in the Pz orbitals during the transitions o f  symmetry:
(a) a"2 o f  boron trifluoride; (b) as,, o f  benzene.

results in electron-flow into an orbital on the opposite side o f  the original 
atomic plane to the fluorine atom s [see Fig. 3(a)]. This m akes the fluorine 
atoms appear to carry less negative charge than they actually do. In the 
e' class, the F -B -F  angular deform ation cannot result in electron flow into  
the vacant orbital. In agreement with this reasoning, the effective BF  
dipole, as deduced from  the a f '  class, is only 1-7d com pared with 2-6d, 
as deduced from  the e' class. In the out-of-plane CH  deform ation o f  
benzene, a similar effect occurs in the a^u out-of-plane deform ation. The 
Pz orbital is fully occupied in this case, but rehybridisation at the carbon 
atom takes place in the form  o f  s  character being introduced in the pg 
orbital (Fig. 3(b)]. That this m ust be so, is readily apparent from  the fact 
that when the H C H  angles are deform ed to 108°, the carbon hybridisation 
must be sp^ com pared w ith sp^ for the planar configuration. The effect

F. O. Ellison and H. Shull, J. Chem. Phys., 1953, 23, 2348.
J. Higuchi, / .  Chem., 1956, 24, 535.
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once again is to  m ake the substituent appear less negative. Since the 
hydrogen atom s in benzene are known to be at the positive end o f  the CH 
dipole,®® the numerical value o f  the effective dipole should be greater for 
the â u. class than for the in-plane class. The observed values are 
0 -6 Id  and 0*3Id , respectively. Clearly an adequate theory o f  infrared 
intensities m ust incorporate terms o f  the nature o f  dfx^Jda..

Coulson and Stephen®® have shown that the variations in the deduced 
effective dipoles in benzene, acetylene, and ethylene are com patible with 
reasonable degrees o f  rehybridisation and bond follow ing (see below). 
H owever, they were unable to deduce the relative contributions o f the 
tw o effects.

(c) Hybridisation changes can also occur as a bond stretch. I f  we con
sider the C H  stretching in methane, and assum e that in the extreme case 
we have a CHg radical and an H  atom , then it can be seen that rehybridisa
tion o f  the orbitals around the carbon atom  m ust have occurred. The 
configuration o f  the CHg radical is still uncertain, but it seems probable 
that it is planar. In this case, the hybridisation at the carbon atom  will be 
5 /7 ® as com pared with sp^ in C H 4 . Though in both  the extreme cases i.e., 
those o f  the unperturbed C H 4  m olecule and o f  a C H 3  radical and an H 
atom , there is no total dipole m om ent, it seems necessary to assume that 
there is a dipole gradient during the vibrational m otion . This gradient can 
be expected, on the above grounds, to be different from  that in, say, the 
vibrational m otion in which the stretching o f  one CH  bond is out of 
phase w ith  the remaining two (vg o f  sym metry class f f ) .

(d) A  bond is usually thought o f  as being directed along the line con
necting the bonded atom s. This is frequently a false picture, particularly 
for vibrationally distorted configurations. W ave-functions are not usually 
localised in one bond. Indeed, the orthogonality o f  the wave-functions 
generally forbids this. By their delocalisation, these wave-functions are 
not directly related to the usual conception o f  chem ical bonds. Burnelle 
and Coulson®® transformed the accurate S C F-L C A O  wave-functions 
for HgO and NHg so that the resulting wave-functions satisfied the 
follow ing conditions: (a) that they were orthogonal; (b) that the orbitals 
associated with identical bonds should be equivalent; and (c) that the 
lone-pair orbitals should contain only orbitals o f  the central atom. 
The resulting picture o f  the m olecular orbitals showed that the hybrid 
orbitals at the central atom  are not in general directed along the bond 
direction. This m eans that the bonds m ay be considered to be bent and 
to  have dipole gradients perpendicular to the internuclear axis. The 
individual contributions to the dipole m om ent o f  H^O are, for an inter
bond angle o f  105°, /xl =  T 69d , /xb =  0 -20d , and =  —0*37d, where 
/XL, /xb, and /xb^ are the contributions due to the lone-pair electrons, the

(o) R. P. Bell, H. W. Thomspon, and E. E. Vago, Proc. Roy. Soc., A, 192, 498;
(b) A. R. H. Cole and H. W. Thompson, Proc. Roy. Soc., 1951, A, 208, 341.

®® C. A. Coulson and M. J. Stephen, Trans. Faraday Soc., 1957, 53, 272.
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bond electrons in the direction o f  the internuclear axis, and the bond  
electrons in a direction perpendicular to the internuclear axis, respectively. 
If the H O H  angle is deform ed, the resulting m olecular dipole gradient o f  
—0-72D/radian is derived from  the follow ing contributions; d f i jd a  =
141 D/Radian; S/xe^/Sa =  —0 20 D/Radian; and =  193
o/Radian. The transverse m om ent is very sensitive to the inter-bond angle, 
and its derivative is the major contributing term to the absorption in
tensity.

An analysis o f  the absolute absorption intensities o f  the infrared bands 
of 1,2,4,5-tetrafluorobenzene®® showed that the dipole gradient, 8fi/8rcr, 
lies along the internuclear axis, within the experimental error. However, 
the asymmetry o f  the CF bond in this com pound is not very pronounced, 
and it is not unreasonable to expect the above result.

The Polarity o f the Dipole Gradients.— A ccording to equation (3), the 
absorption intensity is proportional to the square o f  the dipole gradient. 
In the preceding section it has been assumed that in solving for the 
gradient, the sign o f  the square root o f  the intensity is known. In fact, the 
question o f  these signs introduces w hat is frequently a serious uncertainty 
into the interpretations. The seriousness o f  this problem can be ap
preciated from  the fact that, i f  there are n fundam ental vibrations in a 
given sym metry class, then there are 2 ” possible ways o f  choosing the sign 
com binations, leading to 2 ” distinct solutions for the bond parameters. 
Isotopic substitution should leave the d ipole gradients unchanged, whilst 
changing the form  o f  the vibrational m odes. The sets o f  dipole gradients 
with respect to bond co-ordinates— or with respect to com binations o f  the 
co-ordinates in the form o f  symmetry co-ordinates— will not all be con
sistent w ith the observed intensities o f  the other isotopic system. Generally, 
there are rarely m ore than three sets which yield acceptable values for the 
intensities o f  the other isotop ic system. A  choice between sets acceptable 
by the above criterion is usually m ade on the basis o f  lack o f  credulity 
of the authors to certain o f  the derived gradients. W hen no isotopic data 
existed, sign choices have often been m ade on the basis o f  one set giving 
bond gradients and dipoles w hich were in  line w ith values for similar 
molecules. Clearly this is n ot an acceptable criterion, especially as the aim  
has usually been to discover i f  the gradients and dipoles were indeed com 
parable for bonds o f  a given type in similar m olecules. Blatant cases o f  this 
practice have been excluded from  the Tables.

As an exam ple o f  the above technique, the C N  dipole gradient for 
cyanogen, derived from  the infrared-active C = N  stretching vibration o f  
I’C N i^ cN , is com pared in T able 5 with those derived from the “ alm ost 
symmetric” C N  and CC stretching vibrations o f  ̂ ®CN̂ ®CN.®® Owing to the 
presence o f  norm al cyanogen in the heavy-isotopic system, the intensity o f  
the antisymm etric m ode was not measured. In this case it is very clear that 
the 8jxj8Q  values m ust have the same sign.

O ccasionally the sign o f  the square root in equation (3) can be deter-



(""CNIg Relative signs for 
8p.j8Q values

^CNi®CN

±0-585 same ±0-595
different +0-416

+  0-585 same +  0-607
different ±0-718

zero, by symmetry same +0-0003
different +0-107
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T able 5. Dipole-moment derivatives f o r  cyanogen  d /A
Dipole-m oment 
derivative
S/x/9/-(cn)i

9/x/9/*(c_c)

m ined from  vibration-rotation interaction studies. Thus Hermann and 
Wallis®'  ̂ were able to show that, for a diatom ic m olecule, the ratio of 
intensities o f  corresponding rotational absorption lines in P  and R  branches 
is proportional to  (1 +  4ydJ)J,  where y  =  2BJv^, 6 =  [/to/(^+/50]l/''e> 
and J  is the rotational quantum  number o f  the initial state. is the rota
tional constant for the equilibrium bond length, r,; /xq is the molecular 
dipole; and 8fx/ôr is the dynam ic dipole gradient. I f  the sign o f  /xq is 
known then the sign o f  the d ipole gradient can be deduced. In this way 
they were able to show that S/x/5r for H C l has the sam e sign as /x,,. Clearly, 
it is also possible to use the above technique to evaluate the ratio o f  the 
m agnitude o f  the gradient to  the static dipole. Thus /x/(9/x/5r)re for LiH 
has been determined as —T 8  ±  0 3D.®® Clearly a prerequisite o f  this tech
nique is the existence o f  an equilibrium m olecular dipole. The Hermann- 
W allis theory has been extended to the case o f  linear polyatom ic mole
cules®® (group Cooy), but n o  application to  intensity interpretation has 
yet been made.

Bell, Thom pson, and Vago, and C ole and Thom pson, have shown®® that 
the intensities o f  the out-of-plane deform ations in various alkyl- and 
halogen-substituted benzenes indicate that the effective CH  dipole is of 
opposite sign to the effective halogen dipole. A s it is reasonably certain 
that the halogen atom  is at the negative end, then this im plies that the 
hydrogen atom  is at the positive end o f  the CH  dipole in benzenes in the 
out-of-plane deform ations. Since out-of-plane deform ations have the 
effect o f  m aking the dipoles appear less positive, the hydrogen atom  must 
also be at the positive pole o f  the static bond.

Interaction between tw o vibration-rotation  bands can occur i f  the sym
m etry o f  the vibrations and o f  a principal rotation axis bear a certain 
sim ple relationship to one another. Specifically, the C oriolis force on each 
atom  is o f  m agnitude 2 /Wa Va w  sin cf), where wia is the m ass o f  the atom , iv 
is the angular velocity o f  the co-ordinate system  with respect to a fixed 
co-ordinate system , Va is the velocity o f  atom  “ a” , and^ is the angle between 
the axis o f  rotation and the direction o f  Va. The force is directed at right- 
angles to  the direction o f  Va and to the axis o f  rotation. I f  the forces on the

R. Hermann and R. F. Wallis, J. Chem. Phys., 1955, 23, 637.
®® T. C. James, W. G. Norris, and W. Klemperer, J. Chem. Phys., 1960, 32, 728.
«» G. A. Gallup, J. Chem. Phys., 1957, 27, 1338.
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atoms constituting the m olecule, which arise from  a vibration, j ,  and from  
rotation about a specific axis, m, have the same symmetry as a second  
vibration, k,  which is not too  far rem oved in frequency from  j ,  then the two  
vibrations w ill interact. The effect o f  this interaction on the vibrational 
frequencies is to  m ake the P  and R  rotational band spacings different from  
one another (apart from  the sm all effect arising from  centrifugal distor
tion). This Coriolis interaction has been m entioned previously in connec
tion w ith the dependence o f  the I  constants on the potential constants. In 
addition to the frequency effect, the intensities are also altered. In the 
approximation o f  no vibration-rotation interaction, the lines in the P  and 
R branches, arising from  transitions from  the same initial state have equal 
strengths. The effect o f  the Coriohs interaction is to  increase (or decrease) 
the P -line intensities o f  the higher-frequency band, and also the P-line 
intensities o f  the lower band, w hilst decreasing (or increasing) the intensi
ties o f  the other =  ±  1 lines. W hich, in fact, occurs, depends on the 
sing o f  where the j  and k  subscripts specify the
two vibrations. The sign o f  is generally determinable, and hence from  
the intensity asymmetry o f  the bands, the relative signs o f  the two dipole 
transitions can be deduced.’® This new  technique has considerable promise.

The Effect o f  Change o f S tate on Intensities.— Recently there has been a  
renewed interest in the intensities o f  absorption bands in  condensed phases. 
Until the last tw o or three years, it was believed that intensity changes 
arising from  interm olecular interactions w ould be sm all, except where 
structural changes took  place or where definite bonds were form ed be
tween m olecules. Exam ples o f  these special cases are the crystallisation o f  
trfl/25-dichloroethane from  a m ixture o f  the trans- and gauche-fovms, and 
the form ation o f  interm olecular hydrogen bonds in hydroxyl-containing  
com pounds. Considerable theoretical work has been carried out to  
evaluate the m agnitude o f  the intensity changes in the absence o f  ap
preciable interm olecular interactions.’ "̂’® The basic theory is encom passed  
in the equation’ >̂’^

r  lid +  2 )"

i v .  =

which is derived for an oscillating dipole in a spherical cavity in a medium  
of refractive index n. This equation im plies that the intensities ought always 
to be greater in a condensed phase than in the gaseous phase. Experi
mental w ork, until very recently, was restricted to isolated absorption  
bands— isolated in the sense o f  a single band o f  a certain m olecule. 
Equation (7) and its refined forms have met with very lim ited success.

I. M. Mills, unpublished work.
N. Q. Chako, J. Chem. Phys., 1934, 2, 644.
S. R. Polo and M. K. Wilson, J. Chem. Phys., 1955, 23, 2376.
J. van Kranendonk, Physica, 1957, 23, 825.
A. D. Buckingham, Proc. Roy. Soc., 1960, A, 255, 32.
L. Onsager, / .  Amer. Chem. Soc., 1936, 58, 1486.



4 0  QUARTERLY REVIEWS

Intensity data now  exist for all infrared active bands o f  benzene®®-’®-’® in 
vapour, liquid, and solid phases. The results are very disturbing. The in
tensity changes are far greater than can be accounted for by dielectric 
changes or by the expected m agnitudes o f  interm olecular perturbations. 
Similar results have been reported for ethylene.’® The results for benzene 
are shown in Table 6 . These results pose a fascinating theoretical problem

T a b le  6 . A bsolute intensities o f  benzene transitions in various phases
( 1 0 ®cm®/mole).

Band (cm.“ H A r ,
3060 1 95 1-45 0-65
1480 0-878 1-29 2-56
1036 0-850 1 11 1-69
673 12-95 14-1 13-6

on which no headway has been m ade at the present time, and which is 
certain to attract considerable attention from  theoretical chemists and 
physicists in the future.

Applications o f Absolute Intensity M easurements to Determination of 
Chemical Structure.— The intensities o f  som e absorption bands character
istic o f  certain groupings, such as those generally associated with the 
stretching o f  — C =  N , — C =  O, — C -H  ( in hydrocarbons), and — OH 
bonds, have been correlated in an empirical manner with the structure of 
the attached group. In m any cases it is possible to deduce the number of 
absorbing centres in an unknown m olecule. This aspect o f  intensity 
m easurement has been thoroughly reviewed by T. L. Brown.®® It is inter
esting that such empirical correlations actually do exist. The so-called 
characteristic group vibrations are rarely confined to one bond, and the 
m ode m ay change quite drastically for sm all structure changes without the 
frequency being m uch affected. It is likely that the m ain reason for the 
success o f  these empirical correlations is that the groups studied usually 
have very large dipole gradients associated with their stretching motions 
so that participation in the vibration by other parts o f  the m olecule is 
relatively unim portant. Even so, these correlations im ply that the stretching 
gradients o f  these groups are reasonably constant. Very few detailed 
studies o f  m olecules involving these groupings have been carried out at 
present.

A s a consequence o f  the interpretational difficulties o f  intensity measure
m ents, absorption intensities have been little used in elucidating molecular 
structure, apart from  the empirical approach m entioned above. The 
fo llow ing examples show  that, in special circum stances, absolute in
tensity m easurements can be used in structure determinations.

’® D. A. Dows and A. L. Pratt, Spectrochim. Acta, 1962, 18, 433.
”  I. S. Hisatsune and E. S. Jayadevappa, J. Chem. Phys., 1960, 32, 565.

J. L. Hollenberg and D. A. Dows, J. Chem. Phys., 1962, 37, 1300.
’® G. M. Wieder and D. A. Dows, J. Chem. Phys., 1962, 37, 2990.
«« T. L. Brown, Chem. Rev., 1958, 58, 581.
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Until recently, m agnesium  dicyclopentadienyl was believed to be an 
ionic salt. H owever, its solubility in  benzene was inconsistent with this 
belief. A n  analysis o f  its vibrational spectrum indicated a marked sim il
arity in its vibrational m odes to ferrocene.®^ I f  it is principally ionic, then 
the absorption intensity o f  the antisymmetric ring-m etal stretching vibra
tion ought to be well represented by the ionic m odel Fig. 4, where the rings

+ 2 f

o — o  o -
cp  Mg cp

Fig. 4. An ionic model fo r the antisymmetric stretching vibration o f  magnesium di
cyclopentadienyl (MgCpa)

and the m etal atom  are represented by point charges. The absolute in
tensity calculated for this m odel was approximately seventy times as large 
as the observed value.®^ This can only be explained on the basis o f  princip
ally covalent bonding. M agnesium  dicyclopentadienyl, or m agnacene, is the 
first established covalently bonded sandwich com pound o f  a non-transition  
element.

The vibrational stretching frequencies o f  cyanide bonds are outstanding  
in their insensitivity to the presence o f  other groups. Furthermore, there is 
little coupling between the stretching vibrations o f  cyanide groups attached  
to a com m on atom . Thus, in  m aleonitrile, only one C =  N  stretching 
frequency is observed in  the infrared and Ram an spectra,®® and in sulphur 
dicyanide, the symmetric and antisymm etric m odes are at 2184 and 2179  
cm."^, respectively, only 5 cm.~^ apart.®® This indicates that the electronic 
wave-functions are highly localised in the bonds themselves. The stretching 
gradients for cyanides are all o f  the sam e order o f  m agnitude. The only  
reported absolute intensity m easurements on  a dicyanide are those on  
cyanogen.®® Rather surprisingly, the stretching gradients derived from  the 
symmetric stretching m odes o f  ^®C1SP®CN and from  the antisymmetric 
mode o f  ^®CN^®CN are in excellent agreement. These facts have been used 
as the basis for a determination o f  the angle between the cyanide groups 
in the dicyanam ide ion , N (C N ) 2".®̂  Assum ing that the bond-m om ent 
hypothesis holds for this ion, then it is easy to show  that the ratio o f  
the intensities o f  the antisymmetric to the symmetric stretching modes' 
is given by

Fas _  sin ® ^ / 2  

F s cos®0 / 2 ’

where 6 is the inter-bond angle. A  fortuitous splitting o f  the antisymmetric

E. R. Lippincott, J. Xavier, and D. Steele, J. Amer. Chem. Soc., 1961, 83, 2262.
" F. Halverson and R. J. Francel, J. Chem. Phys., 1948, 17, 694; K. W. F. Kohl- 

rausch and G. P. Ypsilanti, Z . phys. Chem., 1934, b29, 274.
D. A. Long and D. Steele, Spectrochim. Acta, 1963, 19, 1731.
D. A. Long, J. Y. H. Chau, and D. Steele, unpublished results.
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m ode occurs as a result o f  Ferm i resonance. This allowed the relative 
intensities o f  the two cyanide bands to be m easured with reasonable 
precision. The value derived for the inter-bond angle was 145°. The 
original m easurements were m ade in  potassium  brom ide m edia. Accord
ing to the dielectric theories o f  the effects o f  phase on intensities, the rela
tive intensities should be unaffected by phase changes. However, in view of 
the previously noted influences on the bands o f  benzene and ethylene, the 
m easurements have been repeated in aqueous solution.®® The two results 
agree well.

Other Aspects and Present Trends.— A  certain am ount o f  research has 
been devoted towards the evaluation o f  higher-order derivatives o f the 
dipole m om ent in suitable system s— generally diatom ic systems.®®"®® An 
interesting special case was the interpretation o f  the m tensities o f  certain 
com bination bands o f  benzene arising from  the out-of-plane m otions o f the 
C -H  bonds. ®̂ These bands, which are characteristic o f  benzene and sub
stituted benzenes, occur in the region 2000— 1500 cm."^. It was shown that 
the intensities o f  these bands o f  CgHg, CgDg, and p-CgH^Dg could be 
interpreted satisfactorily using only one parameter. This parameter, which 
is the second derivative o f  the dipole m om ent w ith respect to the out-of
plane deform ation o f  the j th  bond, has the value ITOd.

Several im portant theorems concerning the vibrational frequencies and 
intensities o f  isotopically related systems have been advanced by B. Craw
ford.®®-®® The m ost im portant o f  these shows that the function EF/va, is 
invariant to isotop ic substitution when the sum m ation is over all vibra
tional bands in a given symmetry class. Fa is the absorption intensity of 
the band centred at a frequency va. This tlieorem , when applicable, 
provides a very useful test on measured intensities. A  typical set o f  results 
is shown below  for CgHg and CgDg^®

CgHg CgDg

class 2-810 ±  0-024 2-942 ±  0*140 cm.®/mole.
class 0-737 ±  0-008 0*775 ±  0-037 cm.®/mole.

Le Fèvre and Rao,®̂ >®® Whiffen,®® and Illinger and Smyth®’ have shown

D. Steele, unpublished results.
®® W. S. Benedict, R. Hermann, G. E. Moore, and S. Silvermann, J. Chem. Phys., 

1957, 26, 1671.
G. À. Kuipers, J. Mol. Spectroscopy, 1958, 2, 75.
S. S. Penner and D. Weber, J. Chem. Phys., 1953, 21, 649.

®® B. Schurin and R. Rollefson, J. Chem. Phys., 1957, 26, 1089.
E. K. Plyler, W. S. Benedict and S. Silvermann, J. Chem. Phys., 1952, 20, 175.
F. E. Dunstan and D. H. Whiffen, J., 1960, 5221.
B. Crawford, J. Chem. Phys., 1952, 20, 977.

®® I. M. Mills and D. H. Whiffen, J. Chem. Phys., 1959, 30, 1619.
D. A. A. S. N. Rao, Trans. Faraday Soc., 1963, 59, 43.

®® R. J. W. Le Fèvre and D. A. A. S. N. Rao, Austral. J. Chem., 1955, 8 , 39.
®® D. H. Whiffen, Trans. Faraday Soc., 1958, 54, 327.

K. H. Illinger and C. P. Smyth, J. Chem. Phys., 1960, 32, 787.
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that the atom ic polarisation o f  a m olecule is related to its infrared absorp
tion by the relationship

37t2 ^
p > i i .

V,-

The significance o f  the atom ic polarisation can be understood by con
sidering the effect o f  an applied oscillating electric field on a m olecular gas. 
The induced and the permanent dipole m om ents align, as far as permitted  
by the thermal m otions, against the applied field, thus reducing the effective 
field. The m olecular polarisation is defined as the total dipole m om ent per 
unit volum e, parallel to the field arising from  the above contributions. 
As the field frequency is decreased, the total m olecular polarisation de
creases in certain frequency ranges. A t very high oscillating frequencies, 
only the electrons are m obile enough to fo llow  the field changes. In the 
infrared frequency range, the nuclei becom e able to fo llow  the field, and, 
finally, at still lower frequencies, the m olecular dipoles are able to ahgn 
with the field (see Fig. 5). Clearly it is reasonable to consider the molecular

p  + p

I nf ra  U l t r a -  
- r e d  v i o l e tV

F ig . 5. The variation o f molecular polarisability with frequency.

polarisation as consisting o f  three parts, the electron and the atom ic 
induced polarisations, and that arising from  the perm anent dipoles. 
( / * E ,  Fa and Fg).

Values for the atom ic polarisation o f  non-polar m olecules, as deter
mined from  refractive-index and dielectric-constant studies (see e.g., ref. 
94), agree very well w ith those deduced from  intensity measurements. 
Some typical results are shown in  Table 7.

In the case o f  polar m olecules, the discrepancies are generally much  
greater, but it is very likely that these discrepancies arise from difficulties 
in determining the total polarisabihty at frequencies such that only F q 
is measured.

It is clear from  preceding sections that any successful theory o f  absorp
tion intensities m ust incorporate terms involving derivatives o f  the dipole
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T able 7.
Com pound Pa P a Com pound Pa . Pa

Infrared Dielectric Infrared Dielectric
studies studies studies studies
(cm.®) (cm.®) (cm.®) (cm.®)

BFg 219 281 CgHg 0 1 2 009
CF4 2-89 2 8 6 CgHg 073 080
CH 4 O il 008 S1F4 4 8 2 546
C 2H 2 1 28 1 27 SFg 507 520

contribution o f  lone-pair electrons, rehybridisable orbitals, conjugated 
system s, etc., with respect to bond deform ations. M cK ean and Schatz^  ̂
and H ornig and McKean'^® have utilised terms involving the lone-pair 
electrons. Sverdlov®® has developed a com plete second-order bond- 
m om ent theory which incorporates terms such as 8[u,J8Rj, where the i and 

j  subscripts refer to different bonds. In this way, instead o f  single terms 
being determinable, only com binations o f  terms such as (9/a/ô0i)(^) — 
(ôju,/S0 ])(4 ) can be evaluated. A n  appreciation o f  these results necessitates 
a judicious assessm ent o f  the relative im portance o f  the additional terms.

M uch o f  the present experimental data cannot be satisfactorily treated, 
owing to the sensitivity o f  the m odes to uncertainties in the force fields. 
Further developm ents in  gas-phase intensities m ust com e through the 
deduction o f  satisfactory force fields and the use o f  treatments such as 
those o f  H ornig and M cK ean and o f  Sverdlov.

It is usually the unexpected results which prove to be the m ost fascinating 
and the m ost rewarding. The changes o f  intensities with phase changes are 
certainly the m ost surprising results during recent years o f  the field re
viewed. It is too  early to even surmise the im portance o f  an interpretation, 
but it m ust m odify the present concepts o f  condensed phases.

In conclusion, m uch has been achieved in the interpretation o f  infrared 
intensities, but m any im portant problem s remain to be solved.

I sincerely thank D r. I. M. Mills for describing his work on the determination 
o f the sign of dipole gradients from  Coriolis interaction studies, prior to its 
publication.

L. M. Sverdlov, Optics and Spectroscopy, 1959, 6 , 477; 1959, 7, 11; 1960, 8 , 316; 
1960, 8 , 96.
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The O u t - o f - P l a n e  V ib r a t io n s  o f  A z u l e n e

D . S t e e l e

Department o f Chemistry, Royal Holloway College, Englefield Green, Surrey, England

The out-of-plane vibrational frequencies and modes have been calculated  
for azulene, di (1) azulene, de (2 3 4 6 7 8) azulene and d% azulene 
using a modified valence force field derived from that of benzene. The agree
ment between the calculated frequencies and unequivocal assignments is good.
A revised set of assignments is presented based on an analysis of the spectra 
between 2000 and 1500 cm~*, on the calculations and on previous crystal studies 
of other authors.

I. INTRODUCTION

T h e spectra of azulene have attracted  considerable atten tion  in the past as a 
result of the unique structural characteristics of the b icyclic arom atic system  
{1, 2).^ H ow ever a com plete vibrational assignm ent is rendered m uch m ore 
difficult b y  th e failure to  obtain  R am an spectra of azulene and its derivatives as 
a result of the long w avelength  electronic absorption bands extending well b e
yond  the visib le region. C rystal studies in the infrared, coupled w ith  vapor phase 
band contours, have perm itted a classification of the absorption bands according  
to  sym m etry, but a unique selection of the vibrational fundam entals has not 
y e t been achieved.

T h e vibrational spectra of the isomeric naphthalene are now understood and  
little  doubt rem ains about the assignm ent of the fundam ental vibrational fre
quencies (3-6).^  C om putations of the v ibrational frequencies using a valence 
force field transferred from benzene have contributed in no sm all m easure to  
th is achievem ent (4, 5 ) .  I t  seem ed w ell w orthw hile to carry out a sim ilar ap 
proach to an understanding of the azulene spectra. In  this paper are summ arized  
the results of the first part of such a stu d y  on the out-of-p lane m otions.

II. THEORY AND COMPUTATIONAL PROCEDURE

A zulene is a planar m olecule of Cgy sym m etry for w hich  the out-of-plane nor
m al v ibrations m ay be classified as 96i -j- Gug • T h e class designations are as 
determ ined by the recom m endations of IMulliken w ith  the axes as shown in

 ̂ For earlier work, see References 1 and 3 of van Tets and Günthard (2).
 ̂ For ea ilier work, see references cited in Lippincott and O’R eilly (3) and Mitra and Bern

stein (3).

3 3 3
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17

Y

è - -> Z

F i g .  1. Definition of axes and internal coordinates

Fig. 1. Solution  of such a vibrational problem  w ould be extrem ely  ted ious using  
desk calculators. An autocode program  has been w ritten for the solution of v i
brational problem s. T h e secular equation  is set up in the form

A -  lA  =  D ^F D  -  /A,  (1 )

where D D f  =  G and where, as usual, G and F  represent the k inetic energy and  
p otentia l energy m atrices. I  is the unit m atrix. P rem ultip lication  of (1 ) by D  
shows th a t the roots of A  are equ ivalent to those of GF  and th a t th e eigen
vectors, Y ,  are related to th e usual L  vectors b y  L  =  D Y .  T h e F  vectors th em 
selves are related to  the absolute m ean am plitudes of vibration  x  by

.T =

where

Q =  /i^^ (̂47t"i'p)

T h e D  m atrix is related to  the B  m atrix b y  D  =  where B  is the trans
form ation  m atrix from  internal to  C artesian coordinates— th at is, R  =  B X — and  

is a d iagonal m atrix w ith  entries equal to  the inverse square roots of the  
atom ic m asses appropriate to  the corresponding atom ic C artesian axes. T he  
advantages of settin g  up the problem  in this m anner are w orthy of com m ent. A  
transform ation of the typ e D \ F  D ,  where F  is sym m etric, yields a sym m etric  
m atrix. Fast com puter program s, such as H ou seh old er’s program  (7), exist for
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diagonaliziiig sym m etric m atrices. T h is advantage is in part offset by the increase 
in th e order of the secular m atrix, the m atrix A  being of dim ension 3 N  X  3N.  
H ow ever the real gain is in the elim ination  of the w ell-know n and vexing  problem  
of redundancies. Each and every  coordinate should be introduced into B  and its 
corresponding force constants included in F. T he redundancies becom e irrelevant 
in the transform ation to cartesians im plicit in form ing A .

T h e B m atrix for azulene is readily w ritten  down from  the general definition  
of the internal coordinates in term s of the C artesian coordinates:

-■A,, =  X, +  A V . ^  ’■ 3/2a-')
R i-i . ,  sin ai Ri,i+i sin  a

^  r t!1T 1 ( i t - -----sin ( t t  — _|_ r sin ( t t  —  ^

Ri,i+iA<j)i =

_Ri—1 .Ï sin  ai R{ î- \̂ sm  a

Ri,i+1 ( X i      Ri,i+1 (   Xi-i-o)
Ri,i—i sin ai Rij^i,i^ -2  sin  az+i

R i ( A 2 Xi'} I (:r,-n AT,*4 -1 )
Ti sin ( t t  — sin ( t t  —  '

Xi and X i  refer to the displacem ents of the fth  su bstituent atom  and the fth  
carbon atom , respectively, is the ring angle at the carbon atom  i ,  and it has 
been  assum ed th at the bond to the su bstituent b isects the external angle. W hen  
th is latter condition is relaxed, as it w as for tw isting  about bonds adjacent to 
th e bond com m on to  b oth  rings, the angles (x  — are replaced by angles 
w hich are readily ascertained from  an inspection of the appropriate equations  
in R eference 8 . [Eqs. (17) on page 51 and Ecis. (21) to (24) on page 61].*

In  converting the B  m atrix to num erical form the structural data of R obertson, 
Shearer, Sim , and W atson {9) was used. Sm ce there is a slight asym m etry in the  
valu es of the bond angles derived for the m olecule in the crystal la ttice the aver
age of the va lu es for equivalent angles in the isolated m olecule sense was used. 

T h e p otentia l function  can be expressed as

2 F  =  X ) Pr' Ŷi'  ̂ +  2  Y jP o r - y j i+ i  +  2  X  P n ^ y i j  Û+ 2  +  2  X  Pp'’-Tv7.+3
I i i i

+ X  “b 2 X  ( loRi,i+lRi-\- l, i-{-‘l4>i,i+l4>i+l,i+^

— 2 X  T  X  P c c i R ' y c c ) ' ,

® E q u a tio n  (22) on  p a g e  61 o f R eferen ce  8 is in co rrect in  th a t  th ere  is a s ig n  error. I t  o u g h t
to  read

„ r-23 — ri2 co s 02 ei2 X , cos 0a ê a X eaa
0(2  = : ' : r . , .

T23 ri2 s in  02 s in  02 - (23 s in  03 s in  03

T h is  error w as n o te d  an d  th e  correct form u la  d ed u ced  b y  D r . R  B . G raven or an d  b y  th e
p r e se n t  a u th o r  in d e p e n d e n tly .
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TABLE I
A d o p t e d  F o r c e  C o n s t a n t s  i n  U n i t s  o p  10” *̂ D y n e

C m / R A D I A N ^

P/.2 =  4 - 3 .1 5 =  4 - 0 .5 7
por^ =  4 - 0 .1 3 qji^ =  - 0 . 2 0
Pmt'^ =  - 0 . 2 4 iarR =  -F 0 .2 1
Pp>'̂ =  - 0 . 1 9 =  4 - 3 .1 5

w here the sum m ations are taken over all possible interactions w hether in the  
sam e ring or not, except in that, follow ing Scully and W hiffen’s procedure for 
naphthalene, pp is defined on ly  for both substituents in the one ring. T he valu es  
of the force constants in dyne cm /radian- were transferred directly  from  benzene 
except for Pec . In  the latter case it w as assum ed th a t PccR^ =  P P .  T he values  
are g iven  in T able I.

T h e frequencies com puted for azulene, d .( l)a z u le n e , de(2, 4, 5, 6 , 7, 8 ) azulene 
and ds azulene are given  in T able II , and the vibrational distortions are depicted  
in Fig. 2 for the do and ds system s. T h e distortions are given  as [10'’̂ V( ,
where the Y  m atrix is norm alized to  u n ity , V{ is the fth  vibrational frequency  
in cm~^ and M j  is the m ass in atom ic units corresponding to the j th  coordinate.

III. FAR IN FR A R ED  SPECTRUM

A n investigation  of the far infrared spectrum  of azulene carried out b y  the  
author prior to the publication  of van  T ets  and G unthard affords excellent 
confirm ation of the low -frequency spectra reported in th e latter work. T he  
m easurem ents were m ade on an evacuatab le grating spectrograph built in th e  
departm ent— the design of w hich has been reported elsewhere (1 0 ) .  T he spectral 
slit w idths used were of the order of 1.5 cm “ h B ands were observed in benzene 
solution  at 402 cm “  ̂ (m ), 331.5 cm~^ (m ) , 311.2 cm “  ̂ (v s .) ,  and 162 cm “  ̂ ( s ) .

IV. VIBRATIONAL ASSIGNM ENTS

T h e excellent infrared data  of H u nt and R oss (1 )  and of van  T ets  
and G unthard (2 )  (hereafter referred to as H  & R , and T  & G, respectively) of 
crystals and solutions of azulene and the deuterium  isotopic system s has allowed  
virtu ally  all th e absorption bands to be assigned to their appropriate sym m etry  
classes. H ow ever in ten sity  data alone do not suffice to choose the fundam entals  
since, as is well known, the local sym m etry  of a norm al mode, even  when infrared  
absorption is allow ed, m ay give rise to a sm all dipole gradient and, hence, low  
in tensity . H  & R  and T  & G are unanim ous in their choice of the follow ing  
fundam entals as 6 2  fundam entals: 960, 946, 764, 721, and 165 cm “ \  T h e present 
experim ental data and that of T  & G leave no doubt th a t the frequency 311 
cm “  ̂ has to be added to th is list.

T h e absence of several bands in  the solution  spectrum  w hile th ey  appear w ith
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TABLE II
C o m p a r i s o n  o p  C a l c u l a t e d  a n d  A s s i g n e d  F r e q u e n c i e s

do di

Calc.

de dg

Calc. Assigned Calc. Assigned Calc. Assigned

bi Class
1028 c. 1000 1020 957 c. 957 919 c. 920
982 960 960 927 890 798 833
958 946 914 808 840 770 798
791 764 741 663 081 611 612
735 721 690 627 610 556
681 664 670 539 537 538
515 c. 492 481 490 c. 477 463 c. 470
272 311 269 245 c. 275 239 272
161 165 156 155 c. 155 147 c. 145

02 Class
994 c. 1000 994 853 (844) 853 844
931 908 931 734 733 734 (733)
863 795 863 089 706 689 707
547 531 547 474 474
323 323 295 295
163 163 146 146

m oderate strength  in the crystal spectrum  is indicative of sym m etry. T he  
valu e of such data  has been dem onstrated recently for napht halene by Chantry, 
Anderson, and G ebbie (6 ) .  Bands at 908, 795, and 531 cm“  ̂ assigned on this  
basis to the ao class are confirm ed as such b y  the present calculations, but there 
is no place for the 744-cm~^ band w hich in any case is quite weak.

T h e agreem ent betw een the calculated and the above assigned frequencies is 
very satisfactory. T h is encourages a reliance on the calculations for locating the  
other fundam entals. T he calculations show that one 6 iTch band has yet to be 
located  in the range 1000-900 cm  \  T  & G and H  & R  place this fundam ental 
near 700 cm"' w hich is clearly far too low. Polarization data give little  help in  
locating a third hi fundam ental in the range 1000-900 cm"'. An analysis of the  
com bination bands betw een  2000 and 1900 cm"' w ill be shown to suggest that  
th is fundam ental is near 1000 cm"'. T h e tw o highest hi ring deform ations have 
y et to be located. H  & R  place these at 707 and 664 cm"'— both corresponding 
to w eak bands. T  & G prefer very low  freipiencies, nam ely, 333, 319, 180, and  
170 cm"' to th e four tw isting  modes. There seem s little  doubt that the bands at 
180 and 170 cm"' arise from  a crystal sp litting of the low  pure skeletal m ode and  
m ust be considered as due to one fundam ental. On the basis of the calculations 
the m odes should have frequencies close to  680 and 520 cm  '. T hese frequencies 
are also in better accord w ith  the corresponding benzene frequencies, 705 (&2 f/) 
and 405 (e„) cm"'— and in naphthalene the range of the analogous tw isting
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m odes is 770-385  cm"'. T h is leads the author to the belief that the w eak bands 
at 664 and 473 cm"' chosen b y  H  & R  as arising from the skeletal deform ations 
are at least close in frequency to the correct assignm ents. T h e latter frequency  
has been sligh tly  m odified using the data of T  & G to raise th is frequency above  
its di counterpart.

In  the class the highest yea  frequency is required. T h e sum m ation  bands 
unam biguously locate th is at about 1000 cm"'. N o  observed crystal band can  
be identified w ith  this m ode. T he present evidence does not perm it the low est 
tw o Ü2 fundam entals to be assigned frequencies.

Oft . 4 3 f  °  10  - 0 3  4-4

2-6 0-9 I 0-1-0-4 0 0  CW I 0 0  00  qo OO I 1 0 -6 3

- V f ' :
i> 1 0 2 8 c m “ ' V 9 9 4 c m - '  v ÇQ 2 c m - '

^6-0 1-3 J o -D 2  05  00 OO I 00 00 00 0-0 • 00  00

■ V f :  - o > f
9 5 0  cm -' ■'*- 931 c m - '  ’'= 0 6 3 c m “ '

-2-4 0-2 I 10-6-4 73 01 I 0 2 -17  -0 -6 -1 3  1 0 0 -0 0

- 0 8 _ q3 - 5 2  2-6 ^2 61 DO

—791 cm"' = 7 3 5  cm " ' "V=601 cm "'

- 3 0  - 0 6  - 0 1  00 25 - 4 3  15 - z o

00 00 I 00  00 03  DI - ? 4  } ^ 2 - 4  8  DO 0 0 I DO DO

3 °  - 4 4  , - 0 1  00  35  4 3 40
5 4 7 c m “ i'= 5 1 5 c m '' = 3 2 3  cm"'

24 “  10 -67  - I f  6 0  35

o r  2 2 4 - ° t ,  .  Y 7-3^

24 60  18 s s  - 2 6
■y = 2 7 2 c m “ ' » '= 1 6 3 c m -' T = 160 cm

F i g . 2. (a) Normal coordinates of azulene. (b) Normal coordinates of dg azulene
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- 1 6  - 0 3  24 °® 06 2-4 _^g

11 15 I -p -2  04 00 00 I 00 00 -3-1 13 1 -0 9  22

- f f : '
v =  919 cm -' v= 8 5 3 cm ~ ' v= 7 9 8 cm -'

-  01 25 -0 9  44 29 n.i

- 1 6  05 1-5-37 0 0 00 I 00 00 00 00 I 00 00
- ai=,o/  ̂ - 10 '  -0 3 ^ ( j f '° ' '- i .5 ' '  os-iaV-^-'o/
-0-1 .̂6 ° ^ - 0 6  - 2 9  _34 -0 1

_  7 7 0 c m  v = 7 3 4 c m “ ' v = 6 8 9 cm ~ '

' o V ° v ° \
-2 3  05 I 13-41 f 03-11 11 -14 I 04-41

- h f V  ::.■  » : f f

V =611 cm -' v =  5 5 6 c m '' 537cm -'

- 2 2  - 0 2  05 32 3.9 -1-9
- 1 8 " ° \  ~01

00  00 I 00 00 0-3 00 • - 1 0 - 5 2  00  00 I 00 00

2-2 - 4.6 ° :  0-5 0 "  “
v= 474 cm ~ ' ^ =  463 cm -' v =  295cm "'

25 09 -1 6  ii - 2 3  -5 6  60

Oô'" " T  '^ 2 5 " ° \  /21"
- 35-12 I 05 30 -6-3-2-9 I -2-3-55 o-O 00  - j e  00 00

V l ~ o . / ' - ' 3 - V
25 5,.; 09 -1 6  36 -2 0  56 t3

v=  239 cm "' ■u = 14-7cm"' u = l4 6 c m " '

V. SUMMATION BANDS

It is well know n that arom atic system s show  a series of strong com bination  
bands in the range 2 0 0 0  to  1 0 0 0  cm"' w hich arise from  com bination transitions 
in volvin g the out-of-p lane C H  deform ations (11, 12).  T hese have been shown to  
be very  useful in identify ing uncertain 7 ch frequencies (e .g ., see Reference 5 ) .  
T h e observed bands of azulene in this region are no exception to the general 
rule. T h e situ ation  is further im proved b y  the identification of the overall sym -
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TABLE III
OBSERVED A b s o r p t i o n  B a n d s  b e t w e e n  2 0 00  a n d  1600  cm ~* a n d  A s s i g n m e n t s

H  & R  
V a p or  C rysta l

T  & G  
C r y sta l S o ln . S y m m e tr y A ssig n m en t

dj A z u le n e
19 70  (1 ) 1970  (2 ) 1959  m 1968  m (1 0 0 0 ) -h  9 63  {ho)

1 9 48  m cu (1 0 0 0 ) -h  9 5 2  (a i )
1 935  (1 ) 1 9 35  (2 ) 1 9 26  m 1 9 30  m o i o r  hi 2  X  963  (o i)

1907  v w 1908  m Oi (1 0 0 0 ) -E 9 0 8 , 9 5 2  -E 9 6 3 ;
2  X  9 5 2  (a ,)

1 8 84  v w 1889  w 9 0 8  +  9 63  (a i )
1865  (1 ) 1 8 64  v w 18 58  w hi 9 0 8  E  9 5 2  (6 2 )

18 25  (2 ) 18 15  (1) 1 8 15  w 1 8 20  s a i 2 X  9 0 8  (o i)
n .o . 1799  w ill o r  hi ( 1 0 0 0 ) -E 7 9 5 , 2  X  9 00  (m )

e t c .
1697  w 16 94  m Oi o r  &2 7 6 5  E  9 52  (a i )
n .o . 16 70  w ai o r  6 2 9 0 8  -E 7 0 5  {ho)

7 6 5  +  900  (a i )

C rysta l Soln . S y m m e tr y A ssign m en t

da A z u le n e
n .o . 17 95  m a i (9 5 7 ) E  8 4 0  (a i )
1 7 45  v w 1 7 35  m ai 8 9 0  E  8 40  {(ti)
1671  m 16 62  m 6 2 957  E  7 0 6  {ho)
1 640  w 1 6 35  v w
1619  m 1619  w h2 8 9 0  E  733  (6 2 )

16 06  m ai
1590  m 1580  s ai 8 4 4  E  7 3 3  (a i )

da A z u le n e
1799  w ai

17 18  v w 1719  m ai (9 2 0 ) E  7 9 8  (a i )
1667  w 16 58  v w ho (9 2 0 ) E  733  (6 2 )
1626  w 1 6 22  w (9 2 0 ) +  7 0 7  {hi)

m etiy  of the transitions in volved  in m any cases b y crystal studies. U sing the  
assignm ents w hich are unam biguous on ly  tw o m oderately strong bands, those  
at 1968 and 1948 cm"', rem ain unexplained in the spectrum  (see T ab le I I I ) .  
T hese strongly suggest th a t the h ighest t c h  frequency of the Og class is approxi
m ately  1000 cm"'. T h is forms the basis of the previous assignm ents of 1000 cm"' 
to the highest % m ode. I t  appears from  the calculations th a t the highest bi 
m ode ought to appear at about either 1000 cm"' or 920 cm"' depending on the  
correlation of the tw o assigned bands w ith  the calcu lated  frequencies. T he form er 
w ould explain the solu tion  band at 1948 cm"'. T h is value is m ade v irtually  
certain b y  an analysis of the com bination  bands of the deuterated  species. In
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ck azulene and in azulene the strongest bands in the region 2000-1600  cm~^ are 
fli typ e  at 1719 and 1795 c m ~ \ respectively. T hese frequencies are too high to  arise 
from  Ü2 m odes and n ecessitate the assignm ent of the highest bg fundam entals at 
frequencies alm ost exactly  equal to the calculated. Furtherm ore the m odes in 
volved  should have considerable in tensity  on the criterion that the principal 
d isplacem ents arise from the sam e atom s in  each case (1 3 ). T he resulting pattern  
of agreem ent betw een  calculated and observed frequencies for d& and d» shows  
th a t the do frequency m ust lie near 1000 cm “\  In  none of the spectra can th is  
fundam ental transition  be observed. A n exam ination  of the m ode depicted in 
Fig. 2  show s an alternating sequence in the phases of the C H  deform ations which  
gives rise to a pseudo centro-sym m etric m ode. T his is likely  to be of low in 
ten sity  b y  com parison w ith  its inactive benzene counterpart.

VI. THE SPECTRA OF d ,  AND d, AZULENES

T h e bulk of the assignm ents in T able II  for the hi species require no further 
com m ent. In  several cases van  T ets  and G unthard note sp litting of bands into  
tw o com ponents, one com ponent being polarized parallel to the a axis, and the  
second to the h axis. T h ey  generally assign these to tw o bands. H ow ever such  
sp littin gs— especially  where high dichroic ratios are concerned— m ost likely  
arise from  coupling betw een  vibrations w ithin  the unit cell. Such coupling has 
been w ell established  in b iphenyl ( 1 4 )- T  & G n ote th at crystal sp litting  w ill 
give rise to such doublets.

In  the Ü2 class, as m ight be expected, the availab le experim ental evidence as 
to the frequencies for any one m olecular species is meager. H ow ever it is a sym 
m etry requirem ent that the G m atrix for the ag species should be invariant to  
the su bstituent at ring positions 1 and 5. T h is m eans th at for isotopic su b stitu 
tion  at these positions the ag frecpiencies m ust be identical. T his stringent re
quirem ent perm its the elim ination of m any spectral bands as possible ag funda
m entals in the do and dg spectra. W eak bands at 706 and 707 cm “  ̂ probably  
arise from  one fundam ental, and bands at 844 cm~^ in the ds spectra and 733  
cm~^ in the do spectra are further likely  candidates. In  the latter cases the cor
responding bands in the other species are probably overlaid b y stronger bands of 
other sym m etries.

T h e R ed lich -T eller product ratios are of little  interest since the calculated  
and assigned frequencies agree so well. D iscrepancies betw een the theoretical 
and observed ratios can be explained easily  in term s of phase sh ifts and anhar- 
m onicity  corrections. T h e observed ratio for ds to do species is 0.255 for the hi 
class com pared w ith  th e theoretical of 0.1986 if we take the m issing frequency  
as eciual to  the calculated. T he difference am ounts to 3%  for each frequency. 
For the do to  do the calculated ratio is 0.3718 and the observed ratio 0.399. It 
is to  be noted  that T  & G are in error in giv ing the theoretical ratio 0.265 for 
these latter species.
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TABLE IV
P otENTIAL E nergy D ist ribution FOR da Az ULBNE

Freq. 711 2ti2 2ti3 2714 715 2012 2023 ■ 2034 2043 2036 03» 27»

1028 0 0 26 49 16 0 0 0 5 4 0 0
994 0 1 32 54 0 0 0 0 9 3 0 0
982 37 35 1 0 0 23 4 0 0 0 0 0
958 0 0 38 3 40 0 0 4 3 12 0 0
931 0 71 2 1 0 13 12 0 0 0 0 0
803 0 0 59 27 0 0 0 7 0 6 0 0
791 41 39 0 2 3 0 13 0 0 1 0 0
735 3 3 16 41 20 0 1 7 1 9 0 0
681 0 0 8 2 40 0 0 1 27 20 0 1
547 0 5 7 7 0 0 0 18 31 5 2 25
515 16 31 0 0 0 38 6 2 0 0 0 5
323 0 6 0 1 0 7 15 0 3 4 2 62
272 3 0 6 1 1 0 6 8 13 21 0 40
163 0 0 0 0 0 3 29 12 9 9 22 16
160 1 3 6 1 1 0 0 62 0 3 0 22

VU. POTENTIAL ENERGY DISTRIBU TIO N

T h e p otentia l energy d istribution  (P .E .D .)  in a v ibration  i  is given  by  
l ÿ  l i k f j k .  In  an effort to classify the inodes according to typ e the contribu

tion  of the diagonal force constants to the P .E .D . has been evaluated  and tab u 
lated  in T able IV  for do azulene. T h e results are given in the form  U f  J j j  X  1 0 0 /  

l i k ~  f k k .  It is apparent, from the results that the eight h ighest frequency  
vibrations are alm ost pure CPI deform ations. E ven  so the tw o highest frequency  
hi skeletal m odes contain  a very  appreciable am ount of C— H  deform ation. 
T h e ttg skeletal m odes on the other hand are v irtually  pure. T h e results also show  
very  clearly that the deform ations for an y  particular v ibration  are localized in 
one of the rings.

V III. CONCLUSIONS

T h e good agreem ent betw een calcu lated  and observed frequencies shows 
that the azulene force field is not very  different from  that in benzene. T h is in 
itself is in teresting in view  of the pseudo-arom atic character of the m olecule. 
T h e localization  of vibrations in one or the other ring suggests th a t it m ight 
w ell be possible to treat polynuclear system s as conglom erates of m ononuclear 
system s w ith  su bstituents of particular m asses. T hus in th is case the ou t-of
p lane vibrations of azulene m ight be considered as arising from  1 , 2  di V  cyclo- 
heptatrienyl and 1 ,2  di X  cyclopentad ienyl radicals. T h e vibrations com m on  
to  the two groups w ould then  have to be averaged. T h is m ight prove to be a 
suit able approxim ation for the higher polynuclear system s.

T h e m ajority of the out-of-plane assignm ents now  seem  to  be satisfactory.
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One or tw o doubts as to exact frequencies rem ain in the feg classes— particularly  
for the tw o h ighest frequency ring m odes. T h e inactive ag ring m odes can not 
y e t be identified.
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The vibrational spectrum and geometrical configuration 
of decafiuorobiphenyl*

D .S te e le
R oyal H ollow ay College, Englefield Green, E gham , Surrey

T . R . N anney and E . R . Lippincott 
D epartm ent o f  C hem istry, U niversity  o f M aryland, College Park, M aryland

(R e c e iv e d  5 J u h j  1965)

Abstract— T he R am an and infrared spectra o f  decafluorobiphenyl in  solution and solidified  
m elt are reported. A  partial vibrational assignm ent is presented for th e  solution data assum ing  
Dg sym m etry.

I t  appears th at the m olecule is n ot planar in  solution, how ever a  comparison o f  solution and  
solidified m elt spectra indicates th a t th e  m olecules are aligned in  th e  crystal and favours a planar 
or near-planar structure in  th is phase. The vibrational frequencies show  h ttle  interaction betw een  
th e  vibrations in th e  tw o rings.

1. Introduction

The primary purpose of tliis investigation of decafluorobiphenyl was to obtain in
formation as to the relative conformations of the two rings. Also, it is of interest to 
know to what extent the vibrations of the pentafluorophenyl units couple.

In  b ip h en y l an d  in  p o ly p h en y ls  th e  in d iv id u a l arom atic  u n its  are cou p led  v e r y  
w e a k ly  w ith  th e  re su lt  th a t  th e  sp ectra  o f  th e  u n it s  are n ea r ly  a d d it iv e  [ 1 , 2 ]. T h is  
s itu a tio n  con sid erab ly  fa c ilita te s  th e  a n a ly s is  o f  th e  sp ectra , b u t  i t  p rev en ts  u n e q u iv 
oca l d ed u ctio n s  b e in g  m a d e  a s  t o  th e  r e la tiv e  con form ation s o f  th e  r in gs. I t  is  
co n ce iv a b le  th a t  in tro d u ctio n  o f  fluorine in to  th e  rin gs w ill a lter  th is  s itu a tio n  on  tw o  
grou n d s. T h e in creased  m a ss o f  th e  su b st itu e n ts  w ill con sid erab ly  in crease th e  
k in e tic  m ix in g  o f  th e  v ib ra tio n a l m o d es, an d  th e  in creased  d im en sion s o f  th e  su b 
s t itu e n ts  w ill in tro d u ce  ster ic  in te ra c tio n  b e tw e en  th e  rings. A  con seq u en ce o f  th e  
form er in  h exa flu orob en zen e w a s th e  in creased  im p o rta n ce  o f  C X  in tera c tio n s  w ith  
th e  ring  m od es. I n  b en zen e  th e se  h ite ra c tio n s  are a ssu m ed  to  b e  o f  sm all m a g n itu d e , 
b u t  th is  a ssu m p tio n  is  n o t  p erm iss ib le  for CgE@ i f  agreem en t b e tw e en  ca lcu la ted  an d  
o b serv ed  freq u en cies  is  d esired  [3].

T h e con form ation  o f  th e  p h e n y l rin gs o f  flu orob ip h en yls h as b een  th e  su b jec t  o f  
con sid erab le research . E lec tr o n  d iffraction  [4], u ltr a v io le t  sp ectra  [5] an d  d ip o le

* This work w as supported in  part b y  a M aterials Science Program from  th e  A dvanced  
R esearch P rojects A gency, D epartm ent o f  D efense and a grant from  th e U .S . A tom ic E nergy  
Commission.
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m o m e n t [ 6 ] stu d ie s  for 2 , 2 '-d iflu orob ip h en yl h a v e  b een  in terp re ted  b y  a ssu m in g  th a t  
th e  in terp lan ar a n g le  is  n ear 60° w ith  th e  fluorin e a to m s in  a  “ c is ” con figu ration . 
M ore rece n tly , th e  o b serv ed  ch em ica l sh ifts  o f  in  th e  n .m .r . sp ectru m  o f  d ecaflu oro
b ip h en y l h a v e  b een  u sed  to  e s t im a te  i t s  in terp lan ar  an g le  [7].

2. Experimental

A  sam p le o f  d ecaflu orob ip h en yl w as o b ta in ed  from  Im p e r ia l S m eltin g  C orporation  
an d  w as recry sta llized  tw ic e  from  b en zen e  b efore u se . A  g a s  ch rom atogram  o f  th e  
com p ou n d  a fter  recry sta lliza tio n  g a v e  n o  in d ica tio n  o f  im p u ritie s . T h e rep orted  in fra 
red  sp ec tra  w ere o b ta in ed  w ith  a P e r k in -E lm e r  421 eq u ip p ed  w ith  an  a ccesso ry  2 0 0 0 -  
2 0 0  cm ~ i in terch an ge. In frared  sp ec tra  w ere o b ta in ed  for CSg an d  CCI4  so lu tio n s , 
m e lt  an d  a  soh d ified  m e lt  b e tw e e n  N aC l an d  C sB r w in d ow s. T h e rep orted  R a m a n  
sp ec tra  w ere o b ta in ed  w ith  a C ary 81 sp ec tro p h o to m eter . R a m a n  sp ec tr a  w ere  
o b ta in ed  for CSg an d  CCI4  so lu tio n s  an d  for a  so lid ified  m e lt  p rep ared  b y  a llo w in g  1  

m l o f  m e lt  a p p r o x im a te ly  tw o  d egrees a b o v e  i t s  m e ltin g  p o in t  to  coo l in  a  7 m m  
R a m a n  tu b e  over  a  tw o  h our period . A ll d a ta  are lis te d  in  T ab le  1, an d  rep r esen ta tiv e  
sp ec tra  are g iv e n  in  E ig . 1  an d  2 ,

A n  in d ep en d en t s tu d y  b y  on e o f  u s*  u s in g  a  d h le re n t sam p le  o f  C4 2 E 4 Q, a  U n ica m  
S P  1 0 0  w ith  130 gra tin g  a ccessories an d  a far in frared  g ra tm g  sp ec tro p h o to m eter  o f  
sp ecia l d es ig n  [ 8 ] con firm ed  all th e  m a in  fea tu res  o f  th e  infrared  sp ec tra  rep orted  in  
th is  w ork . I n  b o th  in frared  s tu d ie s  large d ecreases in  in te n s ity  w ere o b serv ed  for  
som e lin es u p on  g o in g  from  so lu tio n  to  so lid ified  m e lt . U s in g  a  s e t  o f  d a ta  o b ta in ed  
w ith  th e  U n ica m  th e  ra tio s  o f  in te n s it ie s  ( in te n s ity  so lu t io n /m te n s ity  crysta l) w ere  
m easu red  a b o v e  500 cm~^ ta k h ig  th e  ra tio  o f  in te n s it ie s  for th e  1372 cm~^ lin e  as  
u n ity . M ost o f  th e  a b sorp tion  b a n d s h a v e  th e  sam e r e la t iv e  in te n s it ie s  in  so lu tio n  
a n d  so lid ified  m e lt , b u t  a  n u m b er o f  b a n d s h a v e  ra tio s  in  th e  ran ge from  3 to  2 1 . A ll 
b a n d s sh ow in g  th e se  large in te n s ity  ch an ges are m ark ed  w ith  “I ” in  T a b le  1. T h e  
R a m a n  sp ectru m  o f  C1 2 F 4 0  in  CCI4  w a s  a lso  o b ta in ed  in  th e  in d e p e n d en t s tu d y  u sin g  
a C ary W h ite  sp ectro m eter .

3. Theory and R esults

S p ectra l ev id e n c e  in d ica tes  th a t  h ex a flu o ro b en zen e  is  p lan ar [9], a n d  th erefore, 
i t  ap pears sa fe to  a ssu m e th a t  th e  p en ta flu o ro p h en y l u n its  are p lanar. A  fu rth er  
assu m p tio n  w h ich  w ill b e  m a d e is  th a t  th e  p h e n y l u n its  are colinear. B a se d  o n  th e se  
a ssu m p tio n s th r ee  stru ctu res are p o ssib le .

3.1 A  p lanar sy s te m  o f  sy m m e tr y . T h e re p r esen ta tio n  o f  th e  m o d es  is  th e n  

1 1  (R ) +  (R ) +  65gg (R ) -j- 1 0 6 3  ̂ (R ) -f- 4a„ (i.a .)
+  106i„ (i.r .) +  1 0 6 2 „(i.r.) +  6 6 g„ (i.r .)

T h e  a c t iv it ie s  o f  th e  tra n sit io n s  are sh ow n  in  p a ren th eses. F o r  th is  rep resen ta 
tio n  as w ell a s  th o se  th a t  fo llow , th e  reco m m en d a tio n s  o f  M u llik en  [ 1 0 ] h a v e

* D . S t e e l e .
[ 6 ] A . C. L i t t l e j o h n  a n d  J .  W . S m it h ,  J .  Chem. Soc. 2 5 5 2  ( 1 9 5 4 ) .
[ 7 ]  N .  B o d e n ,  j .  W . E m s l e y ,  J .  F e e n e y  a n d  L . H .  S u t c l i f f e ,  M ol. Phys. 8, 4 6 7  ( 1 9 6 4 ) .
[8 ]  P .  J .  H e n d r a ,  R . D .  G . L a n e  a n d  B . S m e t h u r s t ,  J .  Sci. Instr.  40, 4 5 7  ( 1 9 6 3 ) .
[9 ]  D .  S t e e l e  a n d  D .  H . W h i f f e n ,  Trans. Faraday Soc. 55, 3 6 9  ( 1 9 5 9 ) .

[ 1 0 ]  R .  M u l l i k e n ,  J .  Chem. Phys. 2 3 ,  1 9 9 7  ( 1 9 5 5 ) .
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b een  a d o p ted  in  se lec tin g  m olecu lar a x es . T h e z-ax is is  co linear w ith  th e  p h e n y l-  
p h e n y l b on d . F o r  th e  p lan ar case  th e  a^-axis b ise c ts  th e  p h e n y l-p h e n y l b o n d  an d  
is  p erp en d icu lar to  th e  p la n e  o f  th e  m o lecu le .

3 .2  A  sy m m etr ic  ro tor  stru ctu re o f  sy m m e tr y . T h e a sso c ia ted  v ib ra tio n a l 
rep resen ta tio n  is

1 1 ( ^ 1  (It) -f- 3Ug (i.a .) -p 4 & 1  (It) -j- 1 0 & 2  (It,i.r .) -}- 166 (It,i.r .)

3 .3  A  D g stru ctu re  in  w h ich  th e  a n g le  b e tw e e n  th e  p la n es o f  th e  rings is  b etw e en  0  

an d  7 t / 2 . T h e  corresp on d in g  rep resen ta tio n  is

15a (R ) +  13&1 (R ,i.r .)  +  16&2 (R ,i.r .) - f  166g (R ,i.r .)

F o r  th e  stru ctu re  th e  fu n d a m en ta l v ib ra tio n s  are forb id d en  to  g iv e  rise  
s im u lta n eo u s ly  to  in frared  an d  R a m a n  lin es . F o r  C^gFiq tw e lv e  o f  tw e n ty -th re e  o b 
serv ed  R a m a n  lin es  in  so lu tio n  ap pear to  b e  co in c id en t w ith  in frared  lin es. F o r  m a n y  
m olecu les  th e se  co in c id en ces w o u ld  b e  su ffic ien t grou n d s for re jectin g  th e  m od el, 
b u t  in  th e  case o f  sy m m e tr ic a lly  su b st itu te d  b ip h en y ls  m a n y  a cc id en ta l co in cid en ces  
are e x p ec ted . I n  th is  regard  i t  m a y  b e  n o te d  th a t  in  th e  cases o f  b ip h en y l an d  
d eca d eu tero b ip h en y l [ 1 1 ] n in e te e n  o f  a  to ta l  o f  f ifty  an d  tw e n ty -fiv e  o f  a  to ta l  o f  
fo r ty -se v e n , r e sp ec tiv e ly , o f  th e  o b serv ed  R a m a n  lin es appear to  b e  co in c id en t w ith  
in frared  Ihies. Y e t  for b o th  o f  th e se  com p ou n d s th e  ob served  freq u en cies w ere  
su cc essfu lly  a ssig n ed  a ssu m in g  a  m o d e l, a lth o u g h  th e  fina l a ssig n m en t w a s on e  
b a sed  e s se n tia lly  o n  sy m m e tr y . A d d itio n a l sp ectra l ev id en ce  for th e  m o d e l 
for CigHig an d  C^gD^g w a s fu rn ish ed  su b se q u e n tly  b y  a  s tu d y  o f  th e  cry sta l sp ectru m
[ I ]. I n  v ie w  o f  th e se  p o in ts  i t  ap p ears th a t  th e  m a in  ev id en ce  for  th e  con form ation  
in  so lu tio n  o f  th e  p en ta flu o ro p h en y l u n its  o f  C^gF^g m u st  arise from  th e  a b ility  o f  th e  
v a r io u s  m o d e ls  to  p ro v id e  an  a d eq u a te  ex p la n a tio n  for th e  ob served  frequ en cies.

F o r  th e  tlrree p rop osed  m o d e ls  a  reason ab le  a ssig n m en t o f  th e  ob served  lin es  is  
m o st e a s ily  m a d e  o n  th e  b a sis  o f  a  Dg m od el. Y T iile th e  D^a m od el is n o t  co m p le te ly  
e lim in a ted  b y  th e  a v a ila b le  d a ta , th e  c o m p le x ity  o f  th e  in frared  sp ectru m  m ak es th e  
a ss ig n m en t d ifficu lt an d  is  s tron g  ev id e n c e  a g a in st  th e  m od el. A ss ig n m e n t o f  th e  
co in c id en t fin es b e lo w  1 0 0 0  cm~^ is  con sid erab ly  easier  u s in g  th e  jDg m od el th a n  w ith  
th e  Dg,  ̂m o d e l. H o w ev e r  th e  p a tte r n  o f  co in c id en ces is  su ch  th a t  m od es ex p e c te d  to  
b e  in frared  (or R a m a n  a c tiv e )  on  th e  b a sis  o f  sy m m e tr y  appear b u t  w e a k ly  in  th e  
R a m a n  e ffec t (or in frared  ab sorp tion ). T h is w o u ld  su g g est  th a t  th e  stru ctu ra l 
d e v ia t io n  from  p la n a r ity  w a s n o t  a s  grea t as su g g ested  b y  th e  n .m .r . re su lts . E v e n  
so  i t  is  su rp rising  th a t  th e  R a m a n  in te n s ity  o f  th e  CF m o d es is  so  lo w . W e  in terp re t  
th e se  p o in ts  as s tron g  su p p ort fo r  th e  con clu sion  o f  B o d e n  [T JthatC jgF igis n on -p lan ar  
in  so lu tio n  b u t  p ro b a b ly  w ith  a n  a z im u th a l an g le  b e tw e en  p en ta flu o ro p h en y l rings  
o f  le ss  th a n  th a t  su g g e ste d  (a p p ro x im a te ly  50°). C on seq u en tly , for th e  v ib ra tio n a l 
a ss ig n m en t o f  C^gF^g in  so lu tio n , th e  m olecu le  w ill b e  tre a te d  as h a v in g  X>g sy m m e tr y .

4 .  V zB R A T ID N A L  A SSIG N M E N T

A n  im p o r ta n t a n d  as y e t  u n e x p la m ed  fea tu re o f  th e  ob serv ed  m frared  sp ectra  o f  
CigFio is  th e  large d ecrease in  in te n s ity  ob served  for som e fines in  go in g  from  so lu tio n  
to  so lid ified  m e lt . T h e fo llo w in g  p o in ts  regard hig  th e se  ch an ges are p ertin en t.

[ I I ]  J .  E .  K a t o n  a n d  E .  R .  L i p p i n c o t t , S p e c tro c h im . A c ta  1 5 , 6 27  (1 9 5 9 ).
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(a) N o t  a ll th e  in frared  lin es  ch an ge in te n s ity  in  g o in g  from  so lu tio n  to  so lid . O rdin
a rily , th is  b eh a v io r  im p h es th e  ex is te n c e  o f  tw o  se ts  o f  tra n sitio n  m o m en ts  in  th e  
so lid  s ta te , on e s e t  p erp en d icu lar to  th e  su rface o f  th e  so lid  an d  th e  o th er  s e t  
p aralle l to  th e  surface.

(b) T h e m a g n itu d es  o f  th e  in te n s ity  ch an ges ap p ear to  b e  to o  grea t to  b e  ex p la in ed  
b y  ch an ges in  b a n d  sh ap e an d  cry sta l field  effec ts .

(c) T h e m a g n itu d es o f  th e  in te n s ity  ch an ges are o f  th e  order e x p e c te d  i f  n e igh b orin g  
m olecu les  in  th e  so lid  s ta te  are a lign ed  w ith  th e  a ffec ted  tr a n s it io n  m o m en ts  
p aralle l.

(d) C om parison  o f  th e  ob seiw ed  freq u en cies w ith  th o se  ca lcu la ted  for CgFgX^^ sy ste m s  
sh o w s th a t  a ll lin es  o f  w ea k en ed  in te n s it ie s  h a v e  freq u en cies w ith in  ran ges  
e x p e c te d  for 6 g m od es.

A ll th e se  p o m ts  can  b e  ex p la m ed  b y  a ssu m in g  th a t  h i th e  so lid  s ta te  C^gF^g is  
p lan ar w ith  sy m m e tr y  or n ea r ly  p lan ar w ith  sy m m e tr y  D^. T h e a v a ila b le  d a ta  
do n o t  a llo w  a n  u n eq u iv o ca l d ec ision  b e tw e en  th e se  m od els, b u t  in  e ith er  case  th e  
in te n s ity  ch an ges ob serv ed  for som e in frared  lin es  fa c il ita te s  th e  a ss ig n m en t o f  fu n 
d a m en ta ls . F o r  th e  Dg,, m o d e l o f  th e  so lid  a ll lin es  e x h ib it in g  large in te n s ity  ch an ges  
w ill b e  6 gu m od es. F o r  th e  Dg m o d e l th e se  h n es w ill b e  &g m od es, b u t  co m p lete  
ex c lu sio n  o f  co m cid en t R a m a n  fin es is  n o t  requ ired  as is  th e  case  for th e  Dg,, m od el.

A n o th er  tec h n iq u e  fre q u en tly  u se d  for th e  a ss ig n m en t o f  fu n d a m en ta ls  a ssu m es  
th e  Dg stru ctu re  o f  C^gF^g to  b e  d er iv ed  from  a  Dg,, stru ctu re . I f  t liis  a p p ro x im a tio n  
is  sa tis fa c to ry  as th e  d a ta  ap pear to  in d ica te , th e  r e la tiv e  in te n s it ie s  o f  th e  R a m a n  
an d  in frared  fin es o f  a  g iv e n  Dg m od e can  b e  p red ic ted . F o r  ex a m p le , m a n y  o f  th e  
6 3  m od es m a y  b e  con sid ered  to  b e  d er ived  from  6 3  ̂ m o d es. A ll su ch  m od es sh ou ld  
h a v e  R a m a n  fin es w h ich  are m ore in te n se  th a n  th e  corresp ond ing in frared  fines. A ll 
a ss ig n m en ts  are g iv e n  in  T a b le  2.

4.1 “ a ” class

O n th e  b a sis  o f  p o lar iza tion  d a ta  th e  R a m a n  fines a t  1659, 1534, 1474, 1302, 959, 
587 an d  510 cm~^ are im m e d ia te ly  a ssig n ed  to  th e  “ a ” c la ss. C oin cid en ces occur in  
th e  cases o f  th e  fines a t  1534 an d  587 cm~^. I t  w ill b e  a ssu m ed  th a t  th e se  co m cid en ces  
are a cc id en ta l, an d  w e  a n tic ip a te  a ssig n in g  th e  co in c id en t in frared  fin es a s  fu n d a 
m en ta ls  in  a n o th er  sy m m e tr y  c lass.

A  p o larized  R a m a n  fine is  ex p e c te d  b e tw e en  959 an d  1302 cm~^ a t  a p p r o x im a te ly  
1150 cm~^. T h e o n ly  R a m a n  Ihie in  th is  reg ion  is  th e  v er y , v e r y  w ea k  fine a t  1150  
cm~^ w h ich  is  te n ta t iv e ly  a ssig n ed  to  th is  m od e. D u e  to  th e  w ea k n ess  o f  th e  fine, 
p o lar iza tion  d a ta  cou ld  n o t  b e  o b ta m ed  for it .  I t  w ill a lso  b e  n ece ssa r y  to  a ssig n  th e  
co in c id en t in frared  fine a t  1154 cm~^ as a  fu n d a m en ta l o f  a n o th er  class.

T h e R a m a n  fine a t  363 cm~^ h as b een  a ssig n ed  to  th e  m od e w h ich  occurs a t  370  
c m - i  h i CgFg. N o t  o n ly  is  i t  th e  o n ly  fine in  th e  a n tic ip a te d  reg ion , b u t  i t  is  th e  o n ly  
R a m a n  fine b e tw e en  2 0 0  cm~^ a n d  500 cm~^ w h ich  is  n o t  k n o w n  to  b e  d ep o larized . 
F u rth erm ore, n o  co in c id en t in frared  fine is  ob served .

[12] D. A. L o n g  and  D. S t e e l e , Spectrochim. Acta  19, 1947 (1963).
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T a b le  2 . C o m p a r iso n  o f  f u n d a m e n ta l  fr e q u e n c ie s  fo r  C gFg, C gFgC l, C gF ^B r a n d  C^gFig
(c la ss if ie d  a s  fo r  D^h s tr u c tu r e )

Cg, class C e P ," '" C bF bCPS,!* ,7 class
^ 12^10

«  class D j j  classes

«1 1655 1643 1639 1661 1666 O'a biu
1630 1618 1516 1634 1630
1490 1448 1426 1474 1374
1323 1300 1291 1302 1164
1167 1102 1093 1162 1038
1011 882 834 960 —

640 589 583 687 Î
669 616 496 610 688
443 394 378 362 478
315 310 280 273 312
264 277 239 236 240

1655 1643 1639 1661 1650 hst ^2u
1530 1618 1516 1533 1615/1494

1253 1274 1268 1272 1294
1167 1153 1164 1092 1078
1011 1013/986 1007/979 1003 1010/981

691 717 714 678 728
443 441 440 440 471
315 310 310 344 344 or 313?
264 217 217 273 280
208 202 151 190 183

6a 714 717 714 663 678 bzff î*3u
695 ? Î Î 618

370 357 360 386 379
249 217 217 236 240

215 Î ? 187 183

125 116 114 156 ?

«2 695 Î ? Î ? bie °u
370 379 360 411 ?
125 116 114 166 ?

F o r  th e  m o d es w h ich  occur a t  315 an d  264  cm~^ in  CgFg n o  R a m a n  lin e s  w ere  
o b ser v ed  w h ich  co u ld  b e  d e fin ite ly  assign ed . E x c e p t  for th e  fa c t  th a t  th e y  are d e 
p o larized , th e  R a m a n  lin es  a t  273 an d  235 cm~^ ap pear to  b e  ex c e llen t ca n d id a tes  for  
a ss ig n m en t to  th e se  m od es. E x a m in a tio n  o f  th e  a ssig n m en ts o f  re la ted  CgFgX com 
p o u n d s rev ea ls  th a t  v ib ra tio n s  o f  o th er  sy m m e tr y  c la sses are a lso  ex p e c te d  to  occur  
in  th e se  reg ion s. S u ch  a cc id en ta l d egen eracies are lik e ly  to  m ak e th e  R a m a n  lin es  
ap p ear d ep o larized . F o r  th is  reason  a n d  b ecau se  no o th er R a m a n  Im es are ob serv ed  
h i th is  reg ion , th e  lin e s  a t  273 a n d  235 cm “  ̂ h a v e  b een  te n ta t iv e ly  a ssig n ed  to  th is  
c la ss .

N o  lin es  w ere o b serv ed  w liich  cou ld  b e  a ssig n ed  to  th e  rem ain in g  four m o d es o f  
th is  sy m m e tr y  c lass. T h ese  arise from  v ib ra tio n s w liich  w o u ld  b e  in a c t iv e  i f  th e  
sy m m e tr y  w ere D^^. F o r  Dg sy m m e tr y  i t  is  e x p ec ted  th a t  th e se  m od es w o u ld  s t ill  
b e  q u ite  w eak .

[1 3 ]  D .  A . L o n g  a n d  D .  S t e e l e ,  S p e c tr o c h im . A c ta  1 9 , 1 9 5 5  (1 9 6 3 ).
[1 4 ]  I .  H y a m s ,  P r iv a te  c o m m u n ic a tio n ,  1 9 6 5 . (T o  b e  p u b lis h e d  b y  I .  H y a m s .)
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4 .2  “ 6 3 ” class

In frared  lin es w liich  sh o w  a n  ap preciab le d ecrease in  in te n s ity  u p o n  g o in g  from  
so lu tio n  or m e lt  to  so lid  are ca n d id a tes  for a ss ig n m en t as 6 3  fu n d a m en ta ls . O n th e  
b a sis  o f  th e ir  m te n s ity  ch an ges th e  in frared  lin es  a t  1651, 1514/1494 , 1293, 1078, 
1010 /981 , 726, 470 an d  344  cm~^ are a ssign ed  to  th is  c lass. A s  th e se  lin es  are d erived  
from  th e  stro n g ly  in frared  a c t iv e  &2 „ m od es o f  th e  Dg,, m od el, th e y  sh o u ld  a lso  b e  
stron g . In d e ed , th e  lin es  a ssig n ed  on  th e  b a sis  o f  in te n s ity  ch an ges in c lu d e  th e  m o st  
in te n se  in frared  lin es  in  th e  so lu tio n  sp ectru m . O f th e  e ig h t lin es  a ssig n ed  so  far to  
th is  c la ss  n o n e h a s a  co in c id en t lin e  in  th e  R a m a n  sp ectru m  o f  th e  so lid  ; a n d  o n ly  
on e, th e  lin e  a t  470 cm~^, h as a  co in c id en t lin e  in  th e  so lu tio n  R a m a n  sp ectru m . T h is  
is  a d d itio n a l ev id e n c e  for  th e  p rop osed  m o d e l o f  th e  so lid . On th e  b a sis  o f  th e ir  
s tre n g th  an d  p o sit io n  th e  in frared  h n es a t  280 cm ~ i an d  183 cm “  ̂h a v e  b een  a ssig n ed  
to  th e  m od es d er ived  from  th e  264  an d  208 cm~^ lin e s  o f  CgFg.

T h e rem ain in g  m od es o f  th is  sy m m e tr y  c la ss  are d er iv ed  from  m od es w h ich  are 
R a m a n  a c t iv e  in  th e  Dg,, m od el. C on seq u en tly , w h en ev er  sev era l lin es  ap p eared  to  
b e  su ita b le  for a ss ig n m en t to  a  g iv e n  m od e , th e  lin e  w a s se lec te d  for w h ich  th e  
R a m a n  lin e  w a s  stron ger th a n  it s  co in c id en t in frared  fine. U s in g  t liis  cr iterion  an d  
a  com p arison  w ith  CgFgX com p ou n d s, h n e s  a t  653, 386 , 235 , 187 an d  156 cm~^ h a v e  
b een  a ssig n ed  a s  6 g m od es.

4 .3  “ 6 1 ” class

T h e five  m od es o f  h ig h e st  freq u en cy  o f  th e  c la ss  are d er iv ed  from  in frared  a c t iv e
m od es o f  th e  Dg,, m od el. I f  th e  orig in  o f  th e  corresp ond ing  m o d es o f  th e  sy m 

m e tr y  c la ss  is  con sid ered , th e y  are fo u n d  to  b e  d eriv ed  from  R a m a n  a c t iv e  ĥ g m od es. 
T h ese  o b serv a tio n s in d ica te  th a t  th e  m o d es sh o u ld  b e  stron ger h i th e  in frared  th a n  
th e  6 3  m o d es. T h e fiv e  stro n g est  u n a ss ig n ed  in frared  h n es a b o v e  1000 cm “  ̂occur a t  
1656, 1530, 1372, 1154 an d  1038 cm~^ an d  h a v e  b een  a ss ig n e d  to  th e  c la ss . T h e  
v a lu e s  o b serv ed  for th e  la tte r  tlir ee  lin es  ap pear lo w  r e la tiv e  to  th e  corresp ond ing  
m o d es o f  CgFgCl. T h is m a y  b e  d u e  to  th e  rem ova l o f  th e  CgFg— X  stre tc h in g  m o d e  
from  th is  c lass. A  sh ou ld er a t  1474 cm~^ in d ic a t iv e  o f  a  lin e  o f  m o d e ra te ly  stron g  
in te n s ity  w as ob serv ed  in  sev era l sp ectra . T h is  lin e  is  an  e x c e lle n t  ca n d id a te  for th e  
fu n d a m en ta l w h ich  w a s t e n ta t iv e ly  a ss ig n e d  to  th e  1372 cm~^ lin e . D u e  to  th e  
q u estio n a b le  r e a lity  o f  th e  sh ou ld er an d  to  th e  p o ss ib ility  o f  th is  b e in g  a  com b in ation  
m o d e in  reson an ce  w ith  th e  fu n d a m en ta l n ear 1500 em~^ th e  form er a ss ig n m en t is  
preferred.

T h e in frared  lin es  a t  411 an d  387 cm ~ i are o f  a lm o st eq u a l in te n s ity  a n d  b o th  
ap pear to  b e  reason ab le  for a ss ig n m en t to  th e  sh g h tly  m a ss se n s it iv e  443 cm “  ̂ m od e  
o f  CgFg w h ich  fa lls  to  a  v a lu e  o f  378 cm~^ in  CgFgBr. T h e  h u e  a t  387 cm “  ̂ h a s b een  
p r ev io u sly  a ssig n ed  to  th e  &g sy m m e tr y  c la ss , in d ica tin g  th a t  th e  411 cm~^ lin e  is  to  
b e  a ssig n ed  to  th is  e lass. T h e in te n s itie s  o f  th e  co in c id en t R a m a n  lin e s  are b o th  
c o n s is te n t w ith  th e se  a ssig n m en ts.

Infirared Im es a t  478 , 313 , 240  a n d  156 cm~^ h a v e  b e e n  a ss ig n e d  to  th e  re- 
m ain m g m od es ex p e c te d  b e lo w  500 em~^. T h ese  h n es are a ll o f  reason ab le  in te n s ity , 
a n d  n on e h as a  co in c id en t h n e  in  th e  so lu tio n  R a m a n  sp ectru m . N o  lin e  w a s o b serv ed  
w h ich  cou ld  b e  a ssig n ed  to  th e  m o d e d er iv ed  from  th e  595  cm~^ lin e  o f  CgFg.
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4 .4  “ 6 3 ” class

T h e tw o  h ig h e st  6 3  m o d es  are a ssu m ed  to  h e  h id d en  b y  th e  stron g  R a m a n  lin es  
o f  th e  a  c la ss  a t  1659 an d  1534 cm~^. T h e e x a c t  freq u en cies  are p ro b a b ly  c lo se  to  
th e se . T h e R a m a n  lin e  a t  1268 cm~^ is  a  p la u sib le  ch o ice  for th e  m o d e corresp on d in g  
to  th e  1253 cm"^ m od e o f  CgFg. A  R a m a n  lin e  a t  1340 is  a lso  a  p o ss ib ility  for th is  
m od e.

P rim a r ily  on  th e  b a sis  o f  th e ir  p o s it io n s , lin es  a t  1092, 1003, 678 a n d  618 cm~^ 
h a v e  b een  t e n ta t iv e ly  a ssig n ed  to  th e  n e x t  fou r m o d es o f  th e  6 3  c lass. W ith  th e  
ex e e p tio n  o f  th e  lin e  a t  1090 cm~^ th e se  a ss ig n m en ts  are c o n s is te n t w ith  th e  a n tie i-  
p a te d  stre n g th s  o f  th e  lin es  in  th e  in& ared  an d  R a m a n  sp ectru m . A lth o u g h  i t  is  
d eriv ed  from  a  R a m a n  a c t iv e  b̂ g m o d e , n o  R a m a n  h n e  is  co in c id en t w ith  th e  w ea k  
1090 cm ~ i in frared  lin e . C on seq u en tly , th is  a ss ig n m en t m u st  b e  con sid ered  sp ecu 
la t iv e .

T h e d ep o larized  R a m a n  h n e  a t  440 cm~^ h a s b een  a ssig n ed  to  th e  m a ss in se n s it iv e  
m o d e d erived  from  th e  443 cm~^ h n e  o f  CgFg. T h e  in frared  h n e a t  344 cm~"  ̂h a s  s e v 
eral sh ou ld ers o f  q u estio n a b le  r e a lity  in  th e  so lu tio n  sp ectru m . A lso , th e  freq u en cy  
o f  th is  h n e  sh ifts  from  344 to  336 cm~^ w h e n  th e  in te n s ity  o f  th e  h n e  d eereases in  
g o in g  from  so lu tio n  to  so lid . T h ese  p o in ts  m a y  b e  m terp re ted  b y  assu m in g  th e  h n e  
to  arise from  sev era l v ib ra tio n s . F o r  th e se  reason s th e  344 cm~^ h n e h a s b een  
a ss ig n e d  to  b o th  th e  6 3  a n d  b  ̂ s y m m e tr y  c la sses .

T h e  ca n d id a te  h n es for a ss ig n m en t to  th e  rem ain in g  lo w  freq u en cy  m od es o f  th is  
cla ss  h a v e  ah  b een  p rev io u s ly  a ssig n ed  to  o th er c la sses . I n  severa l cases th e  p rev iou s  
a ss ig n m en ts  w ere ra th er  arb itrary , b u t  th e  a ssig n m en t o f  th e se  h n e s  to  th is  c lass  
w o u ld  b e  eq u a lly  arb itrary . A  fin a l d ec is ion  as to  th e  proper c lass for a ss ig n m en t o f  
th e se  Im es w ill h a v e  to  a w a it fu rth er d a ta . A lth o u g h  th is  s itu a tio n  is  n o t  s a t is 
fa c to ry , i t  ap pears su perior to  th e  u n e x p la in e d  co in c id en ces w h ich  arise w h e n  th e  
freq u en cies are a ssig n ed  on  a  b a sis . W h ile  i t  is  tru e  th a t  arb itrary  a ssig n m en ts  
h a v e  b een  m a d e in  a ll Dg c la sses , th e  overa ll a ssig n m en t is  reason ab le  ; a n d  it  seem s  
p rob ab le  th a t  for C^gF^, in  so lu tio n  a d d itio n a l d a ta  w ill re su lt  o n ly  in  ch an ges o f  th e  
Dg a ss ig n m en t.

4 .5  C on sidera tion  o f  the m ode m ix in g

A s h a s a lrea d y  b een  n o te d  th e  b a n d  in te n s itie s  fo llo w  v e r y  m u ch  th e  p a tter n  
w h ich  m ig h t  b e  e x p e c te d  for a  p lan ar stru ctu re. T h is is  a sim ilar e ffec t to  th a t  in  
b ip h en y l. I t  is  ea sy  to  c la ss ify  th e  b a n d s accord in g  to  th e ir  “w o u ld  h a v e  b e e n ” 
cla sses . I n  th is  c la ssifica tion  th e  effec t o f  in tera c tio n  b e tw e e n  th e  rings is  m o st ea s ily  
seen  (T ab le 2 ). T h e g  an d  u  cou n terp arts h a v e  c lo se ly  sim ilar freq u en cies e x c e p t  in  
th e  ag c la sses . I n  th is  case th e  m ix in g  o f  th e  CgFg m od es w ith  th e  in ter-rm g  C— 0  
stre tch h ig  v ib ra tio n  occurs in  th e  gerad e c la ss  b u t  is  n o t  p o ssib le  h i th e  u ngerad e  
class. A s  a  re su lt  th e  m od es con verge on  th e  in ter-rin g  stre tch in g  freq u en cy  o f  
a b o u t 968 cm~^. T h u s ap art from  th is  ex p e c te d  m ix in g  w ith  th e  C— 0  m o d e  lit t le  
in tera c tio n  b etw e en  th e  rings can  b e  o b served . T h is o f  coui'se ex p la m s w h y  so  m a n y  
n ea r  co in c id en ces occur in  th e  sp ectra .
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The in-plane vibrations of azulene
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A bstract—The in-plane v ibrations of azulene have been com puted using tw o different force fields 
based on th e  benzene fields of Cb a w p g b d  et al. and  o f D u i n k e b  and  M i l l s . The agreem ent 
between th e  two sets of results and  obvious assignm ents is very satisfactory. A n alm ost com plete 
assignm ent o f azulene is presented based on th e  calculations and  previous experim ental data . 
The results o f calculations o f th e  frequencies o f per-deutero azulene are given b u t n o t discussed.

The v ib ra tio n a l sp ectru m  o f  azu len e  h as a ttr a c ted  con sid erab le  a t te n t io n  in  recen t  
y ea r s  as a  re su lt o f  it s  in terestin g  q u asi-arom atic  ch aracter an d  o f  it s  isom eric re la tio n :  
sh ip  w ith  n a p h th a len e . T h e in a b ility  to  w r ite  a  K e k u lé  ty p e  stru ctu re  for azu len e  
w ith  a  d ou b le  b o n d  b e tw e en  th e  rin gs su g g ests  th a t  th e  cen tra l b o n d  sh o u ld  h a v e  
sin g le  b o n d  ch aracter. X -r a y  a n a ly s is  sh ow s th a t  th e  b o n d  le n g th  is  1-48 A  a n d  th a t  
c o n se q u en tly  th e  b o n d  m u st in d eed  b e  con sid ered  as e s sen tia lly  a  s in g le  b o n d . On  
th e  o th er  h a n d  th e  p eriph eral co n ju g a ted  sy s te m  is  en d less an d  w o u ld  th erefore b e  
e x p e c te d  to  h a v e  som e arom atic  ch aracter. T h e p la n a r ity  o f  a zu len e an d  it s  ch em ica l 
b eh a v io u r  confirm  tliis .

T h e in fra-red  sp ectru m  h a s b een  th o r o u g h ly  in v e s t ig a te d  for b o th  so lu tio n  an d  
cry sta l p h ases [ 1 , 2 ] an d  th e  o u t-o f-p la n e  v ib ra tio n s  h a v e  b een  co m p u ted  u sin g  a  
b en zen e force field  [3]. U n t il  r e ce n tly  th e  R a m a n  sp ectru m  o f  azu len e w as u n o b ta in 
ab le  s in ce a zu len e is  v ir tu a lly  o p aq u e to  v is ib le  rad ia tion . T h e a d v e n t  o f  p ow erfu l 
sou rces o f  m o n o ch ro m a tic  lo n g  w a v e-le n g th  ra d ia tio n  [4] h a s r e ce n tly  p erm itted  i t s  
m ea su rem en t [5]. D e sp ite  th is  w ea lth  o f  d a ta  th e  a n a ly s is  o f  th e  sp ectra  is  s t ill far  
from  u n eq u iv o ca b le  d u e  to  th e  c o m p le x ity  o f  th e  sy stem . A s a  fu rth er a id  to  th is  
p rob lem , an d  to  en d eavou r to  a n a ly se  to  w h a t  e x te n t  th e  v ib ra tio n s  w ere arom atic  
in  ch aracter, th e  in -p la n e  v ib ra tio n a l freq u en cies a n d  m od es h a v e  b een  co m p u ted  
u sin g  tw o  d ifferen t force fields. T h ese force field s are b a sed  on  tw o  d ifferen t fields  
for b en zen e .

1. Computations

T h e p rocedu re a d o p ted  w a s to  d eterm in e th e  e ig en v a lu es an d  eig en v ecto rs o f  th e  
m a tr ix  D + F D  w here D D +  =  G, th e  in verse  k in e tic  en erg y  m a tr ix , an d  F  is  th e  fo rc e  
co n s ta n t  m a tr ix , b o th  d efined  for in tern a l co -ord in ates. D  is ev a lu a ted  as B  . 
w h ere B  is  th e  tra n sfo rm a tio n  m a tr ix  b e tw e en  in tern a l an d  cartesian  co -ord in a tes

[1] G. R . H u n t  and  I. G. R oss, J .  M ol. Spectry 3, 604 (1959).
[2] A. VAN T e t s  an d  H s. H . G ü n t h a b d , Spectrochim. Acta  19, 1495 (1963).
[3] D. S t e e l e , J .  M ol. Spectry 15, 333 (1965).
[4] F . X . P o w e l l , E . R . L ip p in c o t t  and  D. S t e e l e , Spectrochim. Acta  17, 880 (1961); F . X . 

P o w e l l , O. F l e t c h e b  and  E . R . L i p p i n c o t t . Rev. Sci. Instr. 34, 36 (1963).
[5] R . T . B a i l e y  and E . R . L ip p i n c o t t , J .  Chem. Phys. 42, 1121 (1965).
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i .e . jR =  B q  an d  is  a  d iagon a l m a tr ix , th e  en tries o f  w h ich  are th e  sq uare ro o ts  o f  
th e  in verse  a to m ic  m asses in  a to m ic  u n its . T h e a d v a n ta g es  o f  t liis  p rocedu re o v er  th e  
fam iliar  W ilso n  G F -m a ,tn x  m eth o d  h a v e  b een  d iscu ssed  p rev io u sly  [3]. T h e 5 -m a tr ix  
is  rea d ily  e v a lu a te d  in  term s o f  u n it  v ec to rs  a lon g  th e  b o n d s u sin g  S v e c to r  form u lae o f  
W ilso n . W ith  th e  g eo m e tr y  as sh ow n  in  F ig . 1 th e  e v ec to rs  are :

1̂ , 1 1  =  2̂ . 1 2  =  ^ sin  20 — y  cos 2 0 ; 6 4  =  x  s in  12 — y  cos 1 2

6 5 ^ 4 4  =  —X sin  37°30' — y  cos 37°30 '; Cg.is =  —a;;

6 4 ^ 2  =  cos 58 — y  sin 58;
6 3 , 3  =  —X cos 18 -f- y  sin  18; gg 4  =  —x  cos 38 — y  s in  38;

6 4  5  =  X cos 1 4 + 2 /  sin  14; gg g =  —x  s in  2 9 + 2 /  cos 29.

(R em ain d er b y  sy m m etry )

T h e  fin a l 5 -m a tr ix  is  a v a ila b le  o n  req u est.
T h e b en zen e  force fie ld  h a s b een  assu m ed  to  tran sfer  to  azu len e  e x c e p t  in  th a t  

th e  C— C d ia g o n a l force co n sta n ts  are m od ified  to  ta k e  in to  a cco u n t n o n -eq u iv a len ce

15

13

Fig. 1. Co-ordinate definitions, cartesian  axes and  num bering of nuclei. Geom etry
according to  Ref. [6]

R i ,g  =  1  3 9  A; R g  3  =  1  4 1  A; R g  4  =  1 -3 8  Â ;  R 4   ̂ =  1  4 0  A; R g  ,  =  1  3 8 5  A;
Rg^g =  148  A; All ?*CH =  1-08 Â (assumed) a i =  116°; ag =  104°; ag(239) =  108°;

«,(439) =  128°; a* =  128°; ag =  133°; a , =  122°.

o f  th e  d ifferen t CC b on d s. T w o q u ite  d ifferen t q u ad ra tic  force fields h a v e  b een  
d er iv ed  for  b en zen e . T h e C ra w to rd -M ille s-W h iffen  fie ld  [7, 8 ] is  b a sed  o n  th e  
su p p o sit io n  th a t  w ith  a  su ita b le  co -ord in a te  b a sis  in te ra c tio n  force co n sta n ts  are  
m in im ized . I n  th e  d er iv a tio n  o f  th e  D u in k er-M tlls  fie ld  [9] th e  M ills  H y b rid  
O rbita l F o rce  F ie ld  [ 1 0 ] is  a ssu m ed  to  a p p ly  an d  th e  c o n sta n ts  w ere d eterm in ed  b y  
p ertu rb a tio n  p roced u res. A s  n o  C oriolis d a ta  is  a v a ila b le  for b en zen e  th e  ex p er im en 
ta l d a ta  on  w h ich  th e  fields are b a sed  is  re str ic te d  to  iso to p ic  su b st itu t io n  d a ta . T h e  
tw o  fields are v e r y  d ifferen t an d  y e t  b o th  h a v e  b een  em p lo y ed  w ith  con sid erab le  
su ccess  in  th e  ca lcu la tio n s o f  a  w id e  ran ge o f  a rom atic  sy stem s. H o w ev er , th e  m od e

[6] J .  M. R o b e r t s o n -, H . M . M . S h e a r e r , G. A. S im  and  D . G. W a t s o n , ActaCryst. 15, 1 (1962).
[7] B. L. Cr a w f o r d  and  P . A. M i l l e r , J .  Chem. Phys. 17, 249 (1949).
[8] D . H . W h i f f e n , Phil. Trans. Roy. Soc. Aondon. A248, 131 (1955).
[9] J .  C. D u t n k e r  and  I . M. M i l l s , P riv a te  com m unication.

[10] I . M. MXL.-LS, Spectrochim. Acta 1.%, 1585 (1963).
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p a tter n s  differ m ark ed ly  in  th e  tw o  cases. B y  com p arin g  th e  resu lts  o f  u sin g  th e  tw o  
fie ld s for a zu len e  i t  w as h o p ed  th a t  so m e id ea  o f  th e  r e lia b ility  o f  th e  ca lcu la tio n s  
cou ld  b e  m ad e . A  d irect com p arison  o f  th e  resu lts  for th e  tw o  fields for a  b icycU c  
sy s te m  w a s a  secon d ary  con sid eration .

T h e force co n sta n ts  for C— C b o n d s o f  a lip h a tic  sy s te m s  can  b e  re la ted  w ell to  
b o n d  le n g th s  b y  a  re la tio n sh ip  /  =  Ae~^'^ w h ere A  an d  x  are p aram eters. F o r  A  =  
1239 an d  x  =  3*65 th e  force co n sta n ts  for sin g le , d ou b le  an d  tr ip le  b o n d s are d ed u ced  
to  b e  4 3, 9'4 an d  15 6  m d y n /Â  com p ared  w ith  th e  u su a lly  q u o ted  v a lu es  o f  4  5, 
9 6  an d  15 6  m d y n /Â . F o r  th e  arom atic  b o n d  le n g th  o f  1-40 Â  th is  e q u a tio n  p re
d ic ts  an/ge o f  7 43 m d y n /A , a  v a lu e  c lose  to  th e  D ijin k eb -M ills  v a lu e  o f  7-015  
b u t  far from  W h iffe n ’s v a lu e  o f  5-55. F o r  th e  DM ca lcu la tio n s th e  v a r ia tio n s  o f  
w ith  b o n d  le n g th  h a v e  b een  rep resen ted  b y  th e  v a rio u s form u la  b u t  w ith  A  =  1170  
so  as to  reprodu ce th e  sta n d a rd  v a lu e  for 1-40 Â . F o r  th e  W h iffen  field  i t  w as n ece s
sa ry  to  a ssu m e th a t  lo g  Ac w a s p rop ortion a l to  th e  lin ear  p lo t  p a ssin g  th rou gh  
W h iffe n ’s arom atic  v a lu e  an d  th e  a cc ep ted  s in g le  b o n d  v a lu e .

A  seco n d  p rob lem  in  th e  ch o ice  o f  a  force field  is  ch oosin g  a  v a lu e  for  th e  force  
c o n sta n t for th e  a  C an g les a t  th e  ring  ju n ctio n s. F o r  n a p h th a len e  S c h lly  a n d

C

c ^ c
W h iffen  ch ose th e  co n sta n ts  so  th a t  a n  an gu lar d isto rtio n  a t  th e  r ing  ju n ctio n s  
p rod u ced  th e  sam e en erg y  as an  e q u iv a len t d isto rtio n  a t  o th er  p o sitio n s  [ 1 1 ]. I n  th e  
p resen t ca lcu la tio n s th e  ring  ju n c t io n  force co n sta n ts  are ta k e n  to  h a v e  tw o  th ird s  
o f  th e  v a lu e  o f  th e  o th er  accc co n sta n ts  s in ce  o n e  o f  th e  th ree  an g les en clo sin g  a  
ju n ctio n  carb on  a to m  is  red u n d a n t. T h e e ffec t o f  in creasin g  th is  v a lu e  w a s exp lored . 
T h e h ig h e st  r ing freq u en cies rose sh a rp ly  an d  for th e  n orm al r ing  an g le  c o n sta n t v a lu e  
ex c ee d e d  o b serv ed  freq u en cies b y  o v er  1 0 0  cm ~i.

A ll in te ra c tio n  co n sta n ts  w ere a ssu m ed  to  b e  a p p h cab le  b e tw e en  th e  r in gs. T h e  
final force  fields are g iv e n  in  T ab le  1.

2. Results and D iscussion

T h e freq u en cy  agreem en t for th e  tw o  fields is  g o o d  e x c e p t  for h ig h e st  ring  fre 
q u en cy  o f  each  class, for th e  lo w e s t  m od e an d  for th e  te n th  h ig h e st  m od e. W ith  
th e  ex c e p tio n  o f  th e  la tte r  m o d e th e se  v ib ra tio n s  are ch aracterized  b y  con sid erab le  
en erg y  co n tr ib u tio n s from  th e  in ter-r in g  d eform ation s. T h is is  p a rticu la r ly  so  for  
th e  lo w es t  m o d e (see T a b le  2 ). W h ils t  g en era lly  th e  v ib ra tio n a l freq u en cies agree  
v e r y  w ell th e  p o te n tia l en erg y  d istr ib u tio n s d iffer m ark ed ly  as in sp e c tio n  o f  T ab le  2  

sh ow s. T h is is  h a rd ly  su rp rising in  v ie w  o f  th e  great d ifferences in  th e  fields u sed . 
T h e su rprise is  th a t  th e  freq u en cy  agreem en t is  so good . I t  w o u ld  ap p ear from  t liis  
th a t  on e can  re ly  on  th e  freq u en cy  resu lts  as a g u id e  to  v ib ra tio n a l a ssig n m en ts , b u t  
for a n y  p u rp ose for w h ich  th e  n orm al co -ord in a te  to  in tern a l co -ord in a te  tran sform a
tio n  m a tr ix  is  requ ired , l it t le  re lian ce  can  b e  p la ced  o n  th e  p resen t v a lu e s  w ith o u t  
fu rth er in v e stig a tio n s  in to  th e  r e a lity  o f  th e  fields. I n  F ig . 2  a n u m b er o f  arb itrar ily

[11] D . B. S c u l l y  and  D. H . W h i f f e n ,  Spectrochim. Acta  16, 1409 (1960).
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T a b le  1. F o r c e  c o n s t a n t s  u s e d  in  t h e  c a lc u la t io n s

f A , B DuiNKEB-MrLLS
A ,  B = W hxeten m dyn/A

rr 5-093 5-125
M o 0-025 0
(")m 0-008 0

-0 -0 4 0 0
R R  =  1 40 A 6-553 7-015
R R  =  1 48 A 4-65 5-9
{RR)o 0-633 0-531
{RR)m 0-113 0
(B E ). 0-573 0
“ 000 1-031 0-564

“ cco 0-688 0-375
(aa)o ' 0-185 — 0-05

0-866 0-881
(j)))). 0-016 0-024
( P h m -0 -0 1 3 — 0-020
# ) , — 0-015 — 0-027

0 — 0-01
(E .a.) — 0-180 0-316
(R ^ i) 0-049 0-337
(Ri+x^i) — 0-050 0
(Ri+2^i) 0-049 0

-0 -1 2 7 0-042

( ) d e n o te  i n t e r a c t io n  fo rc e  c o n s t a n t s .

ch osen  m o d es as ca lcu la ted  w ith  th e  tw o  field s h a v e  b een  d isp la y ed  to  g iv e  a  v isu a l 
in d ica tio n  o f  th e  m o d e  d ifferences.

A s fu rth er  in v e st ig a t io n s  o f  th e  R a m a n  sp ec tra  o f  d eu te ra ted  a zu len es  are in  
p rogress elsew h ere [ 1 2 ] a  d eta iled  a n a ly s is  o f  th e  a v a ila b le  sp ectra  in  th e  lig h t  o f  th e  
p resen t ca lcu la tio n s  w o u ld  b e  p rem atu re. T h e su b se q u en t d iscu ssio n  w ill  b e  re str ic 
te d  to  a n  a t te m p t  to  id e n tify  th e  fu n d a m en ta l freq u en cies o f  th e  n orm al azu len e .

2 . 1  « 4  class

T h e recen t R a m a n  d a ta  o f  B a ile y  an d  Lippincott [5] sh ow s four stron g  p o larized  
b a n d s a t  1265, 940, 820 an d  673 cm~^. F rom  cr y sta l p o la r iza tio n  d a ta  H unt an d  
R o s s  [ 1 ] an d  van T ets  an d  G unthard [2 ] d er iv ed  th a t  th e  1267 an d  820 cm “  ̂b an d s  
w ere %. A b so rp tio n  a t  673 cm~^ w a s to o  w ea k  to  m easu re p o la r iza tio n  v a lu e s  b u t  
th e  lo ss  o f  in te n s ity  in  g o in g  from  so lu tio n  p h a se  to  cr y sta l p h a se  con firm ed  % 
ch aracter. A n  in fra-red  b a n d  a t  942 cm~^ in  th e  cry sta l sp ectru m  ap p ears to  h a v e  

ch aracter  b u t  th e  resu lt is  ren d ered  q u estio n a b le  b y  th e  p r o x im ity  o f  th e  far m ore  
in te n se  6 4  or b a n d  a t  952 cm~^. T h e a greem en t o f  th e se  a n a ly ses  w ith  R a m a n  
p o la r iza tio n  d a ta  len d s su p p ort to  th e  gen era l in terp re ta tio n  o f  H unt an d  R o s s  an d  
VAN T ets  an d  G unthard. T h ese au th ors h a v e  d em o n stra ted  on  th e  b a ses o f  in te n s ity  
ch an ges a n d  cry sta l p o la r iza tio n  d a ta  th a t  fu rth er fu n d a m en ta ls  can  b e  id en tified  
a t  1392, 1054 an d  403 cm~^ an d  p o ss ib ly  a t  900 cm~^. T h e ev id en ce  for th e  900 cm ~i 
b a n d  is  con flic tin g  an d  o n  th e  b asis o f  th e  p resen t ca lcu la tio n s th e  a u th or  prefers to  
assig n  th is  as a  6  m od e. S tron g  R a m a n  b an d s— n o t  a p p a r en tly  p o larized — a t 1396, 
980 an d  404  cm~^ are a lso  in d ica tiv e  o f  « 4  fu n d a m en ta ls . I t  is  clear from  th is  th a t

[1 2 ]  R . T . B a i l e y ,  I .  J .  H y a m s  a n d  E .  R .  L i p p i n c o t t ,  P r iv a te  c o m m u n ic a t io n .



The in-plane v ibrations o f azulene 1279

T a b le  2 . C a lc u la te d  a n d  o b s e r v e d  fr e q u e n c ie s  a n d  p o te n t ia l  e n e r g y  d is t r ib u t io n  
fo r  t h e  in -p la n e  v ib r a t io n s  o f  a z u le n e

Calc.
W h i f f e n  f i e l d  

%  P o te n tia l energy Calc.
D u i n k e b —M i l l s  f i e l d

%  P o te n tia l energy Obs. freq.
freq.

(c m -i) Eco
distribution  

^ C H  ® 0 0 0 “ coo
freq .

(c m -q Eco
distribution  

^O H  « 0 0 0 “ oco
(c m -q

(R am an) (i.i •)

A j  class
3080 1 3078 >
3073 3073
3061 99-100%  roa 3070 , 99--100% yea
3056 3069
3054 3067
1709 53 14 16 18 1617 89 5 2 3 1638 m  JL 8 ^  c
1551 65 26 2 7 1502 66 29 3 2 1537 m  J_ s ^  c
1475 46 35 13 6 1469 69 19 7 6 1 4 4 0 (m ) 1443 vs II ? 8 >  c
1407 41 49 10 0 1430 39 56 4 1 1396 (s) 1392 vs J_ s ^  c
1234 54 45 2 0 1317 49 50 1 0 1265 (s) pe l 1267 w  J _  8  >  c
1160 14 72 14 0 1186 13 85 2 0 1149 (m ) 1140 w  _[_ Î
1111 47 38 14 1 1118 62 32 3 3 1054 vs _L 8 ^  0

969 11 4 83 2 987 35 3 59 3 980 (s) 976 m
935 77 13 6 4 940 35 7 57 1 940 (s) pol 940 w Î
834 51 2 45 2 812 61 4 45 0 820 (s) pol 820 8 Â  8 ^  0
694 27 4 62 7 686 36 1 47 16 673 (vs) pol 671 m 7 8 »  0
446 31 5 48 17 425 12 1 26 60 404 (vs) 403 m  _L 8 ^  c

Bz class
3076 ■ 3073
3064 9 9 -1 0 0 %  v c H 3070 99- 100%  VCH
3053 3067
1692 60 19 4 16 1626 88 5 0 7 1699 (m ) 1694 m c < ^ s
1544 57 19 16 7 1552 81 13 2 4 1586 (ms) 1580 vs C < ^ 3
1461 44 41 5 10 1490 65 28 5 1 1478 (w) 1479 vs
1435 67 26 4 3 1437 51 44 4 1 1456 (m) 1453 s
1372 15 81 3 1 1385 33 63 3 1
1337 24 45 12 18 1338 16 66 7 10 1301 (w) 1301s 1
1265 12 79 2 7 1269 25 72 3 0
1164 13 81 6 0 1184 1 98 1 0 — 1205 s ? c >  s
1148 18 80 1 1 1157 14 85 1 0 1149 (w) 1151 w 1 c >  s
1030 56 28 9 7 1027 65 21 7 7 1007 m

776 27 5 63 15 779 14 4 71 11
479 36 6 17 41 477 16 2 45 36 593 s '
441 25 3 19 53 349 17 1 14 67 480 (m ) 478 m

J_, II po larization  characteristics || to b axis, 
s ^  0 re la tive  intensities in  solution and crysta l phases.

th e  o n ly  d o u b t in  th e  a ss ig n m en ts  u p  to  th is  p o in t  is  a  ch o ice b e tw e en  th e  980 an d  
900 cm~^ b a n d s. A  com p arison  w ith  th e  ca lcu la tio n s in d ica tes  th a t  o n ly  on e o f  th e se  
can  b e a cc ep ted  an d  stro n g ly  fa v o u rs th e  980 cm~^ a ssig n m en t. I t  is  a lso  clear th a t  
th e  a ssig n m en ts are in  g o o d  a greem en t w ith  th e  ca lcu la tio n s a n d  th e  la t te r  can  th e re 
fore b e  sa fe ly  u sed  as a  g u id e  to  th e  o th er  fu n d a m en ta l freq u en cies. A p a rt from  th e  
C— H  stre tc liin g  m od es o n  w h ich  i t  is  b e lie v ed  th a t  n o  n ew  sign ifican t d a ta  ca n  b e  
p resen ted  h ere, o n ly  th e  th r ee  h ig h e st  r ing  m od es an d  a  /? m o d e n ear 1 2 0 0  cm~^ 
rem ain  to  b e  id en tified  in  th e  c lass. H u n t  an d  R o s s  an d  v a n  T e t s  an d  G u n t h a r d  

agree in  th e  ch o ice o f  b an d s a t  1638 an d  1537 cm~^ as fu n d a m en ta ls  o n  th e  b asis  
o f  cry sta l d a ta  an d  H u n t  a n d  R o s s  a lso  su g g est  1443 cm~^. T h e p o la r iza tio n  d a ta  
on  th e  la tte r  d oes n o t  su p p o rt t liis  ch o ice  b u t  a  con sid erab le lo ss  o f  in te n s ity  in  
p assm g  from  so lu tio n  to  cry sta l p h a se  ap pears to  b e  stron ger ev id e n c e  in  fa v o u r . T h e  
m issin g  C H  m o d e is  p ro b a b ly  to  b e  id en tified  w ith  th e  m o d e ra te ly  stro n g  R a m a n
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b a n d  a t  1149 cm~^ an d  th e  w ea k  in fra-red  b a n d  a t  1140 cm ~ i. T h e la tte r  h a s th e  
cr y sta l p o lar iza tion  ch aracter o f  an  m od e.

2.2 &2
D istin g u is liin g  b e tw e en  h-̂  an d  m o d es is  stra igh tforw ard  in  p rin cip le  on  th e  

b asis o f  in fra-red  cry sta l p o lar iza tion  d a ta , th e  6 2  b e in g  p o larized  p ara lle l to  th e  h 
a x is  an d  th e  \  p ara lle l to  th e  a  a x is  [ 1 , 2 ]. I n  co n tra st to  th e  a-̂  m od es th e  in te n s it ie s  
in  th e  cry sta l p h a se  sh o u ld  b e  com p arab le to  th o se  in  th e  so lu tio n  p h a se  for b o th  
sy m m etr ie s . F u rth erm ore, s in ce n o  \  fu n d a m en ta ls  w ill h a v e  freq u en cies greater th a n  
1000 cm~^ w e can  sa fe ly  id e n tify  fu n d a m en ta ls  a t  1478, 1 4 5 3 ,1 3 0 1 ,1 2 0 5  a n d  1152  
cm~^. In  a d d itio n  lo w  freq u en cy  6 2  fu n d a m en ta ls  are in d ica ted  a t  593 an d  478  cm~^.

T a b le  3 . T h e  c a lc u la te d  v ib r a t io n a l  f r e q u e n c ie s  fo r  
p e r -d e u te r o  a z u le n e

W h i f f e n  f i e l d  

At E g
D u i n k e b -

-4x
- M i l l s  f i e l d  

Rz
2311 229 8 230 2 2291
2 2 8 4 228 2 228 9 227 9
2 2 8 2 22 7 6 228 0 2 2 7 0
2 2 7 8 165 4 2277 1622
2 2 7 3 1492 2 2 7 4 1 5 3 4
1652 1416 1608 1441
1508 1375 1456 1368
1405 1233 1429 1216
1272 1087 1286 1073
1098 991 1151 996

948 860 94 4 851
86 3 829 891 83 6
83 3 807 845 815
82 0 715 807 723
756 4 5 4 738 4 5 9
6 50 40 2 64 8 319
4 2 8 411

A ll b u t  th e  593 cm~^ b a n d  are con firm ed  as 6 2  ^ 7  ca lcu la tio n s. H o w ev er , th e  
o u t-o f-p la n e  ca lcu la tio n s o f  th e  a u th or an d  th e  a v a ila b le  d a ta  sh ow  n o  p o ss ib ility  
o f  a cc ep tin g  an  a ssig n m en t o f  t liis  593 cm “  ̂ b a n d  as a  ôj m od e. I t  m u st b e  a ssu m ed  
th a t  th e  ob served  b a n d s a t  593 an d  478 cm “ i  correspond  to  th e  tw o  lo w est  freq u en cy  
m o d es ca lcu la ted  a t  479  an d  441 cm~^ ( W h i f f e n  field) an d  a t  477 an d  349 cm -^  
( D u i n k e e - M i l l s  field ). I n  su p p o rt o f  th is  n o  o th er  stron g  low  freq u en cy  62  ca n d id a te  
ex is ts . T h is  p o in t  w ill b e  d iscu ssed  b elow .

W h ils t  th e  ev id e n c e  is  n o t  u n q u estio n a b le  th e re  seem s h tt le  d o u b t th a t  th e  tw o  
h ig h e st  freq u en cy  r ing  m od es are a t  1694 cm ~ i (1699 cm~^ (m s) in  R a m a n ; 1694 cm~^ 
in  in fra-red  in  CCI4 so lu tio n  w ith  cry sta l p o lar iza tion  p aralle l to  th e  6 a x is , b u t  
sh o w in g  a  m ark ed  d ecrease h i in te n s ity  in  g o in g  from  so lu tio n  to  cry sta l p h ase) a n d  
1580 cm “  ̂ (1586 cm~^ (m s) in  R a m a n ; 1580 cm “  ̂ (vs) in  in fra-red  w ith  cry sta l p o lar
iz a tio n  p ara lle l to  th e  6  a x is  b u t  a g a in  sh ow in g  a  d ecrease in  in te n s ity  h i g o in g  from  
so lu tio n  to  cry sta l p h ase). O f th e  four rem ain in g  a ssig n m en ts  o n ly  on e can  b e  m a d e  
w ith  a n y  assu ran ce on  th e  a v a ila b le  d a ta . T h e m o d era te ly  stron g  b a n d  a t  1007 cm~^ 
h as & 2  ch aracter an d  th e  ca lcu la tio n s confirm  it s  a ssig n m en t as a  fu n d a m en ta l. N o  
oth er  stro n g  R a m a n  b an d s or in fra-red  b an d s o f  ap p reciab le s tre n g th  an d  o f  6 2  

ch aracter rem ain  to  b e  correlated  w ith  th e  th ree m issin g  fu n d a m en ta ls  e x p e c te d  n ear
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1380, 1260 a n d  780 cm~^. T h is sort o f  s itu a tio n  is  u su a l in  co m p lex  m olecu les an d  
i t  seem s sen sib le  to  le a v e  th e se  a ssig n m en ts t i l l  th e  R a m a n  d a ta  o n  th e  d eu tera ted  
azu len es b eco m es ava ilab le .

2 .3  F u rth er ou t-of-p lane assign m en ts

T h e p resen t ca lcu la tio n s in  n o  w a y  a ffect th e  a ssig n m en t o f  th e  o u t-o f-p la n e  m od es  
p resen ted  p rev io u sly . H o w ev er  th e  R a m a n  d a ta  o f  B a ile y  an d  L ippincott sh ow  tw o  
lo w  freq u en cy  b a n d s a t  330 an d  184 cm~^ w h ich  h a v e  n o t  y e t  b een  a ssign ed . T h ese  
freq u en cies agree w ell w ith  th e  o /p  ca lcu la tio n  for  th e  a^ c lass (ca lcu la ted  323 an d  
163 cm~^) [3]. F a ilu re  to  ob serve in fra-red  ab sorp tion  a t  th e se  freq u en cies confirm s  
th e se  a ssig n m en ts [2, 3].

3. D iscussion

T h e a ssig n m en ts  p resen ted  are b a sed  la rg e ly  o n  th e  R a m a n  an d  in fra-red  p o lar
iz a tio n  d a ta . T h e ca lcu la tio n s  h a v e  b een  u sed  p rim arily  as a  g u id e  to  th e  gen eral 
reg ion  o f  ab sorp tion . A g reem en t b e tw e en  ca lcu la ted  an d  a ssign ed  freq u en cies is  
gen era lly  g o o d  th u s  v in d ica tin g  th e  u se  o f  arom atic  force field s b a sed  on  th o se  o f  
b en zen e. T h ere is  l it t le  to  ch oose b e tw e en  th e  resu lts  o f  th e  W h iffen  field  an d  th e  
D u tn k er-M ills  fie ld  e x c e p t  in  th a t  th e  la tte r  field  p red ic ts  a v e r y  lo w  freq u en cy  for  
th e  lo w es t  m od e. T h e sou rce o f  d iscrep an cies is  d ifficu lt to  see. H o w ev e r  th e  
fo llo w m g  p o in ts  are clear—

(a) th e  m ajor d iscrep an cies are in  th o se  freq u en cies la rg e ly  go v ern ed  b y  th e  in te r 
ring an g le  d eform ation s. A s som e o f  th e se  d iscrep an cies are liig h  w h ilst  o th ers are lo w

0

I
i t  ap pears th a t  in tera c tio n  co n sta n ts  in v o lv in g  th e  C an g les are m v o lv ed . In

th is  sen se th e  m ajor fa u lt  d oes n o t  arise from  tran sferen ce o f  th e  b en zen e  force field .
(b) T h e force co n sta n t for stre tch in g  o f  th e  com m on  CC b o n d  can  o n ly  co n tr ib u te  

to  th e  a^ class. I t  a ffects  p rim arily  th e  ca lcu la ted  freq u en cies corresp ond ing to  th e  
820, 1638 an d  1443 cm~^ b an d s in  th a t  order o f  im p ortan ce . T h e agreem en t b e tw e en  
ca lcu la ted  an d  o b serv ed  freq u en cies confirm s th e  m a g n itu d e  o f  th e  force co n sta n t  
u sed  w h ich  w a s p ra c tic a lly  th a t  o f  a  s in g le  order b on d .

C learly  th ere  is  l it t le  h op e in  a ssessin g  th e  re la tiv e  m er its  o f  th e  tw o  force fields  
u n t il  C oriolis cou p lin g  co n sta n ts  b eco m e av a ila b le  for arom atic  sy stem s.

A  com p arison  o f  th e  p resen t re su lts  w ith  th e  ca lcu la tio n s o f  S c u lly  an d  W h iffen  
o n  n a p h th a len e  [ 1 1 ] sh o w s a  v e r y  sim ilar p a tter n  o f  d iscrep an cies an d  o f  frequ en cies. 
A s in  th e  p resen t case th e  m ajor d iscrep an cies for n a p h th a len e  w ere in  th e  lo w es t  an d  
h ig h e st  freq u en cy  r ing  m od es. T h e final assign ed  freq u en cies for th e se  v ib ra tio n s  are  
also  v e r y  sim ilar. T h is confirm s th e  orig in  o f  th e  d iscrep an cies as d u e to  th e  force  
fields an d  len d s su p p ort to  th e  a ssig n m en ts . I t  a lso  verifies th a t  th e  v ib ra tio n s  o f  
a zu len e are arom atic  in  n atu re .

A c k n o w le d g e m e n ts— I  w is h  t o  t h a n k  D r s . J .  C. D t j i n k e r  a n d  I .  M . M i l l s  fo r  d e ta i ls  o f  th e ir  
b e n z e n e  fo r c e  f ie ld  p r io r  t o  p u b lic a t io n  a n d  t h e  s t a f f  o f  t h e  U n iv e r s i t y  o f  L o n d o n  c o m p u te r  u n it  
fo r  r u n n in g  o f  a ll  c o m p u te r  ta p e s .
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The in-plane vibrations of azulene*

D . S t e e l e

D epartm en t of Chem istry, R oyal Holloway College, Englefield Green, Surrey

{Received 10 January  1967)

As a  resu lt of a  m isunderstanding in  correspondence two term s were inadverten tly  left ou t of th e  
D u i n k e r -M tlls  field [1] for benzene as reported  in  th e  above article. The D . M . field is based on 
th e  know n fim dam ental frequencies of benzene and  its deuterated  isomers and  on th e  Coriolis 
coupling constants for the  ring angle deform ations, Vg, in  th e  E^g class of benzene and  benzene-dg. 
Am ongst th e  assum ptions m ade to  render th e  problem  trac tab le  were (a) th a t  th e  H ybrid  
O rbital Force F ield  of M u x s  [2] applied and  (b) th a t  /(R R )g =  —f{ R R ) ^  =  f{R R )j,. I n  th e  
previously repo rted  calculations/(jBR )„j & ndf{RR)p  were assum ed to  be zero. The frequencies 
of benzene an d  benzene-dg have been recalculated and  th e  new  frequencies are shown in Table 1.

Table 1. Tlie calculated v ib ration  frequencies (in cm“ )̂ for azulene 
and  azulene dg as ob ta ined  using th e  Duinker-M ills field for benzene

Azulene
4 (̂ 0

3078 2303 ^2 3073 2290
3073 2288 3070 2283
3070 2281 3066 2269
3069 2279 1673 1648
3069 2275 1540 1536
1652 1615 1482 1401
1536 1522 1403 1378
1449 1415 1367 1183
1423 1281 1334 1073
1330 1129 1276 995
1194 943 1183 852
1113 890 1165 838

976 844 1003 809
920 801 769 714
802 729 475 457
675 636 346 316
424 410

The only significant frequency changes are for the  highest ring  modes. Most o f th e  changes 
im prove th e  fit w ith  observed, b u t as m ight be expected there is still little  to  choose between the  
W hiffen and  D. M. fields on th e  basis of frequency fit. B oth  are generally good. The po tential 
energy distribu tion  is n o t m arkedly  affected. N either th e  discussion nor th e  assignm ents 
require revision as a  resu lt of these corrections.

* Spectrochim. Acta  22, 1275 (1966).
[1] J .  C. D triN K ER . Nor^nal Co-ordinate A na lysis o f Molecules—Benzene and Derivatives. Thesis, 

A m sterdam  (1964).
[2] I. M. M i l l s . Spectrochim. Acta  19, 1585 (1963).
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The vibrational spectra of substituted nitrogen heterocyclic systems—I 
2,4,6-trifluoropyrimidine

R . T . B a il e y
Department of Pure and Applied Chemistry, University of Strathclyde, Glasgow

a n d  

D . S t e e l e
Department of Chemistry, Royal HoUoway College, Englefield Green, Surrey

{Received 14 A p ril 1967)

Abstract— The infra-red and Raman spectra of 2,4,6-trifluoropyrimidine are reported. An  
assignment o f the vibrational modes is proposed based on the character of the observed bands, 
comparison with s?/m-trifiuorobenzene and calculated frequencies based on a force-field derived 
from CgHg and CgFg.

1. I n t r o d u c t io n

I n  sp ite  o f  th e  con sid erab le  b io lo g ic a l im p o rta n ce  o f  th e  p y r im id in e  n u c leu s v e r y  
l it t le  d e ta ile d  sp ec tro sco p ic  w ork  h a s  b een  carried  o u t  o n  p y rim id in e  com p ou n d s. 
V ib ration a l a ssig n m en ts h a v e  h o w ev er  b een  r e ce n tly  m ad e for p yrim id in e  i t s e l f  [1 -3 ] .  
T rifiuoropyrim id ine h a s r e c e n t ly  b een  sy n th e s iz e d  [4] an d  in  v ie w  o f  i t s  p h y s ic a l  
p rop erties form s a n  id e a l s ta r tin g  p o in t  for  a  sp ectroscop ic  s tu d y  o f  p y r im id in e  
d er iv a tiv es . I n  ad d itio n , re liab le  a ss ig n m en ts  for  m o st flu orob en zen es are n o w  
a v a ila b le  a n d  n orm al co -ord in ate  ca lcu la tio n s h a v e  b een  carried  o u t  for  sev era l o f  
th e se  com p ou n d s. A lso , s in ce  i t  h a s  b een  w e ll e s ta b lish ed  th a t  force co n sta n ts  from  
b en zen e a n d  h exa flu orob en zen e  ca n  b e  tran sferred  to  o th er  a ro m a tic  sy stem s [5, 6 ], 
th e  v ib ra tio n a l freq u en cies  o f  tr iflu orop yrim id in e ca n  b e  ca lcu la ted . I n  th is  p aper, 
d eta ils  o f  th e  in fra-red  a n d  R a m a n  sp ectra  a n d  v ib ra tio n a l a ssig n m en ts for triflu oro
p y r im id in e  are p resen ted .

2. E x p e r e u e n t a l

A  sam p le o f  tr iflu orop yrim id in e w a s k in d ly  su p p lied  b y  D r. E .  Ï Ï .  K ob er . I t  w as  
a co lourless v o la t ile  h q u id  b .p . 98° a n d  w a s sh o w n  to  b e  a t  le a s t  99 % p u re b y  a n a ly ti
ca l g a s  ch rom atograp h y . T h e  com p ou n d  w a s  v a cu u m  d istilled  im m e d ia te ly  prior to  
th e  sp ec tro sco p ic  m easu rem en ts. R a m a n  sp ectra  w ere e x c ite d  b y  th e  H g  4358  Â  lin e  
a n d  record ed  p h o to g ra p h ica lly  o n  a  co n v en tio n a l p rism  sp ectrograp h  a n d  also  
p h o to e le c tr ica lly  u s in g  a  C ary 81 R a m a n  sp ectro p h o to m eter . Q u aH tative p o lar iza 
tio n  m easu rem en ts u s in g  th e  m eth o d  o f  p o larized  in c id en t lig h t  w ere a lso  m ad e. 
T h e v ib ra tio n a l freq u en cies are e s tim a te d  to  b e  a ccu ra te  to  ± 3  cm~^ for stron g  
b a n d s b u t  for  w ea k  fea tu res  th e  error w ill b e  greater.

[1] R . C. L ord, A. J .  M arston  and F . A. M u xer , Spectrochim. Acta  9, 113 (1957).
[2] J .  D. Simmons and K . K. In n es, J.  M ol. Spectry 13, 435 (1964).
[3] G. Sbrana, G. Adem bri and S. C alefano, Spectrochim. Acta  22, 1831 (1966).
[4] E . K ob er, H . A ganigian , H . U lr ic h , R . F. W. R a tz  and C. Grundmann, J.  Org. Chern.

27, 2580 (1962).
[5] D. A. L ong and R . T. B a ile y ,  Trans. Faraday Soc. 59, 599 (1963).
[6] D. A. Long and D. S te e le ,  Spectrochim. Acta  19, 1791 (1963).
9 2989
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Table 1. In fra-red  and  R am an  spectra  and  assignm ents for

R am a n

774 w

842 w

900 w  
926 w  
947 m , p  

1000 vs, p

1018 m

1 0 7 1 m , p 

1145 v w

1161s

In fra -re d

L iq u id

210 vs
233 vs
260 vs 258 m
356 m , p 352 s
369 m 365 s
465 w 458 w
511 w
528 s 526 s
567 vs, p 566 vs

600 m
624 vs, p 621s
643 m 639 s

693 s 694 vs

736 w  

772 vs

841 vs

878 m

945 m  
999 vs

1017 vs

1073 vs 

1145 vs

1160 vs

Vapour

521 m  
664 m  B

688
697 Q} G 
705

768
777 Q } G 
785 
829
836 Q ) O
845

997 m R î  
1012 \ 
1016 Q A  
1022 )

1154 ) 
1158QV A  
1164

A ssignm ent

h

« 1

àz
b.

258 4 - 352 (b j  
« 1

210 +  465 (6i)  

5,

369 - f  528 (Oj) 
233 +  693 (62) 
356 +  624 (Oi)

«1
528 +  624 {bfi 

bo

1207 m 667 4- 643 ( b j
1225 w 2 1 0 4 - 1018 ( b j

1258 m 1258 m 1260 w h
1356 w , p 1353 s 1347 v w 356 X  1000 (Oi)
1383 w , p 1387 sh 2 X  693 (cq)

1408-» „
1405 w 1403 vs lin}®
1437 vs, p 1438 sh “ i

1453 ]
1455 vs 1457 Q 0 bg

1463 j
1521 vs 1525 526 4 - 999 ( b j

1 5 4 2 w ,p 1546 s 628 4 - 1018 (cq)

1562 s 566 4- 999 (a ,)
1597 vs, p 1594 vs «1

1627 vs com plex ^ 369 4 - 1258 or 624 4 - 1000
1640 m 1642 vs bandshapej h

1693 s 1000 4 - 693 (% )
or 260 4 - 1437 ( b j

1 7 1 4 m 465 4- 1258 (cq)
1766 m 693 4- 1071 ( b j
1784 m 624 4- 1161 (bg)
1808 m 369 4-  1438 (bg)
1822 m 369 4 - 1455 («d

2000 -3000  cm- — m an y  w eak to m ed ium  bands
3123 vs, p 3123 vs

3 1 7 0 sh
3212 s 2 X  1597 (ad

A ll  frequencies are in  ora“ .̂
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1000 8001200 6001600 1400
cm'

F ig .  1 . I n fr a -r e d  sp e c tr a  o f  l iq u id  tr if lu o r o p y r im id in e  ( tb in  f ilm ).

6001600 1400 1200 1000 800
cm

F ig .  2 . In fira -red  s p e c tr a  o f  t r if lu o r o p y r im id in e  v a p o u r  (1  a n d  1 2  to r r ) .

T h e in fra-red  sp ec tra  w ere o b ta in ed  u sin g  a  U n ica m  SPlOO sp ectrom eter  w ith  
S P  130 g ra tin g  a tta c h m e n t an d  a  P e r k in -E h n e r  421 g ra tin g  sp ectrom eter  eq u ip p ed  
w ith  lo w  freq u en cy  in terch a n g e . M easu rem en ts o n  th e  liq u id  w ere carried  o u t  in  
th e  fre q u en cy  ran ge  4 0 0 0 -2 5 0  cm~^ a n d  for th e  v a p o u r  in  th e  ran ge 4 0 0 0 -4 0 0  cm~^. 
T h e ob serv ed  in fra-red  an d  R a m a n  freq u en cies to g e th e r  w ith  a ssig n m en ts  are lis te d  
in  T ab le  1 . F o r  m a n y  o f  th e  o v er to n e  an d  co m b in a tio n  b a n d s sev era l p o ss ib ilit ie s  
e x is t , e sp e c ia lly  for th e  h igh er freq u en cies. I n  th e se  cases n o t  a ll th e  p o ss ib ilit ie s  are  
lis te d . T h e  in fra-red  sp ec tra  are illu stra te d  in  F ig s . 1  a n d  2 .
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3. Computations

T h e v ib ra tio n a l freq u en cies a n d  m od es w ere ev a lu a te d  u sin g  th e  secu lar  eq u a tio n  
in  th e  form  D ^F D  w here D D *  =  G, th e  in v erse  k in e tic  en erg y  m a tr ix , F  is  th e  force  
co n sta n t m a tr ix  for in te rn a l co -ord in a tes a n d  D  is  th e  tra n sfo rm a tio n  m a tr ix  from  
in te rn a l to  m a ss w e ig h te d  co-ord in ates. T h e e ig en v ec to r  m a tr ix , T , is  re la ted  to  th a t  
0 Î  L h j  L  =  D Y .

I n  gym -triazine a n d  in  2 -am in o  4 ,6 -d ic liloro  p y r im id in e  [7] th e  N C N  an g le  is  n ear  

128° a n d  th e  CNC an gle  n ear 114°. T h e  ON a n d  (for th e  la t te r  m olecu le) th e  CC 
b o n d  le n g th s  are 132 a n d  136 A  r e sp ec tiv e ly . T h e g eo m etry  a ssu m ed  for tr iflu oro 
p y rim id in e  w a s b a sed  o n  th e se  v a lu es . T h e d eterm in a tio n  o f  th e  B  m a tr ix  is  tr iv ia l. 
I t  w ill n o t  b e  rep rod u ced  h ere b u t is  a v a ila b le  o n  req u est. T h e  v a lu e s  o f  th e  F  
m a tr ix  e lem en ts w ere tran sferred  from  b en zen e  [ 8 ] a n d  h exa flu orob en zen e [9] a n d  are  
lis te d  in  T ab le  2 .

Table 2. Assum ed force constan t values based on benzene and  hexafluorobenzene 
force fields. AU values in  m dyn/A

In -p la n e O ut-o f-p lane

/CH 5-093 Sy(W 0-385
/of 7-405 fym  0-423
See /on = : 5-5 fd 0-32
/oco  = / 0N0 = /ncn  = / a  1-03

In te ra c tio n  term s

(C F /C F ) meta — 0-05 - 0-01
(C Y /C X ) ortho 0 -66) y (H ),y (F ) ,+ a —  0-03
(C Y /C X ) meta 0-07 i X .  Y =  0 ,  N . y (F ) (y (F ) (+ : 0-08
(C Y /C X ) para 0-46) — 0-092
CF,-/a, —  0-076 — 0-179

0-344 y ( F ) A + i 0-078
C W ( F ) , + , - 0 - 0 5 4 44+1 — 0-004
C X ../)9(H , F ) , 0 -112-1
C X ,/^ (H ,  F )(_ i 0 -0411 ^  — C N
C X J ^ (H , F )(_ , 0-0331 ^
C X j/O f — 0-18 J

0-016
- 0 - 0 9

S in ce th e  v a le n c y  co -ord in a tes, in tr o d u ce d  b y  BeU  for tw is tin g  o f  th e  carbon  
a n d  su b st itu e n t  a to m s in  a  to rsio n a l m o tio n  ca n n o t b e  d efin ed  for p y rid in e  sy stem s  
i t  w a s n ecessa ry  to  u se  th e  o ld er  <5 co -ord in a tes  for tw is t in g  o f  th e  carbon  sk e le to n  
o n ly .

T h e  ou t-o f-p la n e  ca lcu la tio n s are le ss  re liab le  th a n  th e  in -p la n e . T h ere are tw o  
m a in  reason s for th is .

(i) T h e  o u t-o f-p la n e  a ssig n m en ts for h exa flu orob en zen e  are le ss  re liab le th a n  th e  
in -p la n e . T h e lo w e s t  egw i^iode h a s  b een  re -a ssig n ed  [10] fro m  th e  v a lu e  u sed  in  
d eriv in g  th e  field . D u e  to  (ü) an d  o th er  freq u en cy  u n c erta in ities  n o  rev is io n  o f  th e  
field  seem s w arran ted  a t  th e  p resen t tim e .

[7] J .  E . L a n c a s t e r  and  B. P . S t o io h b e f , Gan J .  Phys. 34, 1016 (1956); N . E . W h i t b  and  C.
J .  B. Cl e w s , Acta Cryst 9, 586 (1956).

[8] D . H . W h i e e e n , P hil. Trans. Roy. Sac. A248, 131 (1955).
[9] D. S t e e l e  and  D . H . W h i e e e n , Trans. Faraday Sac. 56, 5 (1960).

[10] J .  H . S. G r e e n , W . K y n a s t o n  and  H . M. P a i s l e y , Spectrochim. Acta  19, 549 (1963).
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(ii) The choice of a set of force constants for a molecule such as CgFg necessitates 
a large number of force constants. The transferability of the force constants in the 
sense of producing an acceptable set of computed frequencies in other molecules 
depends on the errors cancelling
I.e. ■̂ true calc 2  hjhk ^ fjk

j,k
0

W h ere is  th e  d ev ia tio n  o f  th e  tran sferred  force  co n sta n ts  from  th e  tr u e  v a lu e .  
W h en  certa in  co -ord in a tes d isap p ear in  th e  tra n sferen ce— as w h e n  a  C X  is  ch a n g ed  
for a n  N — th e  lik eh h o o d  o f  th is  b e in g  a  g o o d  a p p ro x im a tio n  is  red u ced . F o r  th e  
ou t-o f-p la n e  ca lcu la tio n s th e  s itu a tio n  is  ren d ered  m u ch  w orse b y  th e  n e c e s s ity  for  
u sin g  Ô co -ord in a tes in s te a d  o f  ^  co -ord in a tes  a s  th e  form er in c lu d e  y  ty p e  m o tio n s  in  
b en zen e  sy stem s. A ll co m p u tio n s w ere  carried  o u t  on  a n  A tla s  com p u ter . T h e  co m 
p u te d  freq u en cies  are g iv e n  in  T ab le  3 a lon g  w ith  th e  a p p ro x im a te  p o te n tia l en erg y  
d istr ib u tio n .

T a b le  3 . P o t e n t ia l  e n e r g y  d is tr ib u t io n

V
( c m 'i ) S ym . A d

*■10

r .
-®12
R ie

■®28
1^68

•F34

^ 4 5 « 1

« 2

« 8

« 8

« 6 «4 (3, ! ■PlO ^ 8

3067 ®i 99 0 5
1618 0 20 0 26 0 20 0 16 10 0 4 1 2
1601 «1 0 8 14 7 31 7 9 6 4 10 0 3 0
1473 «1 0 37 17 3 1 1 6 14 14 7 0 0 0
1430 0 15 0 2 15 26 0 3 3 0 26 3 6
1381 «1 0 10 28 31 7 9 2 1 0 4 0 8 0
1290 h. 0 24 0 18 19 4 0 1 0 0 34 0 0
1227 h 0 2 0 20 26 34 0 0 0 0 12 3 2
1118 «1 0 5 2 12 16 14 8 18 16 8 0 0 0
1013 «1 0 11 20 4 17 36 5 0 2 0 0 3 0

983 0 24 0 26 24 1 0 1 6 0 14 0 3
602 « 1 0 23 12 13 14 14 3 6 7 8 0 0 0
576 62 0 8 0 10 0 7 0 35 35 0 1 0 3
575 0 3 6 2 12 6 23 11 12 23 0 4 0
457 62 0 0 0 0 0 0 0 0 0 0 0 70 30
295 «1 0 0 0 8 2 0 0 2 0 4 0 83 0
293 h 0 0 0 0 5 10 0 6 0 0 0 24 65

bi frequencies calculated as, 876, 791, 572, 321 and 290 cm~^.
Og frequencies calculated as 631 and  330 cm“ ^.

4. A s s ig n m e n t s  a n d  D is c u s s io n

T h e stru ctu res o f  sev era l p y r im id in e  com p ou n d s h a v e  b een  d eterm in ed  [e .g . 7, 11] 
an d  in  a ll ca ses th e  m o lecu les  w ere fo u n d  to  b e  p lan ar . I t  can  rea so n a b ly  b e  a ssu m ed  
th erefore, t h a t  tr iflu orop yrim id in e w ill b e  p la n a r  an d  b elo n g  to  th e  p o in t  grou p .
F o llo w in g  M u llik en ’s  reco m m en d a tio n s [ 1 2 ] an d  ch oosin g  th e  x -a x is  as p erp en d icu lar  
to  th e  p la n e  o f  th e  r in g  th e n  th e  24 n orm al m od es w ill b e  d istr ib u ted  am on g  th e  
sy m m e tr y  c la sses as fo llow s

class « 1 — 9 v ib ra tio n s , in fra -red  an d  R a m a n  a c tiv e ,  
class &2 — 8  v ib ra tio n s , in fra -red  a n d  R a m a n  a c t iv e ,  
class « 2 — 2  v ib ra tio n s , R a m a n  a c t iv e  o n ly , 
class hi— 5 v ib ra tio n s  in fra -red  an d  R a m a n  a c tiv e .

[1 1 ] P .  J .  W h e a t l e y ,  A c ta  C r y s t .  13, 8 0  (1 9 6 0 ).
[1 2 ] R .  S . M u l l i k e n ,  j . C h e m . P h y s .  23, 1 9 9 7  (1 9 5 5 ).



2994 R. T. B a i l e y  and D. S t e e l e

T o a ss is t  in  th e  a ss ig n m en t th e  v a p o u r  p h a se  in fra -red  b a n d  con tou rs w ere  
ca lcu la ted  u sin g  th e  d a ta  o f  B a d g e r  a n d  Z u m w a l t  [13]. M odes o f  6 3  sy m m e tr y  
sh o u ld  g iv e  rise to  ty p e  A  b a n d s w ith  a  m ed iu m  Q b ran ch  a n d  a  F B  sep a ra tio n  o f  
9 -1 0  cm~^; m o d es sh o u ld  h a v e  ty p e  B  b a n d  stru ctu res w ith  a  sep a ra tio n  o f  9 -1 0  
cm~^ ; a n d  6  ̂m o d es sh o u ld  b e  a sso c ia ted  w ith  ty p e  0  b a n d s w ith  stron g  Q b ran ch es  
a n d  F B  sep ara tion s o f  1 7 -1 8  cm “ .̂

Table 4. Comparison of assignm ents for CgFgHg and  C4N 2F 3H

S ym m etry  
class (Cgp)

CePsHg
Assigned

[14]

C .N gFgH  

C alculated Assigned
A p p ro x im ate  description  

o f mode

3109 3067 3123 C H  stretch
3080
1624 1601 1597

C H  stretch  
CC stretch

1475 1473 1437 C F  stretch
1350 1381 1405 C F/C C  stretch
1122 1118 1071 CC stretch
1010 1013 1000 CC stretch

993
578 602 624 CO stretch
600 , 575 567 ring  deform ation
326 295 _ 356 C F  deform ation

3109
1624 1618 1640

C H  stretch  
CC stretch

1475 1430 1455 C F  s tre tc h /C H  defn.
1294 1290 1258 C H  deform ation

h 1165 1227 1161 CC stretch
1122

993 983 1018 (very  m ixed  mode)
564 576 528 ring  deform ation
500 457 465 C F  deform ation
326 293 369 C F  deform ation

847 876 842 C H  deform ation
843 791 774 torsion
663 572 693 torsion

h 595
253 321 260 C F  deform ation
214 290 233 C F  deform ation

«2
847
595 631 611 torsion
253 330 210 C F deform ation

I n  a d d it io n  to  sy m m e tr y  p rop erties an d  ca lcu la tio n s o f  th e  n orm al m od es th e  
v ib ra tio n a l freq u en cies  o f  sym -triflu orob en zen e p ro v id ed  a fu rth er  g u id e  to  th e  
a ss ig n m en t. A  r e ce n t a ss ig n m en t for th is  m o lecu le , b a sed  on  n orm al co -ord in ate  
ca lcu la tio n s, w as m ad e b y  S c h e r e r  et a l. [14]. T riflu orop yrim id in e m ig h t b e  e x p ec ted  
to  h a v e  a  s im ilar  sp ectru m  to  th is  m o lecu le  in  m a n y  resp ec ts . S in ce C H  an d  N  are 
iso e le c tro n ic  an d  n ea r ly  isob aric , rep la cem en t o f  C H  b y  N  sh o u ld  n o t  m a rk ed ly  a lter  
th e  sy stem . T h ere w ill o f  course b e  s ix  m ore fu n d a m en ta ls  for tr iflu orob en zen e w h en  
a llo w a n ce  is  m a d e for red u ced  sy m m e tr y . T h e y  w ill co n sis t  o f  tw o  C H  stre tch es  
( « 1  an d  6 3 ), tw o  in -p la n e  C H  d eform ation s (a^ a n d  6 3 ) an d  tw o  o u t-o f-p la n e  C H  
d eform ation s ( « 3  an d  T h ese  m od es are fa ir ly  re a d ily  id en tifle d  a n d  a lth o u g h  som e  
in te ra c tio n  b e tw e en  th e  C H  d eform ation s a n d  m od es o f  sim ilar  freq u en cy  m ig h t b e

[13] R . M. B a d g e r  and  L. R . Z u m w a l t , J .  Chem. Phys. 6 , 711 (1938). .
[14] J .  R . S c h e r e r , J .  C. E v a n s  and  W . W . M u e l d e r , Spectrochim. Acta  18, 1579 (1962).
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ex p ec ted , in  gen era l th ere  sh o u ld  b e  a  s tron g  resem b len ce b etw e en  th e  corresp ond ing  
m odes in  th e  tw o  m olecu les.

T h e a ssig n m en ts for triflu orop yrim id in e are com p ared  w ith  th o se  for triflu oro
b en zen e a n d  w ith  th e  ca lcu la ted  freq u en cies in  T ab le  4 . F o r  co n sis te n c y  liq u id  
p h ase freq u en cies w ill b e  u sed  th r o u g h o u t u n le ss  o th erw ise  sp ecifled . T h e assign m en ts  
w ill n o w  b e  con sid ered  class b y  class.

C lass a^

A ll th e  n in e  freq u en cies in  th is  class are re a d ily  id en tified  b y  th e  ch aracter  o f  th e  
in fra-red  b a n d s or o f  th e  R a m a n  b a n d s or o f  b o th . S tron g  p o larized  R a m a n  b a n d s  
a t  3109, 1597, 1437, 1071, 1000, 624, 567 a n d  356 cm~^ a n d  stron g  ty p e  B  in fra -red  
b an d s a t  1405, 1071 a n d  567 c m - i  ca n  b e  im m e d ia te ly  a ttr ib u ted  to  in -p la n e  sy m 
m etric  n orm al m o d es. T h e a ss ig n m en ts  are a lso  fu lly  su p p orted  b y  th e  ca lcu la tio n s  
an d  th e  corre la tion  w ith  tr iflu orob en zen e .

C lass  & 2

M ost su b st itu te d  b en zen e  d er iv a tiv es  h a v e  tw o  C— C stre tch in g  fu n d a m en ta ls  
near 1600 cm~^ w h ich  are p ro m in en t in  th e  R a m a n  sp ectru m . T w o R a m a n  b a n d s  
w ere in  fa c t  fo u n d  n ea r  1600 cm~^ b u t  th e  lo w e s t  b a n d  a t  1597 cm~^ is  p o lar ized  so  
th a t  th e  1640 cm~^ fre q u en cy  m u st  b e  a sso c ia ted  w ith  a  m ode. T h e ca lcu la tio n s, 
com p arison  w ith  tr iflu orob en zen e a n d  g a s p h a se  in fra-red  b a n d  con tou rs a llow  th e  
rem ain in g  m od es to  b e  se lec te d  w ith  reason ab le  assu ran ce. B a n d s a t  1455, 1258, 
1161 (ty p e  A ) ,  1018 (ty p e  A ), 528 , 465 a n d  369 cm~^ are a ssign ed  to  th e  class o n  
th is  b a sis .

C lass hi

T h e stro n g  in fra -red  b a n d s a t  694, 772 an d  841 cm~^ e x h ib it  ch aracter istic  
ty p e  C  con tou rs a n d  are th u s  a ssign ed  hi sy m m e tr y . O n th e  e x is tin g  ev id en ce  i t  is  
d ifficu lt to  a ssig n  th e  tw o  lo w est  hi m od es w ith  a n y  d egree o f  cer ta in ty . I n  id e n ti
fy in g  th o se  m od es w e  h a v e  b een  g u id e d  ch ie fly  b y  th e  ca lcu la tion s an d  th e  triflu oro
b en zen e sp ectra . A s d iscu ssed  p r ev io u sly  th e  ca lcu la ted  freq u en cies are n o t  as  
re liab le for th e  o u t-o f-p la n e  m od es as th e y  are for th e  in -p la n e. K e ep in g  th is  in  m in d , 
th e  R a m a n  b a n d s a t  233 a n d  260  cm~^ w ere a ssign ed  to  th e  hi c lass in  p referen ce  
to  th e  210 cm~^ freq u en cy  s in ce  th e  stro n g  in fra-red  a n d  R a m a n  b a n d  a t  643 cm~^ 
ca n  th e n  b e  ex p la in ed  as a  b in a ry  co m b in a tio n  (210 - f  465) in  F erm i reson an ce w ith  
th e  tti m o d e a t  693 cm~^. I t  is  d ifficu lt to  e x p la in  th e  ex is te n c e  o f  th is  b a n d  in  a n y  
oth er  w a y . M ore e x te n s iv e  v a p o u r  p h a se  in fra-red  d a ta  is  n eed ed  b efore a  m ore  
d efin ite  a ss ig n m en t o f  t h e  lo w  fre q u en cy  m od es ca n  b e  m ade.

C lass a^

I n  th is  c lass th e  R a m a n  a c t iv e  m o d e a t  511 cm~^ w a s a ssig n ed  as th e  h ig h e st  
m od e o f  a^ sy m m e tr y  s in ce  i t  d o es n o t  ap pear to  b e  in fra-red  a c tiv e . T h e freq u en cy  
a t  210 cm~^ h a s  a lrea d y  b een  a ssig n ed  to  th e  o th er  m o d e in  th is  class. N o  in fra-red  
d a ta  is  a v a ila b le  in  th is  reg ion .

Acknowledgement—W e are indebted to Dr. E . H . K o b e r  for providing us with a  sample o f  
trifluoropyrimidine.
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Abstract— T h e  in fr a -r e d  (v a p o u r  a n d  l iq u id  p h a se )  a n d  R a m a n  ( l iq u id  p h a se )  s p e c tr a  o f  2 , 6 - 
d if lu o r o p y r id in e  h a v e  b e e n  m e a su r e d . A  c o m p le te  s e t  o f  a s s ig n m e n ts  i s  p r o p o se d  b a s e d  o n  
a n a lo g y  w i t h  k n o w n  v ib r a t io n a l  f r e q u e n c ie s  o f  r e la t e d  c o m p o u n d s  a n d  c a lc u la t io n s  fo r  2 , 6 - 
d if lu o r o p y r id in e  i t s e l f .  S o m e  r e v is io n  o f  p r e v io u s  a s s ig n m e n ts  fo r  m e th y l  s u b s t i t u te d  p y r id in e s  
i s  su g g e s t e d .

1. Introduction

A  C O N S ID E R A B L E  effort h a s  b een  m a d e  to  u n d er sta n d  in  d e ta il  th e  v ib r a tio n a l  
sp ec tr a  o f  p y r id in e  a n d  i t s  d eu te ro a n a lo g u e s  [e .g . 1 -3 ]  b u t  l i t t le  is  k n o w n  a s y e t  
a b o u t th e  sp ec tr a  o f  su b s t itu te d  p y r id in es . D e ta ile d  a ss ig n m e n ts  h a v e  b e e n  m a d e  
for  a  n u m b e r  o f  m o n o su b s titu te d  p y r id in e s  [4, 5], for  2 ,6  a n d  2 ,4  lu tid in e s  [ 6 ] an d  
for p en ta -flu o r o -p y r id in e  [7]. H o w e v e r  i t  w ill b e  sh o w n  th a t  e v e n  in  th e s e  cases  a 
n u m b er  o f  a ss ig n m en ts  req u ire  re v is io n . T h e  a v a ila b ility , v o la t i l i ty  a n d  sm a ll  
m o m e n ts  o f  in er tia  o f  2 , 6  d i-flu o ro p y rid in e  m a k e  i t  a  m o st  a t tr a c t iv e  su b s t itu te d  
p y r id in e  sy s te m  for s tu d y . I n  a d d it io n  i t  is  w e ll e s ta b lish e d  [e .g . 5 ,8 -1 1 ]  t h a t  th e  
force  c o n s ta n ts  o f  b en zen e  [12 , 13] a n d  h ex a flu o ro  b en zen e  [14] are tra n sfe ra b le  to  
o th er  a ro m a tic  sy s te m s . T h is  m a k es  i t  fea s ib le  to  c a lcu la te  th e  v ib r a tio n a l 
freq u en c ie s  o f  th e  d i-flu oro  p y r id in e . I t  m u s t  b e  e m p h a sised  t h a t  th is  d o es n o t

[1] J. K . W e lm s h t j b s t  and H . J. B e r n s t e i n ,  Can. J .  Chem. 35, 1183 (1957).
[2] D. A . L o n g ,  F .  S. M x t r f in  and E .  L . T h o m a s ,  Trans. Faraday Soc. 59, 12 (1963).
[3] V . I. B e r e z i n ,  Opt. Spectry  15, 167 (1963).
[4] J. H . S. G r e e n ,  W . K y n a s t o n  and H . M . P a i s l e y ,  Spectrochim. A cta  19, 549 (1963).
[5] D . A. L o n g  and W . O . G e o r g e ,  Spectrochim. A cta  19, 1777 (1963).
[6] K . C. M e d h i  and D. K . M t j k h e r j b e ,  Spectrochim. A cta  21, 895 (1965).
[7] D. A. L o n g  and R . T . B a i l e y ,  Trans. Faraday Soc. 59, 599 (1963).
[8] D . S t e e l e ,  <Specfroc/wm. Acta  22, 1275 (1966).
[9] D . B .  S c u l l y  and D. H . W h e f e e n ,  Spectrochim. Acta  16, 1409 (1960).

[10] D. S t e e l e  and D. H . W h i e e e n ,  Trans. Faraday Soc. 56, 8 (1960).
[11] D . A. L o n g  and D . S t e e l e ,  Spectrochim. Acta  19, 1791 (1963).
[12] D. H . W h i e e e n ,  P hil. Trans. Roy. Soc. A 248, 131 (1955).
[13] J. D u i n k e r  a n d  I .  M . M i l l s ,  p e r s o n a l c o m m u n ic a t io n .
[14] D . S t e e l e  and D. H . W h i e e e n ,  Trans. Faraday Soc. 56, 5 (1960).
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m e a n  th a t  th e  force  fie ld s o f  th e se  m o lec u le s  are a t  a ll r e lia b le  b u t  ra th er  t h a t  th e  
a ss ig n m e n ts  o f  th e  m o lec u le s  o n  w h ic h  th e y  are b a se d  are e s se n tia lly  correct. I t  h a s  
b e e n  sh o w n  th a t  tw o  d r a st ic a lly  d ifferen t fie ld s for  b e n zen e  rep ro d u ce  th e  fr e 
q u e n c ies  o f  b en zen e  a n d  i t s  d e r iv a tiv e s  w ith  eq u a l su cc ess  [ 8 , 13]. T h e  fie ld  o f  
h ex a flu o r o b e n z en e  is  b a se d  o n  v e r y  lim ite d  d a ta , as n o  iso to p ic  in fo r m a tio n  is  
r e a d ily  o b ta in e d , a n d  a  co n sid era b le  n u m b er  o f  a ssu m p tio n s  w ere n e c e ssa r y  to  f ix  
a  s e t  o f  v a lu e s  fo r  th e  force  c o n sta n ts . T h ese  fie ld s h a v e  b e e n  u se d  w ith  su cc ess  in  
t h e  c o m p u ta tio n  o f  th e  v ib r a tio n a l fre q u en c ie s  o f  p y r id in e , i t s  d eu te ro  a n a lo g u e s  
[5] a n d  o f  p en ta flu o ro  p y r id in e  [11] b y  tr e a tin g  th e  n itr o g en  r in g  a to m  as

N o  in fo r m a tio n  is  a v a ila b le  o n  th e  g e o m e tr y  o f  2 , 6  d ifluoro  p y r id in e . F o r  th e  
c o m p u ta tio n  o f  v ib r a tio n a l freq u en c ie s  sm a ll d e v ia t io n s  in  th e  g e o m e tr y  are

T a b le  1. A c t iv i t i e s ,  m o d e l  d is t r ib u t io n  a n d  b a n d  s h a p e s  
2 ,6  d i- f lu o r o p y r id in e

S y m m e tr y
c la s s

N o .  o f  
v ib r a t io n s A c t i v i t y

V a p o u r  p h a s e  b a n d  
sh a p e s

« I 1 0 i .r .;  R ( p ) T y p e  B .  S e p a r a t io n  8 - 9  c m “ ^

5a 9 i .r .;  R ( d p ) T y p e  A .  M e d iu m  s t r e n g t h  Q ; 
P R  s e p a r a t io n  o f  ^--10 cm ~^

h 5 i.r .;  R ( d p ) T y p e  C .  V e r y  s t r o n g  Q  
V e r y  b r o a d  a n d  w e a k  P  a n d  R

« 2 3 R ( d p ) ----

u n im p o r ta n t . C o n se q u en tly  a  regu lar, p la n a r  a n d  h e x a g o n a l r in g  s y s te m  h a s  b e e n  
a ssu m e d . B y  a n a lo g y  w ith  r e la te d  s y s te m s  th e  b o n d  le n g th s  w ere  ta k e n  as rcN =  
Tqq =  1-40 A; rcF =  1  30 A a n d  =  1  08  A. B a n d  sh a p e s  a n d  fre q u en c ie s  
c o m p u te d  o n  th e  b a s is  o f  th is  g e o m e tr y  agree w e ll w ith  o b ser v ed  th u s  v in d ic a t in g  
th e  u se  o f  th is  m o d e l.

T h e  n u c lea r  p o in t  grou p  is  T a k in g  th e  a x is  as th e  Z  a x is , a s re co m m en d e d  
b y  M u l l ik e n  [15], th e  v ib r a t io n s  c la ss ify  a s  10%  +  96g +  3% +  56 i. W ith  th is  
ch o ic e  o f  a x e s  th e  a n d  6 g la b e ls  are re v er sed  fro m  th e  u su a l co n v e n tio n .

O n th e  b a sis  o f  th e  g e o m e tr y  d escr ib ed  a b o v e  th e  p r in c ip a l m o m e n ts  o f  in er tia  
are ca lc u la te d  t o  b e  132 , 288  a n d  4 2 0  a .m .u . F o r  th e s e  v a lu e s  t h e  g ra p h s o f  
Gerhard an d  D enistison [16] p r ed ic t  th e  v a p o u r  b a n d  sh a p e s  l is te d  in  T a b le  1 . 
T h e a g re em en t w ith  o b se r v e d  is  g o o d .

2. E xperimental

A  2  m l sa m p le  o f  2 , 6  d iflu o ro p y r id in e  w a s k in d ly  d o n a te d  b y  D r. G. C. F in g e r  o f  
th e  I ll in o is  S ta te  G eo lo g ica l S u r v ey . I t  w a s  a  c lear co lo u r less  v e r y  v o la t ile  liq u id ,  
b .p . 126°C; 1*4345. N o  im p u r itie s  w ere d e te c te d  b y  v a p o u r  p h a se  ch ro m a 
to g ra p h y .

[1 5 ] R .  S . M u l l i e b n , j .  C h em . P h y s .  23, 1 9 9 7  (1 9 5 5 ).
[1 6 ]  S. L. G e r h a r d  a n d  D .  M . D e n n i s o n , P h y s .  R e v .  43, 1 9 7  (1 9 3 3 ).
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F i g .  I .  ( a ) ,  ( b ) ,  ( c ) .  T h e  in f r a - r e d  s p e c t r a  o f  2 ,6  d id u o r o p y r i d in e  i n  t h e  v a p o u r
a n d  p u r e  l i q u i d  p h a s e s .

S p e ctra  w ere  m ea su red  as d escr ib ed  in  p a r t  I  [17]. R ed ra w n  in fra -red  sp ec tra  
are sh o w n  in  F ig . 1  a n d  th e  o b ser v ed  freq u en cies  are lis te d  in  T a b le  2 .

3. Ca l c u l a t io n s

T h e p roced u re  a n d  fo rc e  c o n s ta n ts  e m p lo y e d  a lso  are as d escr ib ed  in  p a r t  I .  
T h e e v a lu a t io n  o f  th e  B  m a tr ix  e le m e n ts  for  th e  regu lar  h e x a g o n a l case  is  to o  
tr iv ia l to  w a rra n t th e ir  re p r o d u ctio n  h ere. T h e y  are a v a ila b le  on  re q u es t.

[ 1 7 ]  R .  T .  B a i l b y  a n d  D .  S t e e l e ,  Spectrochhn. Acta  2 3 A ,  2 9 8 9  ( 1 9 6 7 ) .
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T a b l e  2 .  O b s e r v e d  R a m a n  s h i f t s  a n d  i n f r a - r e d  a b s o r p t i o n  f r e q u e n c ie s  f o r  2 ,6
d i f lu o r o p y r i d in e

K am an
In fra -re d  

V apou r L iq u id Assignments

219(8)
247(6)
348(1)
458(1)

498(2)

5 4 6 (5 )p 
566(4)

657(3)

736(10) p

795(1)
879(0)
941(0)

998(10) p

1064 sh 
1 0 7 1 (5 )p  
1142(2)

1228(0)

1255(0) 
1281(2) 
1307(7) p

1446(1)

1560(2)

1590(4)
1612(3)

1636(1)

494
5 0 1 0 }  A  
507

563
568 0 }  A  
575

7 2 1 0  0

O '
796 0  0

10010  
1007 0  
1062  
1070  
1134  
1140 0  
1146  
1237 0  
1244 0

A  or 0

1 2 8 1 0

1451 
1456 0  
1460

1562 0  
1574 0  
1593 0  
1609% , 
1 6 1 8 /

3052(3) 
3090 sh 
3108(8) p

247 ms 
346 ms 
461 \v 
469 v w  
501 ms

548 w  
568 s

658 v w  
720 ms

736 s

796 vs

993 w s  
998 w s  

1066 m  
1074 m  
1145 ms

1233 vs 
1240 s

1284 ms 

1310 vs 

1385 w

1455 vs

1486 w  
1546 m  
1562 ms 
1574 m  
1592 vs

1614 w s

1633 m  
1644 m w  
1712 v v w  
1735 w  
1780 w  
1797 w  
1847 w  
1860 w  
1964 w m  
2000-3000  
3048 w

3107 s 
3199 w  
3221 w

Oj fun dam enta l 
fundam enta l 
fun dam enta l 
fun dam enta l

6  ̂ fun dam enta l

fun dam enta l 
6,  fundam enta l

bi fun dam enta l

fundam enta l

6  ̂ fun d am en ta l 
Ug fun dam enta l 
720 -f- 219 (&d or 6  ̂
fun dam enta l 
cq fun dam enta l

6g fun dam enta l

348 720 (6g)
Oj fun dam enta l 
6g fun dam enta l

6g fun dam enta l

5g fun dam enta l 

fun dam enta l

6o fun dam enta l

6g fun dam enta l 

fun dam enta l

796 +  924 (oj)

879 - f  924 (5g) 
2 X  924 (ap

m an y  w  to  m  bands  
O]̂  fun dam enta l 
6g fun dam enta l 
Oj fundam enta l
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T a b l e  3 .  T h e  c a l c u l a t e d  f r e q u e n c ie s  a n d  p o t e n t i a l  e n e r g y  d i s t r i b u t i o n s  o f  2 ,6  
d i f lu o r o p y r i d in e  a n d  t h e  a s s i g n e d  f r e q u e n c ie s  o f  2 , 6  d i f lu o r o p y r i d in e  a n d  2 , 6

d i m e t h y l p y r i d i n e

2,6 difluoro 2,6 d im e th y l A pprox im ate  po ten tia l
9 ass. energy d istribution

calo. ass. (B & S ) (M & M ) fo r difluoro

«1 3077
3059

3108
3048

3064
3040

3064-1
304 0 / 99 %  rca

1614 1614 1599 1599 4 8 % i? c o  1 3 % rc F  2 0 % /9 ch  
1 8 % a

1423 Î 1418 1470 5 0 %  Eco 1 2 % r o ï  1 0 % /3 ch  

13% /5cP
1329 1310 1264 1264/1225 1 5 % E c c  4 6 % rc F  2 0 % /5 ch 

1 9 % a
1088 1074 1094 1094 3 8 %  Eco 4 0 % j8 c a  1 9 % a
1006 998 996 996 12%  E  8 6 % a

740 736 718 718 3 9 %  E  1 4 % f q ,  44%x%
552 547 555 555 1 7%  E  6 9 % a
305 346 342 342 1 2 %  E  8 3 % ^ cf

3066 3090 3040 99 %  roH
1610 1592 1580 1580 4 6 %  Eco 2 1 % rc F  1 0 % /3 oh

1473 1456 1470? 1418 3 2 %  Eco 1 2 % rc F  S 0% )3 ch

1281 1284 1340 1340 7 1 %  E co 2 1 % )5 ch

1235 1233 1245 1245 3 3 %  Eco 2 5 % rc F  3 6 % ^ c n
1152 1145 1156 1225 2 9 %  Eco 6 6 %/?ch

987 998 995 1156 5 5 %  E  2 4 % rc F  1 2%  a
534 568 539 539 1 5%  E  6 7 % a
404 “ 461 289 218 84 % /3cf 

%  y  CP %  ycH %  T
997 924? 890 890 3 91 6
841 796 770 770 36 20 44
768 720 725 725 O 100 O
501 501 486 486 8 17 75

270 247 218 200 39 6 55

«2 912 879 ? 940 2 94 4

569 ? ? 430 73 2 25
242 219 200 289 4 13 83

C o m p u ted  fre q u en c ie s  a n d  a p p r o x im a te  p o te n t ia l en e r g y  d is tr ib u tio n s  are 
l is te d  in  T a b le  3.

4. A s s ig n m e n t s

« 1  class
I n te n s it ie s  a n d  R a m a n  p o la r isa tio n  d a ta  le a v e  n o  d o u b t as to  th e  a ss ig n m en t  

o f  b a n d s a t  3 108 , 1307 , 1071 , 998 , 736  a n d  546 cm “  ̂ t o  th e  % class. T h e a v era g e  
d iscr ep a n c y  b e tw e e n  o b se r v e d  a n d  c a lcu la ted  freq u en c ie s  is  o n ly  0 -95% . T h is  
en co u ra g es re lia n ce  o n  th e  c a lcu la tio n s . In fra -red  a b so rp tio n  b a n d s in  th e  v a p o u r  
p h a se  a t  1310  a n d  736  cm~^ (liq u id  p h a se  freq u en cies) are t y p e  B  w ith  p e a k  
se p a r a tio n s  in  g o o d  a g re em en t w ith  th o se  co m p u ted . B y  c o n tr a st  a b so rp tio n  a t  
998 c m - i  sh o w s tw o  sh arp  Q b ra n ch es in  th e  v a p o u r  p h a se . T h is  sh o w s c o n c lu s iv e ly  
th a t  th e re  are tw o  fu n d a m e n ta ls  o f  d ifferen t sy m m e tr y  c la sses  a t  998 cm~^. T h e
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se co n d  fu n d a m e n ta l is  o f  th e  c la ss . B a n d  sh a p es  a lso  serv e  t o  id e n t ify  th e  
h ig h e s t  r in g  m o d e  a t  1614  cm “ .̂ N o  e v id e n c e  ca n  h e  c ite d  for  th e  e x a c t  p o s it io n  
o f  th e  r in g  m o d e  co m p u te d  t o  h e  a t  1423 cm~^.

T h e  rem a in in g  a n d  lo w e s t  fu n d a m e n ta l is  co rre la ted  w ith  th e  348  cm~^ 
a b so rp tio n  a n d  R a m a n  sh ifts . A b so r p tio n  is  to o  w ea k  b e lo w  400  cm~^ fo r  th e  
v a p o u r  b a n d  co n to u rs t o  b e  o b ser v a b le  w ith  th e  a v a ila b le  e q u ip m en t. H o w e v e r  
th is  fr e q u e n c y  corre la tes w e ll w ith  th a t  o f  th e  a n a lo g o u s m o d e  a ss ig n e d  t o  2 , 6  

lu tid in e . T h e fa ilu re  t o  o b serv e  a n y  p o la r isa tio n  o f  th e  R a m a n  sc a tte r in g  a t  th e  
fr e q u e n c y  in  e ith er  co m p o u n d  d o es n o t  c o n tr a d ic t  th e  a ss ig n m en t. I t  fr e q u e n tly  
h a p p en s  t h a t  th e  p o la r isa tio n  o f  v e r y  lo w  fr e q u e n c y  d e fo rm a tio n  m o d es  o f  th e  
fu lly  sy m m e tr ic  c la ss  h a v e  to o  sm a ll p o la r isa tio n  t o  b e  d e te c ta b le . T h e  rem a in in g  
VcH fu n d a m e n ta l is  co rre la ted  w ith  th e  3048  cm~^ b a n d . .

6 2  class

V a p o u r  p h a se  b a n d  sh a p es  a n d  a b so rp tio n  or sc a tte r in g  in te n s it ie s  se rv e  to  
id e n t ify  fu n d a m e n ta ls  o f  th e  c la ss a t  1592 , 1456 , 1233 , 1145 , 998 a n d  568  cm “ .̂ 
B a n d  sh a p e  a n d  ca lcu la tio n s  in d ic a te  th a t  a fu r th er  6 3  fu n d a m e n ta l is  a t  1284  cm~^. 
T h e rem a in in g  fu n d a m e n ta l is  c a lc u la te d  t o  h a v e  a  fr e q u e n c y  o f  40 4  cm~^. N o  
o th e r  m o d e  is  c o m p u te d  to  b e  w ith in  1 0 0  cm~^ o f  th is  fre q u en cy . W e a k  R a m a n  
b a n d s a t  458  a n d  348  cm~^ c o n se q u e n tly  are b o th  re a so n a b le  ca n d id a te s  for  
a ss ig n m e n t to  th is  v ib r a tio n . H o w e v e r  a s  th e  lo w er  m o d e  h a s  a lr ea d y  b e e n  cor
r e la te d  w ith  th e  lo w e s t  a^ m o d e  a n d  s in c e  re m a in in g  stro n g  b a n d s are sa t is fa c to r ily  
co rre la ted  w ith  a ll o th e r  e x p e c te d  lo w  fr e q u e n c y  m o d e s  (see  b e lo w ) th e r e  ap p ears  
l i t t le  ro o m  fo r  d o u b t  in  th e  ch o ice  o f  th e  h ig h er  fr e q u e n c y  b a n d  as th e  6 2 * T h e  C H  
s tr e tc h in g  fr e q u e n c y  is  id e n tifie d  w ith  t h e  sh o u ld er  o n  th e  a-̂  R a m a n  b a n d  a t  
3 090  cm~^.

class

S tro n g  ty p e  G  b a n d s  a t  796 a n d  721 cm~^ se rv e  to  id e n t ify  tw o  m o d es. 
F u r th e r  m o d e s  are ca lcu la ted  to  b e  a t  997 , 501 a n d  270  cm~^. H o w e v e r  th e  o u t-  
o f-p la n e  c a lcu la tio n s  are n o t  a s  re lia b le  as th e  in -p la n e  for  rea so n s  d escr ib ed  in  
p a rt I .  I t  is  n o t  p o ss ib le  to  r e ly  on  th e se  to  b e t te r  th a n  1 0 % . S tro n g  R a m a n  an d  
in fra -red  b a n d s  a t  247  cm~^ are u n a m b ig u o u s ly  id e n tifie d  as d u e  to  o n e  o f  th e se  6  ̂
m o d e s. S tro n g  in fra -red  a b so rp tio n  a t  568  cm~^ a p p ea rs t o  h a v e  a  ty p e  A  v a p o u r  
p h a se  b a n d  co n to u r . H o w e v e r  as a n o th er  s tro n g  t y p e  A  b a n d  w e ll r e m o v e d  from  
th is  fr e q u e n c y  is  m ore  r e a d ily  co rre la ted  w ith  th e  o n ly  h-̂  m o d e  a n tic ip a te d  or 
ca lc u la te d  n ea r  h ere it  a p p ea rs v e r y  l ik e ly  th a t  i t  is  in d e ed  a  ty p e  C  b a n d  w ith  a  
ra th er  b ro a d en ed  Q b ra n ch  e ith e r  d u e  t o  h o t  b a n d s  or d u e  t o  lo w er  re so lu tio n . 
A b so r p tio n  d u e to  th e  h ig h e s t  \  m o d e  is  n o t  seen . A n a ly s is  o f  c o m b in a tio n  b a n d s  
in  th e  2 0 0 0 -1 7 0 0  cm"^ reg io n  su g g e s ts  th a t  th e  fr e q u e n c y  is  a b o u t  924  cm~^ (see  
b elo w ).

« 2  class
S tro n g  R a m a n  sc a tte r in g  a t  219 cm~^ is  c lea r ly  d u e  t o  a n  a^ m o d e . O ther  

m u c h  w ea k er  R a m a n  b a n d s  w ith o u t  co rresp o n d in g  in fra -red  a b so rp tio n  b a n d s  
o ccu r  a t  941 a n d  879  cm~^. T h e  form er a p p ea rs a t  to o  h ig h  a  fre q u en cy  b y
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corre la tion  w ith  v ic -tr id e u te r o  b e n zen e  in  w h ich  th e  m o d es  occu r a t  920 , 712 a n d  
374 cm~^ [18]. B y  sy m m e tr y , th e  n u c le i o n  th e  a x is  ca n n o t co n tr ib u te  to  a n  czg 
v ib ra tio n , a n d  s in ce  th e  m a ss  e ffec t  o f  su b s t itu t in g  flu orin e for h y d ro g en  m a y  
r e a so n a b ly  b e  e x p e c te d  to  h a v e  a  grea ter  e ffec t o n  freq u en c ies  th a n  a n y  force  
c o n sta n t  ch a n g es, it  is  rea so n a b le  to  e x p e c t  th e  2 , 6  d iflu orop yr id in e  freq u en cies  t o  
lie  b e lo w  th o s e  o f  v ic -tr id e u te r o -b e n z e n e . T h e rem a in in g  m o d e  is  u n id en tified .

C o m b in a tio n  ban ds

A s in  o th e r  flu o ro -a ro m a tic  sy s te m s  th e r e  is  a  w e a lth  o f  s tro n g  co m b in a tio n  
b a n d s. H o w e v e r  d u e  to  th e  lo w  sy m m e tr y  th e se  are o f  l i t t le  v a lu e  in  d ed u c in g  
fu n d a m e n ta ls , m a n y  a ss ig n m e n ts  g e n e r a lly  b e in g  p o ssib le .

A s in  th e  sp ec tr a  o f  b en zen e  a n d  i t s  d e r iv a tiv e s  [19] a b so rp tio n  b a n d s o f  s u b s t i
tu te d  p y r id in es  in  th e  reg io n  2 0 0 0 -1 6 0 0  cm~^ are ch a ra c ter istics  o f  s u b s t itu t io n  
p a tte r n  a n d  arise  fro m  su m m a tio n  b a n d s  in v o lv in g  m o d es. T h ese  p a tte r n s  
h a v e  b e e n  e s ta b lish e d  for  m o n o su b s titu te d  a lk y l p y r id in es  [2 0 ] a n d  u sed  to  e s ta b lish  
th e  ycH fu n d a m e n ta ls  for  a lk y l a n d  h a lo g e n  s u b s t itu te d  p y r id in es  [4]. U n fo r tu 
n a te ly  n o  s tu d y  o f  th is  reg io n  h a s  b e e n  carried  o u t  for  a n y  d isu b s t itu te d  p y r id in es. 
T h e a n a ly s is  in  t l i is  ca se  is  ren d ered  m u c h  m ore  co m p lic a te d  b y  th e  p resen ce  o f  
o th er  stro n g  su m m a tio n  b a n d s in  th e  ap p ro p r ia te  ra n g e  in v o lv in g  th e  Vq^ m o d es. 
H o w e v e r  th e  sp e c u la t iv e  a^ a ss ig n m e n t a t  879  cm~^ an d  b a n d s o f  a p p recia b le  
s tr e n g th  o f  1847  a n d  1797 cm~^ su g g e s t  t h a t  th e  m issin g  b  ̂ y en  fre q u en cy  is  a b o u t  
924 cm “ —̂ th e  a ss ig n m e n ts  th e n  b e in g  879 +  924  a n d  2 x  924  re sp e c tiv e ly .

6 . C o a iP A B is o N  OF A s s i g n m e n t s  w i t h  t h o s e  o f  M e t h y l  S u b s t i t u t e d

P Y R ID I N E S

(a) 2 , 6  L u tid in e

T h e a g re em en t b e tw e e n  th e  % a ss ig n m e n ts  o f  th e  d ifluoro com p ou n d  a n d  th o se  
o f  2 , 6  lu tid in e  is  g o o d . T liis  is  in  a cco rd  w ith  th e  s im ila r ity  o f  th e  sp ec tra  o f  a lk y l  
s u b s t itu te d  a n d  h a lo g en  su b s t itu te d  b e n zen e  sy s te m s  [e.g . 2 1 ]. I n  th e  b  ̂ c la ss  tw o  
d iscrep a n c ie s  are re a d ily  a p p a r en t. M ed h i a n d  M u k h erjee p la ce  th e  lo w e s t  b  ̂
fre q u en cy , w h ic h  arises p r im a r ily  fro m  r in g  m e th y l d efo rm a tio n , a t  218  cm~^. 
T h is se em s fa r  to o  lo w  for su ch  a n  in -p la n e  m o d e . T h e ^ m e th y l m od e o f  to lu e n e  
is  a t  347 cm~^ [ 2 2 ]. I n  th e  c la ss o f  2 , 6  lu tid in e  w e h a v e  on e o u t-o f-p h a se  m e th y l  
m o d e a n d  o n e  C— CHg str e tc h . I t  w o u ld  ap p ear  rea so n a b le  t o  e x p e c t  th e  ^  m e th y l  
m o d e t o  b e  b e lo w , b u t  n o t  m u c h  b e lo w , th a t  o f  it s  to lu e n e  co u n terp a rt. T h e

/5C— CH g m o d e  is  a ss ig n e d  a t  342 cm~^— a d m itte d ly  o n  slen d er  g ro u n d s— th u s  
/

[ 1 8 ]  A .  L a n g s e t h  a n d  R .  C. L o r d ,  3Ia t. F ys. M edd. D an. Vid. Selsk. 16, R o .  6 ( 1 9 3 8 ) ;  S. 
B r o d e r s e n  a n d  A .  L a n g s e t h ,  M at. F ys. Skrifter D an. Vid. Selsk. 1, ISTo. 1 ( 1 9 5 9 ) .

[ 1 9 ]  D .  H .  W h t f f e n ,  Spectrochim. Acta  7 ,  2 5 3  ( 1 9 5 5 ) .
[ 2 0 ]  G . L. C o o k  a n d  P .  M. C h u r c h ,  J .  Phys. Chem. 61, 4 5 8  ( 1 9 5 7 ) .  .
[ 2 1 ]  R .  R .  R a n d l e  a n d  D .  H .  W h i e e e n ,  Molecular Spectroscopy. I n s t i t u t e  o f  P e t r o l e u m  ( 1 9 5 5 ) .
[ 2 2 ]  PT. P us O N, C . G a r r i g o u - L a g r a n g e  a n d  M. L. J o s e e n ,  Spectrochim. Acta  16, 1 0 6  ( 1 9 6 0 ) .
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su p p o rtin g  th is  a rg u m en t. T h e  s tro n g  R a m a n  b a n d  a t  289  cm~^ is  ch o sen  in  
p referen ce  t o  th e  218  cm “  ̂ b a n d  a s th e  h .̂

T h e se co n d  re -a ss ig n m e n t can  b e  m a d e  on  m u ch  firm er ev id e n c e . T h e  R a m a n  
b a n d  a t  1225  cm~^ is  n o te d  t o  b e  p o la r ised  ren d er in g  it s  a ss ig n m en t t o  th e  c lass  
u n sa tis fa c to r y . I t s  s tr e n g th  p resu m a b ly  arises b y  F er m i in te r a c tio n  o f  a  co m b in a 
t io n  m o d e  w ith  th e  fu n d a m e n ta l g iv in g  r ise  t o  1264 , 1225 d o u b le t . T h e p resen t  
in v e s t ig a t io n  o f  d iflu o ro p y r id in e  sh o w s t h a t  th e  fr e q u e n c y  o u g h t to  b e  c lo se  to  
1 0 0 0  cm~^. T h e  stro n g  a b so rp tio n  a n d  sc a tte r in g  in  th is  reg io n  ren d ers i t s  e x a c t  
lo c a tio n  u n fea s ib le  w ith  th e  p resen t e v id e n c e .

(b) M o n o su b s titu ted  p y r id in e s

T h e sp ec tr a l d a ta  on  2 -F  p y r id in e  is  re s tr ic te d  to  R a m a n  d a ta . T h is  p rec lu d es  
a n y  d e ta ile d  sp ec tr a l co m p a riso n s b e tw e e n  th e  m o n o  a n d  d isu b s t itu te d  flu oro-  
p y r id in e . H o w e v e r  a  co m p a riso n  o f  th e  r e v ise d  a ss ig n m e n ts  o f  th e  d im e th y l a n d  
m o n o -m e th y l p y r id in es  b y  m ea n s o f  tw o  a p p r o x im a te , b u t  e x tr e m e ly  u se fu l, 
th e o re m s p e r m its  a n  in d ir e c t  ch ec k  on  th e  fluoro  a ss ig n m en ts .

I t  h a s  b een  d e m o n str a te d  th a t  th e  su m  ru le  o f  D E cru s et a l. [23] is  a p p lica b le  
to  n o n -iso to p ic  sy s te m s  d u e t o  c o m p en sa tio n  o f  force  c o n s ta n t  ch a n g es in h e re n t in  
th e  su p e r im p o sit io n  n a tu re  o f  th e  ru le  [24]. F o r  th e  s y s te m s  A ,  B  a n d  G  w h ere  th e  
n u c lea r  co n fig u ra tio n  (an d , i t  is  h o p e d , e lec tr o n  d e n s ity )  o f  C  is  re p ro d u ced  b y  
su p er-im p o sin g  H  o n  R  w ith  su ita b le  w e ig h t  fa c to rs , a p e rc en ta g e  d e v ia t io n  from  
p r e d ic tio n  can  b e  ex p re sse d  b y

_ a v j -  -f- bvn'  ̂ -  (a  +  h)vc^ _
( ^ + 6 ) V

w h ere  a ja  -j- b a n d  h[a  -f- b are a p p ro p r ia te  w e ig h t  fa c to r s  fo r  A  a n d  B .
S o m e ty p ic a l  <5 v a lu e s  for  th e  in -p la n e  v ib r a t io n s  o f  su b s t itu te d  f lu o ro -a ro m a tic s

are

A B C Sym. class <5

C A P  CgH^Fg ag - 0  5 ( +  2-2)
K - 0  05 (4-2-6)

CmD, CoF, P  CgD.Fg K - 0  02 ( +  18)
C A CeF, P  CgHgF, ag - 0 2 6 ( +  19 )

K 4-0-5 (+3-2)
C A CeFe sym  CeFgHg e' - 0 3 5 ( +  5-1)

« i' -fO-15 ( +  3-6)

T h e sy m m e tr y  c la ss  d e s ig n a tio n s  refer  t o  th o s e  o f  th e  co m m o n  d en o m in a to r  
s y m m e tr y  g ro u p . T h e  Ô v a lu e s  in  p a r e n th e se s  are o b ta in e d  b y  fa c to r in g  o u t  th e  
Vq-q  s tr e tc h in g  freq u en c ies . I t  is  to  b e  n o te d  t h a t  th e  ch a n g e  in  ô is  in  th e  sen se  
req u ired  for  in te r a c tio n  b e tw e e n  th e  C H  str e tc h e s  a n d  th e  o th e r  m o d es . H o w e v e r  
th e  m a g n itu d e  o f  th e  ch a n g e  in  Ô is  a m p lified  b y  th e  la rg e  d rop  in  Vq  ̂ in  th e  
d en o m in a to r  ar is in g  from  e lim in a tio n  o f  th e  C H  s tr e tc h in g  freq u en c ie s .

[23] J . C. D E c r u s  and. E . B . W i l s o n ,  J .  Chem. P hys. 19, 1409 (1951); L. M. S v e r d l o v ,  Dohl. 
A kad . N a u k  S .S .S .R .  78, 1115 (1951).

[24] D . S t e e l e ,  Spectrochim. A cta  18, 915 (1962).
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A p p ly in g  th is  ru le  t o  2 ,6  d im e th y l p y r id in e , p y r id in e  a n d  2  m e th y l p y r id in e  
th e  o n ly  c o m m o n  s y m m e tr y  e le m e n t is  th e  p la n e  o f  sy m m e tr y  a n d  ô is  —0-5%  
( —0*10% ) fo r  th e  so le  in -p la n e  c la ss  o f  co m m o n  d en o m in a to r  grou p . I n  th is  case  
5  co m p u te d  w ith o u t  th e  C H  str e tc h in g  m o d e s  is  v e r y  sa t is fa c to r y  in d ic a tin g  
c o n s is te n c y  o f  th e  a ss ig n m e n ts  h u t  ô w ith  th e  Vcs is  h ig h . T h is  is  d u e  to  arb itrary  
a ss ig n m en ts  o f  ea c h  o f  th e  tw o  o b ser v ed  C H  b a n d s o f  th e  m on o  m e th y l co m p o u n d  
to  tw o  fu n d a m e n ta ls . C om p arison  w ith  p y r id in e  sh o w s t h a t  th is  g iv e s  to o  h ig h  a  
v a lu e  VcB.  ̂ (T ab le  3).

T h e  se co n d  ru le  is  th e  in te r p o la t io n  ru le  [25]. T h is  p red ic ts  th a t  for  th e  in 
p la n e  c la sses  th e  j - t h  fr e q u e n c y  o f  2  M e p y r id in e  w ill  lie  b e tw e e n  th e  J - th  an d  
( j  - f  2 ) th  fr e q u e n c y  o f  p y r id in e . A  s im ila r  r e la tio n  e x is ts  b e tw e e n  th e  in -p la n e  
freq u en c ie s  o f  2 , 6  d im e th y l p y r id in e  a n d  2  m e th y l p y r id in e . T h is  h o ld s  in  b o th  
cases. H o w e v e r  th e  a ss ig n m e n ts  o f  M ed h i a n d  M u k h erjee  fo r  th e  d im e th y l  
co m p o u n d  are n o t  c o n s is te n t  w ith  th o se  o f  m o n o m e th y l co m p o u n d  o n  th is  b a sis .

[25] D. S t e e l e  and  D . H . W h i e e e n , Trans. Faraday Soc. 55, 369 (1959).
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Abstract—R am an and  infra-red spectra  o f 1,3,5 trichloropyrim idine and  its  4D derivative 
have been m easured in  th e  liquid phase. A n alm ost com plete set o f assignm ents are proposed 
which are based on th e  spectral characteristics and  on frequencies com puted for a  model 
using Scherer’s force fields for chlorinated benzenes.

1 . I n t r o d u c t i o n

I n  P a r t  I  o f  th is  series [1] th e  v ib ra tio n a l sp ectra  o f  2 ,4 ,6 -tr iflu orop yrim id in e w ere  
d iscu ssed . I t  is  in terestin g  to  com p are th e  sp ectra  w ith  th o se  o f  th e  tr ich loro-an a logu e  
an d  t o  e s ta b lish  a  c lose  a n a lo g y  b e tw e en  th e  ch lorop yrim id in e sp ectra  a n d  t h e  
ch lorob en zen e sp ectra  as h a s b een  d on e for th e  flu oro -d eriva tives. F u rth erm ore from  
com p arison  o f  th e  m ass an d  force co n sta n t  effec ts acco m p a n y in g  su b stitu tio n  o f  
ch lor in e for  fluorine i t  o u g h t to  b e  p o ssib le  to  in terp o la te  or ex tr a p o la te  to  p red ic t  
th e  sp ectru m  o f  o th er  p y rim id in e  sy stem s. T h is, i t  is  h op ed , w ill serve as a  b asis on  
w liich  a  sp ec tra l s tu d y  o f  c y to s in e  m a y  b e  u n d ertak en .

T h e p rob lem  o f  sp ec tra l in te rp re ta tio n  is  g re a tly  fa c ilita ted  b y  th e  a v a ila b ility  
o f  force fields for th e  in -p lan e [ 2 ] a n d  for th e  o u t-o f-p la n e  v ib ra tio n s o f  ch lorobenzen es  
[3]. S u ccess in  p red ic tin g  th e  freq u en cies o f  flu orin ated  p yrim id in es [I ]  an d  p y rid in es  
[4, 5] u s in g  force fields o f  b en zen e  an d  h exaflu orob en zen e encou rage th e  h op e th a t  
sim ilar su ccess  m ig h t b e ex p er ien ced  for o th er  su b stitu e n ts .

2 .  E x p e r i m e n t a l

A  com m ercia l sam p le  o f  tr ich lorop yrim id in e (K och -L igh t) w a s v a cu u m  d istille d  
an d  w a s fo u n d  to  h a v e  a  p u r ity  o f  a t  le a st  99%  b y  a n a ly tica l ga s ch rom atograp h y . 
T h e d eu tera ted  com p ou n d  w a s p rep ared  from  d eu tera ted  cyan u ric  ac id  b y  rea ctio n  
w ith  p h o sp h o ry l ch loride a n d  d im eth y la n ilin e  [ 6 ]. C yanuric a c id  w as d eu tera ted  b y

[1] R . T. B a il e y  a n d  D. St e e l e , Spectrochim. A cta  23A, 2989  (1967).
[2] J .  S c h e r e r , Spectrochim. Acta  20, 345 (1964).
[3] J .  S c h e r e r , Spectrochim. A cta  23A, 1489 (1967).
[4] D . A. L o ng  a n d  D . St e e l e , Spectrochim. A cta  19, 1791 (1963).
[5] R . T . B ALLEY a n d  D. S t e e l e ,  Spectrochim. A cta  23A, 2997 (1967).
[6] J .  B a d d i l e y  an d  A. T o p h a m , J .  Chem. Soc. 678 (1944).
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rep ea ted  ex ch a n g e  w ith  D^O b u t co m p lete  ex ch a n g e  w as fo u n d  d ifficu lt to  a tta in .
A  m a ss sp ectra l a n a ly sis  carried  o u t  b y  M ead o f  B .P .,  S u n b u ry , sh o w ed  th a t  th e  

d eu tera ted  sp ec ies (D ) co n ta in ed  15 ±  0-5%  o f  0 ^N2 Cl3 H (H ). D e ta ils  o f  in stru m en ts  
u sed  are as d escrib ed  in  P a rts  I  an d  I I  [ 1 , 5]. S p ectra  w ere run  as m e lt  an d  m  so lu 
t io n s  o f  CSa an d  CCI4 . O ver certa in  sp ectra l reg ion s in fra-red  sp ectra  w ere a lso  
recorded  in  n itrom eth an e, b en zen e  an d  cycZohexane. T o d istin g u ish  co n tr ib u tio n s  
to  th e  sp ectru m  o f  D  from  H  th e  sp ectra  w ere recorded  w ith  v a ry in g  a m o u n ts o f  H  
in  th e  reference b eam . W h en  th e  v e r y  stron g  1105 cm~^ b a n d  d u e to  th e  H  sp ecies  
w a s b a la n ced  o u t  th e  resid u a l sp ectru m  w a s ta k e n  as th a t  o f  D . In fra -red  sp ectra  
are sh ow n  in  F ig s. 1  an d  2 . F req u en cies  are g iv e n  in  T ab le  1 .

1600 1000 400

Fig. 1. R edraw n infra-red absorption  spectriun  o f for range 1600-
400 cm“ i.

A  solution 0-013 m m  cell.
B  0-013 m m  cell.
C 0-05 m m  cell.

1605" 1000 400

cm-i
Fig. 2. R edraw n infra-red absorption  spectrum  of C l̂STgClgD for range 1600-

400 cm“ i.
A  solution 0-013 m m  cell.
B  0-013 m m  cell.
C 0-05 m m  cell.
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Table 1. The observed R am an  and  infra-red frequencies o f C^XgClgH and  C^NgCl^D and  their
assignm ents

C .If ,C l ,D Assignment
R am an In fra -re d R am a n In fra -re d Species Mode

3112 m p 3108 8 A i C H  stretch fund
3044 w 3043 m

2888 m w  
2735 w  
2714 m w  
2640 w  
2556 m  
2500 m

3031 w 3036 m

2710 m w

2506 m  
2475 m

2 X  ^ 2 X  1522 (H )  
2 X  1513 (D )

2387 w 2389 m w 2387 m 2387 W
2311 s,p 2313s ^1 C D  stretch fund

2296 m
2258 w

2233 w
2206 w 2205 w
1917 w 1910 w  

1787 w  
1670 w

1567 ms 1550 w
1539 w s 1523 w s -Bg fun dam ental

1522 s 1528 xs fun dam ental
1513 s 1 5 1 4 sh A fun dam ental
1467 w 1476 w

1440 w 1442 w
1411 m 1422 w
1392 m 1392 v w 1388 m

1366 w 1368 s fundam ental
1352 m
1 31 7 m 1312 v w 1314 s -Bs fun dam ental

1277 m 1280 vs 1266 s 1269 vs fun dam ental
1269 sh, m 1269 s 

1248 m
1242 s ^2 fundam enta l

1223 sh, w
1210 m , p 1216 m 1212 s, p

1199 w m
fundam ental

1193 w 1191 w  

1126 v w
1 1 6 7 w

1103 w 1105 vs 

990 w

1072 v w  
1036 vW  

991 w

^2 fun dam ental

977 vs, p 978 ms A fundam ental
963 s,p 965 m

964 vs, p 965 s A fundam ental
965 w

918 v w 932 m

903 w
917 w  
901 w  
880 w

A fundam enta l

869 w 860 vs ( A fundam enta l
854 v w 849 vs -Ba fun dam ental
830 w 833 vs W 2 +  A 614 +  ~ 2 3 0

847 w 849 s A fun dam ental
819 m 818 vs i A fundam ental
773 m 775 s 565 +  /~-,230

813 vs 806 s A fun dam ental
753 v w 752 s 

712 v w
•Bi fun dam ental

682 w 667 m B i fundam enta l
614 s fim dam en tal
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Table 1 (cont.)

0 .N .C 1 .H C4N 2CI3D Assignm ent
R am an In fra -re d R am a n  In fra -re d Species M ode

697 w 605 w 597 m  600 w
661 w  565 s Bx fundam enta l

545 v w
479 w 483 m

474 m  477 w
456 m 462 s 454 s 457 8 B 2 fundam enta l
428 w 434 m A fun dam enta l

419 m  423 m A fundam enta l
414 sh, p
388 s, p 387 vs, p A j ,  Rg fundam enta l

332 v w
314 w

282 v w
202 vs 202 m 201 vs 200 m B i fundam ental
174 s 179 vs 167 s A^, R j fundam enta l
140 m 148 s 140 m Bx fundam enta l

3 . C a l c u l a t i o n s

T h e m eth o d  o f  se tt in g  u p  th e  secu lar eq u a tio n s  an d  o f  d er iv in g  th e  v ib ra tio n a l 
'freq u en cies an d  th e ir  e ig en v ec to rs w as as d escrib ed  in  P a r t  I  [ 1 ] T h e  force co n sta n ts  
u sed  w ere tran sferred  jhom  th e  p apers b y  S c h e r e r  [2 , 3]. I n  th is  c o n te x t , n o  d is
t in c tio n  w as m ad e b etw e en  th e  n itrogen  an d  carbon  a to m s. T w o  se ts  o f  ca lcu la tion s  
w ere m ad e. I n  th e  first (calc. A ) a  regu lar h ex a g o n a l g e o m e tr y  w a s a ssu m ed . In  
th e  secon d  (calc. B )  th e  m olecu lar g eo m e tr y  w a s ta k e n  to  b e  th e  sa m e as for  2 -am in o  
4 ,6  d ich lorop yrim id in e [7] (N O N  =  128°, CNC =  114°, CCC =  114°, Tc  ̂ =  1  32 A, 
Tqc =  1  36 A, r c -c i =  1 - 8  A). C om p u ted  freq u en cies are g iv e n  in  T a b les  2  a n d  3. 
S p ecies n o m en cla tu re  is  as u sed  in  P a r ts  I  an d  I I  an d  th erefore  th e  an d  
la b els  a p p ly  to  th e  in -p lan e  m od es.

4 .  A s s i g n m e n t s

4 . 1  A ssig n m en t o f  fu n d a m e n ta l frequ en cies expected above 900 cm~^

P o la r ised  B a m a n  b a n d s a llo w  p o s it iv e  id en tifica tio n  o î  A^  fu n d a m en ta ls  a t  3112, 
1210, 977 /9 6 3 , a n d  388 cm~^ in  H  a n d  a t  2311 , 1 2 1 2 , 963 an d  387 cm~^ in  D . T h e  
average  p ercen ta g e  d iscrep an cies b e tw e en  o b serv ed  an d  ca lcu la ted  freq u en cies  are  
2 -6 % fo r  ca lcu la tio n  A  a n d  3-3%  for ca lcu la tio n  B . T h is g iv e s  an  en cou rag in g  gu id e  
to  th e  re lia b fiity  o f  th e  ca lcu la tio n s. L a c k  o f  fu rth er  p o la r isa tio n  d a ta  an d  va p o u r  
p h a se  b a n d  con tou rs, n ec e ss ita te s  con sid erab le  reh an ce  o n  th e  ca lcu la tio n s an d  
o b serv ed  iso to p ic  H — D  freq u en cy  sh ifts  for fu rth er p rogress. T h e m o st  str ik in g  
fa c t  a b o u t th e  co m p u ted  freq u en cies is  th e  in se n s it iv ity  o f  th e  A^  freq u en cies to  H , D  
su b st itu t io n  w h ils t  fou r o f  th e  Bg m od es sh o w  sh ifts  in  ex c ess  o f  20 cm~^. T h ree  
o f  th e se  se n s itiv e  m o d es h e  a b o v e  1 0 0 0  cm~^ (th e  u p p er h m it  for a n y  o f  th e  
m od es w ith  w h ich  th e y  m ig h t b e  con fu sed ). T h is  serves to  id e n tify  tw o  o f  th e se  
u n a m b ig u o u sly  a s 1368 an d  1105 cm~^ (H ) an d  1314  an d  860 cm ”  ̂ (D ). T h e ca lcu la 
t io n s  sh ow  th a t  a  fu rth er tw o  {A-  ̂ an d  B f) ,  fu n d a m en ta l freq u en cies h a v e  to  b e  
d eterm in ed  in  th e  1500 cm~^ reg ion  a n d  tw o  (A^ an d  B f)  in  th e  1 3 0 0 -1 2 0 0  cm~^

[7] C. J .  B . Clews and W . Cochran, A cta Cryst. 1, 4 (1948).
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Table 2. The calculated and  assigned in-plane frequencies o f 2,4,6 tri-chloropyrim idine, its 
deutero isom er and  1,3,5 tri-chlorobenzene (All frequencies in  cm“ )̂

C.NgClsH G4N .C I.D G.GIgH,
Og* species Calc. A Calc. B Ass. Calc. B Ass. Calc. Ass. D 37, species

A 3070 3070 3112 2287 2311 3071 3084 A '
3069 3089 E '

1675 1539 1525 1524 1513 1632 1570 E '
1325 1250 1280 1243 1269 1436 1420 E '
1156 1136 1210 1136 1212 1159 1149 A '

1087 1098 E '
985 973 977/963 957 963 987 997 A '
790 790 813 787 806 791 816 E '
433 414 434 410 423 432 429 E '
375 366 388* 366 387 375 379 A '
185 187 179* 187 167* 184 191 E '

Bg 3069 3089 E '
1609 1587 1539 1571 1522 1632 1570 E '
1427 1423 1368 1357 1314 1436 1420 E '
1280 1240 1269 1240 1242 1359 . A '

1248
1213 A '

1129 1104 1105 873 860 1087 1098 E '
780 787 840 773 818/775 791 816 E '
465 413 462 413 458 446 A '
428 400 388* 390 432 429 E '
184 187 179* 186 167* 184 191 E '

Calc. A  m ade using regular hexagonal geom etry.
Calc. B made using geom etry described in  te x t.
*  D ouble  assignments.

Table 3. The calculated and  assigned frequencies for th e  out-of-plane fundam entals o f tri-
chloropyrim idine and  its  deutero isomer

C4N 2CI3H C4N 2CI3D
Species Calc. Ass. Calc. Ass.

B 1 926 923 845 849
753 752 684 667
543 614 494 565
214 202 208 201
147 144 146 140

A 575 575
235 230* 235 230*

* E stim ated  from  F erm i resonance doublet.

reg ion  for b o th  sy stem s. E x tr e m e ly  stron g  infi'a-red ab sorp tion  e x is ts  for H  a t  
1539 a n d  1528 cm ~i. A  stron g  R a m a n  h n e a t  1522 cm~^ fa v o u rs id en tifica tio n  o f  th e  
low er freq u en cy  a s d u e to  th e  m od e. F o r  D , an  ex tr em ely  stron g  b a n d  ap pears  
a t  1529 cm~^ w ith  a  sh ou ld er a t  1514 cm~^ an d  on e R a m a n  b an d  is  a t  1513 cm “i. 
T h e freq u en cy  sh ifts  for th e  A^ an d  Bg sp ecies are co m p u ted  to  b e  15 an d  16 cm -^  
re sp e c tiv e ly  a n d  it  w o u ld  seem  log ica l to  a ssign  th e  A^ freq u en cy  in  D  a s 1513 cm~^ 
an d  th e  Bg as 1523 cm -^. T h e ob served  freq u en cy  sh ifts , freq u en cy  ran ge an d  
stre n g th  o f  th e  corresp ond ing  R a m a n  em ission  en cou rage a ssig n m en t o f  th e  1280
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(H ) an d  1269 cm~^ (D ) b a n d s to  th e  rem ain in g  h ig h  freq u en cy  fu n d am en ta l. 
B y  e lim in a tio n  th e  Bg m o d e is correlated  w ith  th e  w eak er, b u t s t ill  stron g , ab sorp tion  
a t  1269 cm~^ (H ) an d  1242 cm~^ (D ). T h e  freq u en cy  sh ift  o f  27 cm~^ for th e  a ssign ed  
b a n d s is  in  p oor agreem en t w ith  th e  p red ic ted  sh ift  o f  a lm o st zero. A n  a lter n a tiv e  
in te rp re ta tio n  is  to  a ssign  th e se  b a n d s as F erm i reson an ce  co m p o n en ts  o f  th e  
fu n d a m en ta l an d  th e  1248 cm~^ (m ) in fra-red  b a n d  (H ) to  th e  Bg fu n d a m en ta l, th e  
corresp ond ing D  b a n d  b ein g  m a sk ed  b y  th e  A^ reson an ce  d o u b let. O n th e  p resen t  
ev id en ce  i t  is  n o t  p ossib le  to  d ec id e  b e tw e en  th ese .

4 .2  A ssig n m en t o f fu n d a m en ta l frequ en cies expected below  900 cm~^

B y  v ir tu e  o f  it s  freq u en cy  ran ge a n d  th e  a b sen ce  o f  a n y  b a n d  o f  com p arab le  
stre n g th  w ith in  40 cm"^ in  th e  sp ectru m  o f  th e  D  an a logu e, th e  yen  m o d e is  id en tified  
a t  923 cm ” .̂ S u p p ort for th is  is  fo u n d  in  th e  p resen ce o f  a  b a n d  a t  th e  ex p e c te d  
freq u en cy  for it s  o verton e . T h e y^n b a n d  sh o u ld  b e  lo c a te d  n ear 840 cm~^. I n  D ,  
th ree  o th er  fu n d a m en ta ls  are e x p ec ted  in  th e  ran ge 9 0 0 -7 8 0  cm~^. O ne o f  th e se , th e  
Bg/? C D  m od e h a s b een  id en tified  w ith  th e  stron g  860 cm~^ ab sorp tion . I n  su p p ort  
o f  th is  w e  n o te  th a t

1 . T h e  in fra-red  a b sorp tion  a t  860 cm~^ (D ) is  far stron ger th a n  a n y  in  H  b etw een  
1 0 0 0  an d  860 cm~^.

2 . T h e  stren g th  o f  ab sorp tion  is  so  far in  ex c ess  o f  th a t  o f  th e  yen  b a n d  an d  o f  th a t  
o f  th e  n e x t  h ig h e st  freq u en cy  Bg m od e o f  H , a t  752 cm~^, th a t  it  is  im p o ssib le  th a t  
th e  ab sorp tion  cou ld  b e  d erived  from  th e se  m od es b y  a n y  m an n er o f  m o d e  m ix in g .

H a v in g  p o s it iv e ly  id en tified  th is  Bg m o d e th e  y^D m o d e  is  reco g n ised  as re
sp on sib le  for th e  849 cm~^ ab sorp tion . T h e stre n g th  o f  th e  752 cm~^ b a n d  (IT) an d  
th e  ab sen ce  o f  com p arab le a b sorp tion  in  th e  ra n g e  7 6 0 -7 0 0  cm~^ is  su ffic ien t to  
lo c a te  th e  secon d  h ig h e st  Bg fu n d a m en ta l a t  752 cm~^ (H ) a n d  667 cm~^ (D ). T h is  
le a v es  th ree  v e r y  stron g  u n a ssig n ed  b a n d s near 830 cm~^ in  H  a n d  th ree  n ear 800 cm ~i 
in  D  to  b e  id en tified  w ith  tw o  fu n d a m en ta ls . S in ce i t  seem s to  th e  au th ors th a t  on e  
is  forced  to  a ccep t a  reson an ce h ere th e n  th e re  m u st b e  a t  le a s t  on e p o ssib le  co m b in a 
t io n  o f  fu n d a m en ta ls  w h ich  w ill lea d  to  th e  requ ired  reson an ce  an d  ex p la in  th e  o b 
serv ed  sh ifts . T h e n u m b er o f  p o ss ib ilit ie s  a t  th e se  lo w  freq u en cies is  v e r y  lim ited . 
C om b in ation  o f  th e  in -p lan e  fu n d a m en ta ls  a m o n g st th e m se lv e s  cou ld  n o t  ex p la in  
th e  m a g n itu d e  o f  th e  freq u en cy  sh ift  b e tw e en  H  an d  D . F o r  sy m m e tr y  reason s  
com b in ation s o f  in -p lan e  w ith  o u t-o f-p la n e  m od es is  o u t. T h is red u ces th e  p o s
s ib ilitie s  to  B i  -f- B j  or B i  -h Ag. N o w  th e  Ag freq u en cies m u st b e  u n ch a n g ed  b e 
tw e e n  H  a n d  D . W ith  th is  in  m in d , o n ly  on e p o ss ib ility  e x is ts— th e  614 (H ) cm~^ -j- 
lo w est  Ag an d  th e  565 (D ) cm~^ an d  sam e Ag freq u en cy . T h is n e ce ss ita te s  th a t  th e  
freq u en cy  cen tres o f  th e  reson an ce p airs sh o u ld  sh o w  a n  iso to p e  freq u en cy  sh ift  o f  
50 cm~^ a n d  th a t  th e  tra n sitio n s  in v o lv e d  sh o u ld  b e lo n g  to  th e  Bg sp ecies. In  
ad d itio n  th e  A^ fu n d a m en ta l is  ex p e c te d  to  sh o w  an  iso to p ic  sh ift  o f  5 cm~^. T h ese  
ex p e c ta tio n s  are a d eq u a te ly  sa tisfied  b y  in terp retin g  th e  A^ fu n d a m en ta ls  a t  813 cm ~ i 
(H ) a n d  806 cm~^ (D ). I n  D  th e  greater  s tre n g th  o f  th e  818 cm~^ co m p o n en t  
com p ared  w ith  th e  775 cm~^ co m p o n en t is  to  b e  ex p e c te d  in  v ie w  o f  th e  fa c t  th a t  th e  
sh ift  in  th e  co m b m a tio n  freq u en cies is  a b o u t 15 cm~^ greater  th a n  th e  ca lcu la ted  
Bg fu n d a m en ta l sh ift. F ro m  th is  reson an ce w e  a lso  d ed u ce  th a t  th e  lo w es t  Ag 
fu n d a m en ta l (un observed) is  n ear 230 cm “ .̂ A tte m p ts  w ere m a d e  to  p ertu rb  th e
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reson an ce b y  so lv e n t  sh ifts  an d  th e re b y  confirm  th e  a b o v e  a n a lysis , b u t  w ere u n 
su ccessfu l. T h e sp ectra  w ere m easu red  in  cycZohexane, b en zen e, carbon  d isu lp h id e  
an d  carbon  tetrach lor id e.

S tren g th , ran ge, an d  freq u en cy  sh ifts  suffice to  lo c a te  tw o  m ore fu n d a m en ta ls— in  
H  a t  462 cm~^ (Bg) an d  614 cm ~i ( B J  an d  in  D  a t  457 em~^ (Bg) an d  565 cm~^ ( B J .  
R a m a n  em ission  d u e to  th e  h ig h est Ag m od e h as n o t  b een  ob served . T h e lack  o f  
a b sorp tion  b etw e en  380 cm~^ a n d  200  cm~^, a p art from  a  w eak  b an d  a t  314  cm~^ 
d etec ta b le  in  th e  p ure liq u id  a t  2  m m  th ick n ess  an d  th e  grea t s tren g th  o f  th e  ab 
sorp tion  b e lo w  a n d  a b o v e  th is  ran ge stro n g ly  su g g est ab sen ce o f  a llow ed  fu n d am en ta ls  
in  th is  ran ge. I n  a d d itio n  w e  h a v e  a lread y  assign ed  a  Bg fu n d a m en ta l a t  a b o u t  
460 cm~^. S in ce th e  co m p u ta tio n s lea d  u s to  ex p e c t  th e  four lo w est A^ freq u en cies  
to  b e  c lose  to  th e  corresp ond ing  Bg freq u en cies w e  te n ta t iv e ly  p rop ose th a t  an  A j  
fu n d a m en ta l freq u en cy  is  434  cm~^ (H ), 423 cm~^ (D ) an d  th a t  a  Bg fu n d a m en ta l is  
p a rtia lly  resp on sib le  for th e  in ten se  ab sorp tion  a t  388 cm~^. F in a lly  w e  h a v e  th ree  
R am an /in fra -red  b an d s in  th e  ran ge 2 1 0 -1 4 0  cm~^ an d  four fm id a m en ta ls  to  lo ca te . 
I f  w e a cc ep t th a t  d egen eracy  o f  th e  lo w est  E '  m od e o f  trichlorobenzene' is  go in g  to  b e  
l i t t le  a ffected , b e in g  m a in ly  a  r ing  an g le  d eform ation  m od e, o n  go in g  to  th e  
p yrim id in e , th e n  th e  a ssig n m en ts g iv e n  in  T ab les 1 -3  read ily  fo llow .

5 .  C o m p a r i s o n  w i t h  T r i c h l o r o b e n z e n e

T h e sp ectra  o f  1 ,3 ,5  tr ich lorob en zen e h a v e  b een  stu d ie d  b y  S c h e r e r  et a l. [ 8 ], 
C alcu la tion  o f  th e  fu n d a m en ta l freq u en cies u sm g  S cherer’s fie ld  for ch lorobenzen es  
h as n o t  b een  rep orted . F o r  th is  reason  w e  h a v e  m ad e th e se  ca lcu la tion s (T ab le 2) 
an d  i t  can  b e  seen  th a t  agreem en t w ith  a ssig n m en ts is  ex ce llen t. C orrelation  o f  th e  
ab sorp tion  sp ectra  o f  tr ich lorob en zen e a n d  tr ich lorop yrim id in e is  stra igh tforw ard  
an d  su p p orts  th e  a ssig n m en ts m ade. A s ex p e c te d  th e  e x tr a  E '  C H  d eform ation  
freq u en cy , arisin g  from  th e  su b st itu t io n  o f  C H  for N , id en tified  a t  1420 cm~^, 
cau ses th e  freq u en cies to  m o v e  ap art from  th o se  o f  th e  p yrim id in e  com p oun d. T h e  
effec t fa lls  o ff  to  n eg lig ib le  p rop ortion s b y  1 0 0 0  cm~^.

[8] J .  R . S c h e r e r , J .  C. E v a n s , W . W . M u e l d e r  and  J .  O v e r e n d , Spectrochim. Acta  18, 57 
(1962).
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The force field for the out-of-plane vibrations of halogenated 
aromatic molecules
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Abstract— T h e  g e n e r a l q u a d r a tic  fo r c e  f ie ld  fo r  t h e  o u t  o f  p la n e  v ib r a t io n s  o f  t h e  se r ie s  C gH g, 
C g H g X , p -C gH ^ X g a n d  th e ir  d e u te r a te d  a n a lo g u e s  ( X  =  E ,  C l, B r )  h a v e  b e e n  d e te r m in e d  b y  
p e r tu r b a t io n  p r o c e d u r e s  a n d  b y  a s s u m in g  tr a n s fe r a b il i ty  o f  t h e  c o n s t a n t s  w it h in  a  g iv e n  X  
s e r ie s . A g r e e m e n t  b e tw e e n  t h e  th r e e  s e t s  o f  f ie ld s  is  e x c e l le n t .  G o o d  a g r e e m e n t  w it h  t h e  b e n z e n e  
f ie ld s  p r o p o s e d  b y  M iller  a n d  C ra w fo rd , b y  W h iffe n  a n d  b y  S c h e r e r  is  a lso  o b ta in e d . A n  a l t e r 
n a t iv e  f ie ld  fo r  X  =  B r  w a s  fo u n d  b u t  is  u n a c c e p ta b le  b y  a n a lo g y  w it h  t h e  X  =  F  a n d  C l f ie ld s .

I n t r o d u c t i o n

T h e  s tu d y  to  b e  d escrib ed  w a s in it ia te d  th ro u g h  a  n eed  for a  s e t  o f  reHable n orm al 
co -ord in a tes  for th e  o u t  o f  p la n e  v ib ra tio n s  o f  m on o- an d  d i-su b stitu te d  arom atic  
m olecu les . A t  th e  p resen t t im e  th ere  is  n o  d a ta  o th er th a n  fu n d a m en ta l v ib ra tio n a l 
freq u en cies  from  w h ich  force fields for th e se  m o lecu les m a y  b e  d erived . E v e n  w ith  
th e  u se  o f  iso to p ic  v ib ra tio n a l freq u en cies to  su p p lem en t th o se  o f  th e  n orm al m o le 
cu les th e  field  w ill b e  se v er e ly  u n d er-d eterm in ed . T w o d ifferen t m eth o d s are g en era lly  
em p lo y ed  to  o v erco m e th e  in d e te rm in a cy  o f  th e  force co n sta n ts . T h e  first is  to  
a ssu m e a  g iv e n  force field  m od el su ch  a s th e  U r e y  B r a d ley  force field  (U B E F ), th e  
H y b r id  O rb ita l force field  (H O F F ) or a m ore arb itrary  sim p lified  h arm on ic  field  in  
w h ich  co n sta n ts  are h e ld  a t  g iv e n  v a lu es. T h e secon d  m eth o d , w h ich  on  it s  ow n  w ill 
u su a lly  stiU  b e  in a d e q u a te  to  e v a lu a te  th e  m o st gen era l h arm on ic  force field , is  th e  
O verlay  tec h n iq u e  in  w h ich  th e  force co n sta n ts  are a ssu m ed  to  b e tran sferab le  
b e tw e e n  a  se t  o f  stru ctu ra lly  sim ilar m olecu les. T h e  U B F F  an d  H O F F  a p p ro x i
m a tio n s  are in a p p lica b le  to  th e  o u t-o f-p la n e  v ib ra tio n s  o f  arom atic m olecu les  an d  
i t  is  th erefore n ecessa ry  to  a p p ly  th e  o v er la y  ap proach . T h is  h a s  a lread y  b een  d on e  
for  th e  co m p lete  ran ge  o f  ch lor in a ted  arom atic  m o lecu les o f  th e  ty p e  CgHa.Clg_a. [ 1 ].

T h e  v ib ra tio n a l a ss ig n m en ts  o f  som e m o n o - an d  d i-p a ra su b stitu ted  a rom atics  
h a v e  b een  ex a m in ed  in  a n  a cco m p a n y in g  p aper [2 ] an d  th e  v ib ra tio n a l a ssig n m en ts  
preferred  in  t h a t  s tu d y  w ere u sed  th r o u g h o u t th e  w ork  d escrib ed  here.

M e t h o d  o f  C o m p u t a t i o n

E sse n tia lly  th e  co m p u ta tio n s  rep orted  in  th is  w ork  w ere carried o u t  fo llo w in g  
t h e  p roced u re o u th n e d  b y  A l d o u s  a n d  M i l l s  [3, 4]. T h e  v ib ra tio n a l p rob lem  w a s  
s e t  u p  in  sy m m e tr y  co -ord in a tes b u t  red u n d a n t co -ord in a tes w ere n o t  e lim in ated . 
A n  ex c e p tio n  h ere is  for th e  Hĝ j sp ec ies  w h ere th e  0  an d  F  m atr ices o f  W h i f f e n

[ 1 ] J .  R .  S c h e r e r ,  Spectrochim. A cta  23A, 1 4 8 9  (1 9 6 7 ).
[2 ]  P .  X .  G a t e s ,  K .  R A D oniEFE a n d  D .  S t e e l e ,  Spectrochim. A cta  25A, 5 0 7  (1 9 6 9 ).
[3 ]  J .  A l d o u s  a n d  I . M . M i l l s ,  Spectrochim. A cta  18, 1 0 7 3  (1 9 6 2 ).
[4 ] J .  A l d o u s  a n d  I . M . M i l l s ,  Spectrochim. A cta  19, 1 5 6 7  (1 9 6 3 ).
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w ere u sed  [13], A s  a  ch eck  o n  th e  sy m m e tr iz a tio n  a ll th e  freq u en cies ca lcu la ted  b y  
th e  a b o v e  m eth o d  w ere a lso  ev a lu a te d  u sin g  th e  m e th o d  o u tlin ed  b y  S c h a c h t -  

SCHNEIDER a n d  S n y d e r  [ 5 ]  an d  w h ich  d oes n o t  in v o lv e  th e  u se  o f  sy m m e tr y . T h e  
sy m m e tr y  co -ord in a tes an d  sy m m etr ized  0  an d  F  m atr ices are a v a ila b le  o n  req u est.

M o l e c u l a r  G e o m e t r y  a n d  A t o m i c  M a s s e s  

T a b le  1 su m m arizes th e  v a lu e s  o f  th e  m olecu lar p aram eters a n d  a to m ic  m a sses  
u sed  in  th e se  ca lcu la tio n s. T ab le  2  co n ta in s  th e  in tern a l co -ord in a te  d efin ition s.

Table 1

C—H  =  10 8  A C — C  =  1 40 A C—F  =  1 30 A C— Cl =  1 70 A C — B r =  1-865 A 
mn =  1-008 a.m .u. Wq =  12-011 a.m .u. =  19-000 a.m .u. 

mci =  35-457 a.m .u. Wb, =  79-916 a.m .u. All angles assum ed =  120°.

W e i g h t i n g  F a c t o r s

T h e w e ig h tin g  fa cto r  a ssig n ed  to  ea ch  ex p er im en ta l freq u en cy  v a r ies  b e tw e en  
u n ity  (com p lete  con fidence) an d  zero (com p lete  u n c er ta in ty ) . T h e w e ig h t m a tr ix  W  
h a s d ia g o n a l e lem en ts  p rop ortion a l to  {lIKha)^  sm ce  th is  ty p e  o f  w e ig h tin g  lea d s to  a  
p ercen ta g e  fit  to  th e  o b serv ed  freq u en cies  ra th er  th a n  a n  a b so lu te  on e.

O b s e r v e d  D a t a

T h e ex p er im en ta l freq u en cies u sed  th r o u g h o u t th is  w ork  w ere ta k e n  from  th e  
fo llo w in g  sou rces: B e n z en e  an d  h ex a d eu te ro b en ze n e  [ 6 ]; CgHgF a n d  CgDgF [7 ];  
CgHsCl a n d  CgDsCl [ 8 ] ; CgHgBr [9 ]; CgDgBr [10]; and^-O gD ^X g [2, 11,
12].

N o n e  o f  th e  freq u en cies w ere corrected  for  a n h a rm o n ic ity . E x p er im en ta l  
ev id e n c e  seem s to  in d ica te  th is  e ffec t to  b e  sm a ll in  arom atic  m o lecu les  o f  th e  ty p e  
u n d er  con sid era tion  here.

All computations were carried out on the London University ATLAS computer, 
using autocode programs specially written for this work.

Table 2. In te rn a l co-ordinates fo r th e  out-of-plane v ib rations o f arom atic molecules 

rh y p  o u t of-plane bending of Cj— bond.
Rùx<j>ji valency co-ordinate for tw isting of b o th  th e  carbon and  hydrogen atom s abou t Cj— Cj+^. 
The factors R  (the CC equilibrium  distance) and  r  (the CH equilibrium  distance) have been used

to  scale th e  co-ordinates.
R  =  1-40 A; Tg =  1-08 A; r ,  =  1-30 A; rci =  1-70 A; rnr =  1-865 A.

[5] J .  H . ScHA-CHTSCHNEiDER and  R . G . S n y d e r ,  Spectrochim, A cta  19, 117 (1963).
[6] S. B r o d e r s o n  and  A. L a n g s e t h ,  Kgl. Danske, Vidensk. Selskab. JSIat, F ys. Skr. 1, Xo. 7 

(1959).
[7] D . S t e e l e ,  E. R . L i f p i n c o t t  and  J .  X a v i e r ,  J.  Chem. Phys. 33, 1242 (1965).
[8] T. R . X a n n e y ,  R . T . B a i l e y  and  E . R . L i f p i n c o t t ,  Spectrochim. Acta  21, 1495 (1965).
[9] D. H . W h i f f e n ,  J.  Chem. Soc. 1350 (1956).

[10] T. R . B a i l e y ,  E. R . L i f p i n c o t t  and  J .  C. H a m e r ,  Spectrochim. Acta  22, 737 (1966).
[11] A. S t o jt l jk o v ic  and  D . H . W h i f f e n , Spectrochim. Acta  12, 47 (1958).
[12] P . R . G r if f i t h s  and H . W . T h o m p s o n , Proc. Roy. Soc. A298, 51 (1967).
[13] D .  H . W h i f f e n , P hil. Trans. Roy. Soc. A248, 131 (1955).
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R e s u l t s  a n d  F o r c e  F i e l d  M o d e l s

T h e q u ad ratic  force field  n o m en c la tu re  for  th e  o u t  o f  p la n e  v ib ra tio n s is  d efined  
b y: .

— 2  yx(^cxyxi)^ +  2 2  y>'xY°(^cx>'x.)(^cYyy,+i) 
i i

+  2  2  > '7 x y ”*(^CX7x £)(^CY>'Yj+2) +  2  2  y7XY^(^CX}'Xi)(^CY }^Y t+3)
i i

+  Z  +  2 2  +  2  2
i i i ■

+  2 2  + 2 2  o x 7 X i)(^ ^ i- i —
i i

+  2 2  7̂ m̂ (̂ CX7Xi)(Î î-2 —

+  2 2  7^p^(^cx7Xi)(I^'/’f-3 — ^ 4 1̂+2)

T h e resu lts  o f  th e  v a rio u s fields ap p lied  are g iv e n  in  T ab les 3, 4. In it ia lly  a  1 2  

p aram eter  field  w as u sed  to  con verge th e  ca lcu la tio n s {y4m^> 7 n x ^  a n d  w ere  
h e ld  a t  zero, a n d  ycf>m  ̂ w a s a ssu m ed  to  b e zero th ro u g h o u t). C onvergence w as  
rap id  in  a ll cases  a n d  h en ce  a  15 p aram eter field  w as th e n  em p loyed . (In  th e  case o f  
th e  ru n s co n ta in in g  h exa flu orob en zen e d a ta  in c lu sio n  o f  th e  y^x" ^nd y y x x ”* term s  
y ie ld e d  a  17 p aram eter field .) T h e  re su lts  o f  th is  field  in d ica ted  th a t  5 o f  th e  force  
c o n sta n ts  w ere e s se n tia lly  zero (w ith in  th e ir  s ta tis t ic a l u n certa in ties). T h is  le d  to  
a n  in v e s t ig a t io n  o f  a  1 0  p aram eter field .

I n  th e  case  o f  th e  flu orob en zen es tw o  series o f  ca lcu la tion s w ere p erform ed: 
o n e in c lu d in g  d a ta  o n  h exaflu orob en zen e an d  a n oth er ex c lu d in g  th is  d a ta .

I n  order to  d istin g u ish  b e tw e en  an d  <j>̂  ̂w e  defined  =  0-5^®^® -}- 0*5^^^.

D i s c u s s i o n

A  n u m b er o f  a u th ors h a v e  ta c k le d  th e  p rob lem  o f  d eterm in in g  an  o u t-o f-p la n e  
force fie ld  for b en zen e . IVIi l l e r  a n d  C r a w f o r d  [14] d eterm in ed  a  com p lete , e ig h t  
p aram eter , sy m m e tr y  v a le n c e  force field . (T h e co m p lete ly  gen eral field , w ith  e lev e n  
c o n sta n ts , is  cap ab le  o f  red u ctio n  to  o n e  o f  th e  e ig h t co n sta n ts  b y  m ean s o f  in tern a l 
re la tio n sh ip s. R e m o v a l o f  ex p lic it  reference to  th e  44my 4 4 p ^^d term s resu lts
in  a force field  co n ta in in g  e ig h t p aram eters.) T h e resu lts  o f  M i l l e r  a n d  C r a w f o r d , 

w h e n  tra n sp o sed  in to  v a le n c e  force co n sta n ts , form ed  th e  sta rtin g  v a lu es  o f  th e  
w ork  o f  K a k i u t i  an d  S h i i m a n o u c h i  [15] w h o  p erform ed  a  le a st  sq uares refin em en t  
o n  fiv e  v a le n c e  force co n sta n ts  u sin g  th e  ob serv ed  d a ta  for b en zen e  an d  h ex a d eu tero 
b en zen e . S c h e r e r  [ 1 ] h a s  o b ta in ed  an  o u t  o f  p la n e  force field  for th e  co m p lete  
ran ge  o f  ch lorob en zen es an d  com p ared  h is resu lts  w ith  th o se  o f  M i l l e r  a n d  C r a w 

f o r d  a n d  TC artu t t  an d  S h i m a n o u c h i  for th e  ap propriate force co n sta n ts . A ll th e  
a b o v e  a u th ors u sed  th e  d e lta  co -ord in ate  ra th er th a n  th e  p h i co -ord in ate  su g g ested  
b y  B e l l  [16] an d  u sed  b y  W h i f f e n  [13] in  b en zen e . W e h a v e  w ork ed  th ro u g h o u t in

[14] F .  A . M i l l e r  and  B . L. Cr a v f o r d  J r ., J .  Chem. Phys. 14, 282 (1946).
[15] Y . K a k i u t i  and  T. S h i m a n o u c h i , J .  Chem. Phys. 25, 1252 (1956).
[16] R . P . B e l l , Trans. Faraday Soc. 41, 293 (1945).
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Table 3. F ifteen  param eter force fields for th e  halogenobenzenes
(mdyn/A)

Fluoro Fluoro B rom o Brom o
Force constant ( + ) ( - ) Chloro (1) (2)

Vk 0-2728 0-2606 0-2647 0-2614 0-2638
(0-0163) (0-0119) (0-0076) (0-0157) (0-0131)

7 x 0-1996 0-2126 0-1226 0-0845 0-0922
(0-0206) (0-0170) (0-0049) (0-0076) (0-0073)

7 7 ™ 0-0166 . 0-0132 0-0123 0-0127 0-0132
(0-0059) (0-0039) (0-0024) (0-0050) (0-0041)

7 7 ™ ” —  0-0160 — 0-0112 — 0-0130 -0 -0 1 0 9 -0 -0 1 2 6
(0-0075) (0-0053) (0-0034) . (0-0072) (0-0058)

7 7 h h ” — 0-0149 — 0-0121 -0 - 0 1 1 5 — 0-0108 -0 -0 1 3 5
(0-0084) (0-0059) (0-0038) (0-0076) (0-0065)

7 7 h x “ 0-0145 0-0166 0-0164 0-0157 0-0139
(0 -0110) (0-0093) (0-0037) (0-0081) (0-0070)

7 7 h x"* —  0-0219 -0 -0 0 4 1 — 0-0063 — 0-0020 - 0-0020
(0-0187) (0-0165) (0-0071) (0 -0112) (0-0102)

7 7 ™ ' — 0-0075 -0 - 0 0 4 0 0-0007 0-0377 0-0079
(0-0386) (0-0218) (0-0131) (0-0294) (0 -0222)

7 7 ™ " 0-0139
(0-0108)

7 7 ™ " -0 -0 0 6 3
(0-0104)

7 7 ™ ' -0 - 0 0 8 0 0-0154 0-0093 0-0160 0-0161
(0-0231) (0-0278) (0-0129) (0-0175) (0-0163)
0-0294 0-0357 0-0357 0-0358 0-0359

(0-0064) (0-0047) (0-0030) (0-0065) (0-0052)
0-0347 0-0332 0-0286 0-0467 0-0339

(0-0066) (0-0053) (0-0070) (0-0147) (0-0124)
- 0-0120 - 0 -0 0 7 2 -0 -0 0 6 7 -0 -0 0 6 7 — 0-0066

(0-0041) (0-0029) (0-0019) (0-0041) (0-0033)
7^oa 0-0135 0-0123 0-0125 0-0125 0-0126

(0-0025) (0-0018) (0-0012) (0-0024) (0-0020)

7 f» x -0 -0 0 0 6 -0 -0 1 0 7 - 0 -0 0 3 4 — 0-0033 -0 -0 0 4 7
(0-0057) (0-0079) (0-0049) (0-0066) (0-0062)

7^m x 0-0048 -0 -0 0 6 7 -0 -0 0 2 3 - 0 -0 0 7 0 -0 -0 0 5 7
(0-0095) (0-0086) (0-0052) (0-0089) (0-0076)

E 'W E 0-1664 0-0724 0-0319 0-1281 0-0870
lA r! (c m -i) 15-0 10-9 5-0 10-5 8-0

Dispersions are in  parenthesis.
F lu o ro (-f-) relates to  d a ta  including th a t  o f  hexafluorobenzene.
F luoro {— ) relates to  d a ta  excluding th a t  o f hexafluorobenzene.

p h i co -ord in a tes a n d  in  order to  com p are our re su lts  w ith  th o se  o f  th e  p rev iou s  
au th ors w e  h a v e  u sed  th e  re la tio n sh ip s g iv e n  b y  M i l l e r  an d  C r a w f o r d  [ 1 4 ]  an d  b y  
L o n g  an d  S t e e l e  [ 1 7 ]  to  co n v er t a ll r e su lts  to  th e  sam e p h i co -ord in a te  sy s te m  an d  
th e  sam e u n its  o f  m d y n /A , T h ese  re su lts  are g iv e n  in  T a b le  5. A s  can  b e  seen  from  
th e  T ab le  th e  agreem en t o f  our re su lts  w ith  th o se  o f  W h i f f e n  an d  S c h e r e r  is  
ex c e llen t.

I n  T ab le  6  a  com p arison  is  m ad e b e tw e en  our re su lts  for th e  ch lorob en zen es an d  
th o se  o f  S c h e r e r . A g a in  tra n sfo rm a tio n  in to  s im ilar  co -ord in a te  sy s te m  a n d  u n its  
h a s b een  effec ted . T h e  resu lts  com p are v e r y  fa v o u ra b ly .

T ab les 3 an d  4  Hst th e  force co n sta n t v a lu e s  a n d  d isp ersion s o b ta m ed  from  b o th  
th e  15 p aram eter an d  10 p aram eter force fie ld  ca lcu la tio n s. T h e  resu lts  sh o w  th a t  
ea c h  o f  th e  force fie ld s (ex c lu d in g  th e  fluoro ru n  co n ta in in g  th e  h exa flu orob en zen e  
d a ta ) m ee ts  th e  req u irem en t t h a t  th e  force  co n sta n ts  o f  th e  b en zen e  m olecu le ,

[17] D . A. L o n g  and  D . S t e e l e , Spectrochim. A cta  19, 1791 (1963).
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T a b le  4 . T e n  p a r a m e te r  fo r c e  f ie ld s  fo r  t h e  h a lo g e n o b e n z e n e s  
(m d y n /Â )

Force constant
F luoro

(+)
Fluoro

( - ) Chloro
Brom o

(1)
Brom o

(2)

Vk 0-2628 0-2502 0-2544 0-2606 0-2608
(0-0186) (0-0148) (0-0088) (0-0159) (0-0130)
0-1876 0-2095 0-1203 0-0913 0-0932

(0-0094) (0-0119) (0-0045) (0-0068) (0-0058)
0-0157 0-0127 0-0124 0-0134 0-0135

(0-0065) (0-0047) (0-0027) (0-0050) (0-0042)
yyHH” -0 -0 1 0 7 —0-0062 -0 -0 0 8 8 -0 -0 1 1 6 -0 -0 1 1 7

(0-0083) (0-0066) (0-0037) (0-0067) (0-0054)
yyaa" -0 -0 1 0 1 -0 -0 0 8 0 0-0056 -0 -0 0 9 8 -0 -0 1 1 5

(0-0092) (0-0068) (0-0039) (0-0073) (0-0060)
yynx" 0-0166 0-0084 0-0119 0-0156 0-0135

(0-0115) (0-0077) (0-0044) (0-0094) (0-0077)
0-0342 0-0396 0-0393 0-0354 0-0366

(0-0071) (0-0061) (0-0034) (0-0061) (0-0050)
0-0392 0-0430 0-0356 0-0475 0-0373

(0-0062) (0-0064) (0-0044) (0-0102) (0-0081)
<f>4>0 — 0-0086 -0 -0 0 4 8 —0-0046 -0 -0 0 6 8 -0 -0 0 6 2

(0-0043) (0-0037) (0-0019) (0-0036) (0-0029)
y^o^ 0-0122 0-0115 0-0112 0-0121 0-0120

(0-0028) (0-0020) (0-0013) (0-0023) (0-0019)
E'WE 0-2254 0-1083 0-0474 0-1479 0-1033

|Ar| (c m -i) 16-8 14-5 7-5 10-8 9-3

Dispersions are in  parenthesis.
F lu o ro (- l-)  relates to  d a ta  including th a t  o f hexafluorobenzene.
F lu o ro (— ) relates to  d a ta  excluding th a t  o f hexafluorobenzene.

T a b le  5 . B e n z e n e  v a le n c e  fo r c e  c o n s ta n t s  in  t h e  p h i c o -o r d in a te  s y s t e m
(mdyn/A)

Force Whiffen Miller t  Shimanotjchi Scherer Th is  w ork
constant [13] * Cbawvobd [15] [1] P Cl B r

0-270 (0-286) 0-277 0-226 0-268 0-261 0-265 0-261
<f>a ^ 0-029 (0-029) 0-028 0-045 0-033 0-036 0-036 0-036
yy HH** 0-011 (0-012) 0-068 0-061 0-063 0-013 0-012 0-013
yynH” ®m — 0-021 (--0-022) -0 -0 1 0 -0 -0 0 7 -0 -0 1 1 —0-013 -0 -0 1 1
yyna" Op -0 -0 1 6  (--0 -017) -0 -0 1 9 —0-012 -0 -0 1 2 —0-011 — 0-011
# 0  K —0-010 (--0-010) -0 -0 1 1  -0 -0 0 3 — 0-008 -0 -0 0 7 -0 -0 0 7 -0 -0 0 7
y<f>o Co 0-014 (0-014) 0-012 0-007 0-012 0-012 0-012 0-012
y^m  ̂ rm 0 (0) -0 -0 0 0 8 0-0008 — — —

♦ Th e  values in  parenthesis are W h iffen ’s values using C— H  =  1-05 A. 
f  These values are m odified b y  using presently accepted d a ta  [6, 19]. 
j  N om enclature  due to  Mm LEB and C nA w ronn [14].

o b ta in ed  u n d er th e  co n stra in t o f  th e ir  tra n sfera b ility  w ith  th e  h a lo g en a ted  b en zen es, 
sh o u ld  agree w ith  th e  force co n sta n ts  o b ta in ed  from  b en zen e a lon e, an d  also  p ro v id es  
a sa tis fa c to r y  freq u en cy  fit  to  som e fo r ty e ig h t or m ore o b serv ed  fu n d a m en ta ls . 
T ab les o f  co m p u ted  freq u en cies a n d  errors h a v e  b een  com p iled  a n d  are a v a ila b le  on  
req u est.

T h e  fa c t  th a t  th e re  is  a  c lose  corresp ond en ce o f  th e  ortho, m eta  an d  p a r a  y y g g ,  
y y n x  a n d  y / x x  force co n sta n t  v a lu es  (w here ap p licab le) is  e x tr em ely  sa tis fa c to ry .

T h e  re su lts  o f  th e  10 p aram eter force field  ca lcu la tio n s le a d  to  error v e c to r s  
(E 'W E )  o n ly  s lig h tly  w orse th a n  w ith  th e  15 p aram eter field  (T ab les 3 a n d  4), 
in d ic a tin g  th a t  in  th is  p articu lar  case  th e  1 0  p aram eter fie ld  m ig h t b e  a  u se fu l 
ap p ro x im a tio n .
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T a b le  6 . C o m p a r iso n  o f  t h e  v a le n c e  fo r c e  c o n s t a n t s  fo r  t h e  o u t-o f -p la n e  
v ib r a t io n s  o f  c h lo r o b e n z e n e s  

(m d y n /A )

Force constant
Schebeh  [1] 

D e lta
S c h e r e r  [1] 

P h i
This w ork  

P h i

Vk 0-384 0-268 0-265
7 oi 0-200 0-119 0-123
y y ^ a — 0-062 0-063 0-012
y vn vT 0-003 - 0 -0 0 7 — 0-013
y y 'sa —0-012 — 0-012 -0 -0 1 1
vy^Qx -0 -0 4 9 0-053* 0-015
y y n c i”* 0-003 0-001* -0 -0 0 6

—0-011 — 0-011 0-001
yrcici" —0-023 0-035
y /o ic i" 0-003 -0 -0 0 0 3
yxcio i - 0 -0 0 5 — 0-005 0-009

-0 -1 0 0 0-012 0-012
0-023 0-0008 0 (assumed)

y<t>ô — 0-077 — 0-004 — 0-003
0-022 0-019 -0 -0 0 2

# 0 0-033 — 0-008 — 0-007
0-132 0-033 0-036

^Gl 0-177 0-044 0-029

*  Geom etric m ean param eters were used i.e . p value was taken  as

E ffec t o f  hexafluorobenzene d a ta

T h e in c lu sio n  o f  th e  h exa flu orob en zen e  d a ta  te n d s  to  p u li o ff  th e  a n d  y^  
force c o n sta n t v a lu e s  (in  p articu lar) from  th e  v a lu e s  o b ta in ed  w ith o u t  th is  d a ta , 
in d ica tin g  t h a t  carefu l con sid era tion  m u st  b e  ex erc ised  in  a p p ly in g  th e  o v er la y  
tec h n iq u e  to  a  w id e  ran ge o f  com p ou n d s. S ch erer  h a s n o tic ed  th is  su b st itu e n t  
d ep en d en ce  o f  th e  d ia g o n a l force co n sta n ts .

T h e p o ss ib ility  ca n n o t b e  ig n o red  t h a t  th e  d ele ter iou s e ffec t o n  th e  fie ld  o f  th e  
in c lu s io n  o f  th e  h exa flu orob en zen e d a ta  m a y  b e  d u e to  erron eou s freq u en cy  a ssig n 
m en ts . O n ly  tw o  o f  th e  s ix  o u t-o f-p la n e  fu n d a m en ta ls  are e ith er  in frared  or R a m a n  
a c tiv e . T h e o th e r  fou r  w ere d er iv ed  from  co m b in a tio n  b an d s.

A lte rn a tiv e  so lu tion s f o r  the force  f ie ld  o f  the hromohenzenes

I n  th e  case o f  th e  h rom oh en zen es tw o  a lter n a tiv e  force  fields w ere o b ta in ed  an d  
th e se  are sh o w n  in  T ab le  7.

C om parison  o f  th e se  fie ld s w ith  th o se  o f  th e  fluoro- an d  ch loro -b en zen es in d ica tes  
th a t  so lu tio n  (2 ) is  to  b e  preferred . T h e m a in  d ifferen ces b e tw e en  so lu tio n s  ( 1 ) an d  
(2) lie  in  th e  an d  yynx** force  co n sta n ts . T h e  v a lu e s  o f  th e se  force c o n sta n ts  in  
so lu tio n  (2 ) are m ore in  lin e  w ith  th e  v a lu e s  in  th e  fluoro- a n d  ch loro -b en zen e fields  
th a n  are th e  corresp on d in g  v a lu e s  in  so lu tio n  ( 1 ). E x a m in a tio n  o f  th e  L  m a tr ices  
for th e  tw o  so lu tio n s  re v ea ls  th a t  th e y  d iffer in  th e  m o d e  d escr ip tio n s o f  th e  681 an d  
737 cm~^ v ib ra tio n s  b e lo n g in g  to  th e  Rg sp ec ies  o f  CgHgBr, T h is  p rob lem  o f  a lter 
n a tiv e  so lu tio n s  to  th e  in v er se  secu lar  p rob lem  is  a  w e ll k n o w n  o n e  a n d  h a s  b een  
e x a m in ed  b y , a m o n g st o th ers, T o m a n  a n d  P l i v a  [18]. T h e  a lte r n a tiv e  so lu tio n s  
arise from  p erm u ta tio n  o f  th e  681 a n d  737 cm~^ e ig en v a lu es.

[1 8 ]  S . T o m a n  a n d  J .  P l iv a , J .  M o l .  S p e c tr y  8 1 ,  3 6 2  (1 9 6 6 ).



The force field for th e  out-of-plane vibrations of halogenated arom atic molecules 603

Table 7

Force
eonstan t

Solution
(1)

Solution
(2)

Force
constan t

Solution
(1)

Solution
(2)

Xa 0-261 0-264 <f>n 0-036 0-036
XBr 0-084 0-092 i>i>o -0 -0 0 7 -0 -007
yXHH" 0-013 0-013 0-012 0-013

-0-011 -0 -0 1 3 -0 -003 -0 -006
yyuK -0 -011 -0 -0 1 4 yySsT -0 -0 0 2 -0 -002
yXHBr 0-016 0-014 yyHBr 0-038 0-008
yXBrBr 0-016 0-016 y^m^' -0 -007 -0 -0 0 6
^Br 0-047 0-034 E 'W E 0-1281 0-0870

W h ils t  w e  find  i t  m ore c o n v en ie n t to  w ork  w ith  in te rn a l co -ord in a tes a ll w ith  
th e  u n its  o f  le n g th , for  an gu lar d isp la cem en ts th e se  are n o t  n ecessa r ily  th e  m o st  
in str u c t iv e . N a iv e  reh y b rid iza tio n  argu m en ts w o u ld  su g g est th a t  th e  force requ ired  
for  u n it  an gu lar d isp la cem en t o u t  o f  th e  r in g  p la n e  w o u ld  b e, to  a  first a p p ro x i
m a tio n , in d e p e n d en t o f  th e  su b stitu e n t. A n y  ch an ges w o u ld  arise from  tt b on d in g  
or sim ilar  effec ts. T h e  m d y n  A/rad^ are 0*303 (H ), 0*359 (F ), 0*350 (Cl) a n d  
0*318 (B r). T h e  h igh er v a lu es  for fluorine an d  ch lorine are o f  som e in te re st  b u t  w e  
sh a ll re str ic t  co m m en t to  th e  fa c t  t h a t  th e  ran ge is  o f  th e  order o f  2 0  % com p ared  
w ith  a  fa c to r  o f  3 in  m d y n /A .

I n  v ie w  o f  th e  g re a t d ifficu lty  in  es ta b h sh in g  re liab le force field s th e  e x c e llen t  
ag reem en t b e tw e en  th e  d erived  fields for th e  d ifferen t h a logen  su b stitu ted  arom atics  
is  a  m o st  en cou rag in g  resu lt. I t  su g g ests  (a) th a t  th e  force co n sta n t so lu tio n  is  th e  
correct o n e  a n d  (b) th a t  th e  o u t-o f-p la n e  force fields are in d eed  tran sferab le .

Acknowledgement— One of us (K. R .) wishes to  thanlv th e  Science Research Council for financial 
suppo rt in  th e  form  of a  P ostdoctoral Fellowship.
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The vibrational spectra of mono and para  disubstituted halogenobenzenes
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D e p a r t m e n t  o f  C h e m is t r y ,  R o y a l  H o l l o w a y  C o l l e g e ,  E n g l e f i e l d  G r e e n ,  S u r r e y

{Received 2 4  J u ly  1 9 6 8 )

Abstract— T h e  in f r a r e d  a n d  R a m a n  s p e c t r a  o f  p - d i b r o m o -  a n d  p - d i f l u o r o t e t r a d e u t e r o b e n z e n e  
h a v e  b e e n  m e a s u r e d  a n d  s e t s  o f  a s s i g n m e n t s  f o r  t h e  v ib r a t i o n a l  f u n d a m e n t a l s  a r e  p r o p o s e d .  
T h e s e  a r e  s h o w n  t o  b e  c o n s i s t e n t  w i t h  a c c e p t e d  a s s i g n m e n t s  o f  r e l a t e d  m o le c u l e s  b y  a p p l i c a t i o n  
o f  t h e  p r o d u c t  a n d  i n e q u a l i t y  r u le s .  A p p l i c a t i o n  o f  t h e  p r o d u c t  r u le  t o  t h e  A g  s p e c i e s  o f  p -  
d i b r o m o b e n z e n e  in d i c a t e s  t h a t  t h e  a s s i g n m e n t  o f  S t o j i l j k o v i c  a n d  W h i f f e n  i s  t o  b e  p r e f e r r e d  t o  
t h a t  o f  S h u r v e l l ,  D u la u r e n s  a n d  P e s t e i l .  T h e  v a p o u r  p h a s e  b a n d  c o n t o u r  o f  t h e  b a n d  a t  8 1 6  c m “  ̂
i n  para  C g D ^ B r g  h a s  b e e n  m e a s u r e d  i n  a  h i g h  t e m p e r a t u r e  c e l l  a n d  s h o w n  t o  n e c e s s i t a t e  a n  
a s s i g n m e n t  r e v i s i o n  f o r  para  C g D ^ C lg .

I n t r o d u c t io n

A  v e r y  con sid erab le litera tu re  e x is ts  o n  th e  v ib ra tio n a l sp ectra  o f  m on o  a n d  p a r a  
d isu b st itu te d  a rom atics [1 -1 3 ]  a n d  a  m ore restr ic ted  litera tu re  o n  th e ir  d eu tera ted  
an a lo g u es [5, 1 3 -1 5 ]. T h e  in terp re ta tio n  o f  a b so lu te  in te n s ity  m ea su rem en ts  
requ ires a  k n o w led g e  o f  th e  n orm al co -ord in a tes w h ich  in  tu r n  are d ep en d en t u p on  
th e  force field . R ea so n a b le  force fie ld s m a y  o n ly  b e  d eterm in ed  i f  su ffic ien t ex p er i
m en ta l d a ta  is  a v a ila b le . W e h a v e  s tu d ie d  th e  v ib ra tio n a l sp ectra  o f  p -d ib rom o-  
a n d  ^ -d iflu oro- te tra d eu tero - b en zen e  in  order to  su p p lem en t e x is t in g  d a ta  w ith  
w h ich  to  d eterm in e  force fields for th e  h a logen ob en zen es [16].

E x p e r im e n t a l

T h e sam p le o f  p -d ib ro m o tetra d eu tero b en zen e  w a s su p p lied  b y  A n d erm an  & Co. 
L td . w ith  a  q u o te  o f  greater  th a n  99 % p u r ity  an d  w as u sed  w ith o u t fu rth er  p urifi
ca tio n . T h e  sam p le  o f  p -d ifiu oro te trad eu terob en zen e w a s p rep ared  from  p-d ifluoro-  
b en zen e b y  th e  a c tio n  o f  D C l an d  AlClg (as c a ta ly st)  fo llo w in g  th e  p rocedu re o f  B a k

[ 1 ]  D .  H .  W h i f f e n ,  J . Chem. Soc. 1 3 5 0  ( 1 9 5 6 ) .
[2 ]  R .  D .  K h o s s  a n d  V .  A .  F a s s e l ,  J .  A m . Chem. Soc. 77, 5 8 5 8  ( 1 9 5 5 ) .
[3 ]  E .  K .  P iiY L E R , H .  C . A iii iE N  J r .  a n d  E .  D .  T i d w e l l ,  J . Res. N a tl. B ur. S td . 58, 2 2 5  ( 1 9 5 7 ) .
[ 4 ]  A .  S t o j i l j k o v t c  a n d  D .  H .  W h i f f e n ,  Spectrochim . A cta  1 2 , 4 7  ( 1 9 5 8 ) .
[5 ]  D . S t e e l e ,  E .  R .  L i p p i n c o t t  a n d  J .  X a v i e r ,  J . Chem. P h ys. 3 3 ,  1 2 4 2  ( 1 9 6 0 ) .
[6 ]  J .  H .  S .  G r e e n ,  Spectrochim. A cta  18, 3 9  ( 1 9 6 2 ) .
[7 ]  J .  R .  S c h e r e r ,  Spectrochim . A c ta  19, 6 0 1  ( 1 9 6 3 ) .
[8 ]  J .  R .  S c h e r e r  a n d  J .  C . E v a n s ,  Spectrochim . A cta  19, 1 7 3 9  ( 1 9 6 3 ) .
[9 ]  J .  R .  S c h e r e r ,  Spectrochim. A cta  20, 3 4 5  ( 1 9 6 4 ) .

[ 1 0 ]  H .  F .  S h u r v e l l ,  B .  D u l a u r e n s  a n d  P .  P e s t e i l ,  Spectrochim. A cta  22, 3 3 3  ( 1 9 6 6 ) .
[ 1 1 ]  P .  R .  G r i f f i t h s  a n d  H .  W .  T h o m p s o n , Proc. R oy. Soc. A298, 5 1  ( 1 9 6 7 ) .
[ 1 2 ]  J .  R .  S c h e r e r ,  Spectrochim . A cta  2 3 A ,  1 4 8 9  ( 1 9 6 7 ) .
[ 1 3 ]  D .  S t e e l e ,  W . K y n a s t o n  a n d  H .  A .  G e b b ie ,  Spectrochim . A cta  19, 7 8 5  ( 1 9 6 3 ) .
[ 1 4 ]  T .  R .  N a n n e y ,  R . T . B a t t e  y  a n d  E .  R .  L i p p i n c o t t ,  Spectrochim. A cta  21, 1 4 9 5  ( 1 9 6 5 ) .
[ 1 5 ]  T .  R .  N a n n e y ,  E .  R .  L i p p i n c o t t  a n d  J .  C . H a m e r ,  Spectrochim. A cta  22, 7 3 7  ( 1 9 6 6 ) .
[ 1 6 ]  K .  R a d c l i f f e  a n d  D .  S t e e l e ,  Spectrochim . A cta  25A, 5 9 7  ( 1 9 6 9 ) .

1 6 0 7
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Table 1. V ibrational spectrum  of paradifluorotetradeuterobenzene

In fra re d  liqu id R am a n  liq u id Assignm ent

163 s 169 w B ,  fun dam ental
348 s

366 m  dp
422 s •®3u

453 m  p î
600 w Boa
614 m  dp B . and B ,  fundam entals

685 s ^ 1»
695 w
732 s 736 vw
740 ah

780 a p A  and B„ fundam entals
802 ms

8281 m  p 
8 6 7 /

Ag fun dam enta l in  resonance
w ith  2(422)?

859 s B,u
895 w

1008 a B,a
1103 w
1130 s Biu
1140 m
1202 m

1229 a p
1242 w

1287 w Biu
1328 w
1360 w
1373 w
1390 w
1435 vs 1442 vw Bxu
1464 ah 1460 v w  

1509 v w
1523 w Bsa

1562 w
1595 w  dp? ^a

2277 w 2283 vw Biu
2304 w  dp B,a
2313 ms p ^a

2310 m w B^u

a: strong; m : m edium ; w : w eak; v :  v ery ; p ; polarised; dp: depolarised.
A ll frequencies in  cm"

et a l. [17] for re la ted  com p ou n d s. T h e  r e a c tio n  w a s  fo llo w ed  b y  o b serv in g  th e  
in frared  sp ectru m  an d  th e  ex c h a n g e  sto p p ed  w h e n  b a n d s a ttr ib u te d  to  CgHD^Fg 
w ere n o  lo n g er  b e in g  d ecreased  s ig n ifica n tly . M ass sp ec tr o m e tr y  in d ic a te d  93%  
p u r ity  (97%  d eu tera tio n ).

T h e  far in frared  sp ectra  (b e low  400 cm~^) w ere record ed  (as a  sa tu r a te d  so lu tio n  
in  b en zen e  in  th e  case o f  th e  b rom o com p ou n d ) in  p o ly th e n e  cells , u s in g  e ith er  th e  
far  in frared  v a cu u m  g ra tin g  sp ectro m eter  co n stru cted  in  th e  d ep a rtm e n t or a  
G rub b-P arson s In terferom eter  (b e low  2 0 0  cm~^).

N ea r  in frared  sp ectra  w ere e x a m in ed  (as so lu tio n s  in  carbon  d isu lp h id e  or 
cycZohexane for th e  b rom o com p ou n d ) u s in g  P e r k in -E lm e r  337 an d  U n ic a m  SPlOO  
sp ectrom eters.

T h e  R a m a n  sp ectru m  o f  th e  fluoro com p ou n d  w a s m easu red  w ith  a  H ilg er  

[17] B . B ax , J .  N . Schogleby and Y. A. W illiams, J .  M ol. Spectry  2, 525 (1958).



T h e  v ib r a t io n a l  s p e c tr a  o f  m o n o  a n d  p a r a  d is u b s t i t u t e d  h a lo g e n o b e n z e n e s  

T a b le  2 . V ib r a t io n a l  s p e c tr u m  o f  p a r a d ib r o m o te tr a d e u te r o b e n z e n e

509

In fra re d  s o lu tion f R am a n  solid Assignment

164 m R ju  fundam enta l
208 w s
264 s

404 W 8 282 m
404 w s
410 sh

602 s
630 m w Bia
677 w s

677 s Bsu
708 v w
786 v w B^a

788 w
816 s 822 v w B^u
837 w B , .

8571 _  
866/

A g fundam ental in  resonance w ith  
264 +  602 =  866 {B^g X  B^g-.Ag)

997 v w B^a
984 ] R j„  fun dam ental in  resonance w ith
997 vs I 6 3 0 +  367 =  997 (A „ X  B^g-.B^J

1016 vs) 602 +  410 =  1012 ( jB 3 „  X  =
^ i « )

1035 vs
1297 s B,u
1316 v w
1350 vs Bxu
1395 w

1531
1544

2280 sh
2290 w B^u

2296 vs A  and R , .  fundam entals
2305 w B^u

s: strong; m ; m ed ium ; w : w eak; v :  very ; p : polarised; dp: depolarised, 
f  solutions in  carbon disulphide and cycZohexane.
A ll frequencies in  cm“ .̂

sp ectro m eter  u sin g  p h o to g ra p h ic  d e tec tio n  an d  4358  A e x c ita tio n . T h e R a m a n  
sp ectru m  o f  th e  brom o com p ou n d  w as o b ta in ed  u sin g  th e  h e liu m -n e o n  laser  e x c ite d  
C ary 81 sp ec tro m eter  a t  Im p e r ia l C ollege.

D i s c u s s i o n

T h e  sy m m e tr y  o f  th e se  m olecu les  is  Dg^( V j) an d  th e  th ir ty  n orm al v ib ra tio n s  
b elo n g  to  th e  fo llo w in g  c la sses :

QAg -f- I Big  +  3Rgg +  5Rgg +  2 A  „ +  +  SRgu +

w h ere th e  z  a x is  p a sses  th ro u g h  th e  h a logen s an d  th e  x  a x is  is  ta k e n  p erp en d icu lar  
to  th e  ring . A ll “gr” c lasses are R a m a n  a c t iv e  an d  a ll th e  classes, e x c e p t  th e  
are in fi’ared  a c t iv e , th e  ru le o f  m u tu a l ex c lu sio n  op eratin g  (a t le a s t  in  th e  gas p h ase).

A s s i g n m e n t s

T h e o b serv ed  in frared  an d  R a m a n  freq u en cies to g e th e r  w ith  p o la r isa tio n  d a ta  
a n d  a ss ig n m en ts  are lis te d  in  T ab les 1  a n d  2 . N o  a t te m p t  h a s b een  m ad e to  a cco u n t  
for a ll th e  co m b in a tio n  to n e s . S p ectra  o f  p a r a  CgD^Brg (redi’aw n) are sh ow n  in  F ig . 1 .
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Table 3

Species C ,D * F , C .D .C l, CgD^Brg C .H .F , C g H .C I, CgH^Br,

R 614 632 630 800 815 815
780 788 786 928 934 935

H ,, R 600 599 602 692 687 685
366 289 264 375 298 271

A„ I R 780 788 943 951 950
367 405 407 400

732 692 677 833 819 807
Bsu I R 422 417 410 609 485 473

163 (118) (103) 170 118 103
2277 2291 2290 3065 3090 3050
1435 1365 1350 1511 1477 1468

I R 1130 1020 999t 1225 1090 1066
869 840 837 1012 1015 1003
685 531 404 737 550 429

2310 2300 2305 3074 3090 3080
1328 1312 1297 1437 1394 1381

Bsu I R 1287 1208 [1289] 1285 1260/1221 1251
802 815 816 1085 1107 1100
348 226 164 350 226 173

2313 2299 2296 3084 3070 3065
1595 1558 1544 1617 1574 1565

Ag R 1229 1074 1035 1245 1169 1170
847* 867 861* 1142 1096 1064
780 716 677 868 747 709
453 328 208 451 328 214

2304 2281 2296 3084 3065 3068
1523 1531 1531 1617 1574 1570

Bsg R 1008 1000 997 1285 1290 1289
614 609 602 635 626 623

[406] 330 282 430 350 307

A ll frequencies in  cm~^.
*  M ean frequency o f doublet.
[ ] =  D eterm ined  from  R T  ratios— no t observed.
( ) =  Assumed values— n o t observed, 
t  =  M ean  frequency o f tr ip le t.

T h e a ss ig n m en ts  fo r  ^ -d iflu oro- an d  j9 -d ib rom o-te trad eu terob en zen e  are com 
p ared  w ith  c lo se ly  re la ted  m o lecu les  in  T a b le  3.

A s a  fin a l ch eck  o n  th e  a ss ig n m en ts  th e  in e q u a lity  ru le o f  S t e e l e  an d  W h i f f e n  

[18] h a s  b een  a p p lied  t o  th e  series C gD e-C eD gX -para (X  =  F , Cl, B r).
T ab le  4 lis ts  th e  fu n d a m en ta ls  o f  th e  a b o v e  series for  com p arison . T h e R e d lic h -  

T eller p rod u ct ru le [19] h a s a lso  b een  u sed  as a  ch eck  on  th e  v a lid ity  o f  th e  a ss ig n 
m en ts . T h e R ed lich -T eU er (R T ) ra tio s , b o th  th eo re tica l an d  exp er im en ta l, are  
g iv e n  in  T a b le  5.

T h e  a ssig n m en ts w ill n ow  b e  con sid ered , m o lecu le  b y  m olecu le  an d  class b y  c lass.

p-D iflu oro te tradeu teroben zen e

Ag d o s s .  V ib ra tio n s o f  th is  c lass g iv e  r ise  to  p o larised  R a m a n  b an d s. O n th is  
b a sis  th e  a ssig n m en t o f  780, 1229 an d  2313 cm~^ is  certa in . T h e  tw o  b a n d s a t  
828 /867  cm~^ are b o th  p o lar ised  a n d  h en ce  in  reson an ce— th e  m ea n  freq u en cy  is  
ta k e n . T h e tw o  rem a in in g  m o d es are a ssig n ed  to  th e  w ea k  b a n d  a t  1595 cm~^

[18] D . S t e e l e  and  D. H . W h i f f e n ', Trans. Faraday. Soc. 5 5 ,  369 (1959).
[19] G .  H e b z b e b g , Infrared and Ram an Spectra o f Polyatomic Molecules, p . 231. V an N ostrand  

(1945).
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T able 4

0 ,D ,F C .D .F , C ,D gC l C .D ^CIj1 C'gHiBrj 2̂t)

2294 2295 2277 2295 2291 2295 2290
2276 2275 2313 2275 2299 2275 2296
2275 2270 1595 2270 1558 2270 1544
2267 1578 1435 1563 1365 1551 1350 -Biu
1553 1389 1229 1346 1074 1346 1035
1330 1163 1130 1038 1020 1020 9 9 9 t

970 959 847* 959 867 958 861*
945 880 869 865 840 865 837
868 817 780 816 716 821* 677
812 753 685 667 531 644 404
579 505 453 412 328 305 208

2276 2276 2310 2275 2300 2280 2305 Bÿ B^u
2267 2266 2304 2266 2281 2270 2296 Bs,
1553 1564 1523 1543 1531 1541 1531 Bs,
1330 1311 1328 1322 1312 1316 1297 Bsu
1282 1281 1287 1260 1208 1278 [1255] Bsu
1055 1035 1008 1022 1000 1012 997 Bs,

868 843 802 842 815 841 816 Bsu
823 806 614 800 609 800 602 Bs,
812 590 [406] 591 330 586 282 Bsç
579 388 348 282 226 238 164 Bsu
830 825 780 816 788 817 786 Bi B,g

• 789 753 732 747 692 743 677 Bsu
663 627 600 618 599 614 602 Bsa
599 663 422 546 417 543 410 Bsu
497 438 366 420 289 403 264 Bsç
351 229 163 182 (118) 172 (103) Bsu
789 789 760 780 760 788 ^2 1̂1
663 682 614 680 632 680 630 Br,
351 350 350 367 350

A ll frequencies in  cm~^.
F o r  exp lanation  o f various symbols see Tab le  3.

T able 5. R edlich-T eller p roduct ratios
CsHiT’j/O jD jF a

Class Theoretical E xperim ental Class Theoretical E xperim ental

Aa 1-998 2-019 B2Ç 1-411 1-405
1-413 B2u 1-981 1-953
1-286 1-302 Bsa 1-985 1-985*

A n 1-981 1-946 1-402 1-430

CgH4Br2/C6D4Br2

Class Theoretical E xperim ental Class Theoretical E xperim ental

Aa 1-998 2-035 ■®2ff 1-401 1-388
A ,, 1-413 1-964 1-964*

1-286 1-293 Bza 1-944 1-994
S lu 1-964 1-966 B^u 1-389 1-375

* These values have been used to  pred ic t fundam ental frequencies (see tex t).
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(th is  fu n d a m en ta l m u st b e  a b o v e  th e  1578 cm “i  in  CgDgF a n d  can  o n ly  b e  th u s  
assign ed ) an d  th e  w ea k ly  p o larised  b a n d  a t  453 cm ~ i (ap p rox im ate p o sit io n  in d i
ca te d  b y  th e  p ro d u ct ru le).

B^g class. T h e  R T  p ro d u ct ru le  d eterm in es th is  freq u en cy  a t  620 cm~^. T h e  
a ss ig n m en t o f  th e  614 cm ~ i b a n d  to  th is  m o d e is  th u s  stro n g ly  in d ica ted .

Rgg class. T h e  re la tiv e  co n sta n c y  o f  th e  tw o  h ig h e st  m o d es in  th e  series  
CgH^Fg-CgH^Clg-CgH^Brg in d ica tes  th a t  th e se  tw o  m od es wUl ap p ear a t  a p p ro x i
m a te ly  th e  sam e freq u en cies as in  CgD^Clg i.e . 599 an d  788 cm ~ i. F req u en cies  o f  
600 a n d  780 cm ~ i are th u s  a ssign ed , th e  la t te r  n ece ss ita tin g  a  d ou b le  a sssig n m en t  
{Ag). T h e  a ss ig n m en t o f  th e  m o d e a s 366 cm ~ i is  n e c e ss ita te d  b y  th e  corre
sp o n d in g  a ssig n m en t in  CgH^F^.

B^g class. T h e  C D  stre tc h  is  a ssign ed  to  th e  w ea k  2304  cm ~ i b a n d  in  k eep in g  
w ith  th e  lo w  in te n s ity  a sso c ia ted  w ith  su ch  m o tio n s. T h e  h ig h e st  r in g  m o d e  is  
e x p e c te d  n ear 1540 cm ~ i a n d  is  g iv e n  th e  v a lu e  o f  1523 cm ~ i. T h e  la c k  o f  m o v em en t  
o f  th e  h igh er freq u en cies in  th e  series CgDg-CgDgF-CgD^Fg in d ica tes  th e  th ir d  m o d e  
t o  b e  n ear 1020 cm ~i, h en ce  th e  a ssig n m en t a s  1008 cm ~i. T h e  lo w e s t  r in g  m o d e  
(from  th e  s lig h t rise in  th e  series CgH^Brg-CgH^Cla-CgR^Fg) is  ex p e c te d  to  occu r ju s t  
a b o v e  609 cm ~ i. T h e  a ssig n m en t o f  614 cm ~ i (a lso  a ssign ed  to  th e  B^^ c lass) is  
te n ta t iv e . T h e  m o d e  m u st  b e  near 406 cm “i  from  th e  R T  p ro d u ct ru le b u t  is  
n o t  a p p a r en tly  ob served .

class. T h ese  freq u en cies are in frared  in a c tiv e , th o u g h  n o t  in fr eq u e n tly  
ap p earin g  w ea k ly  in  th e  in frared  in  sim ilar com p ou n d s, in  v io la tio n  o f  th e  se lec tio n  
ru les. T h e  m o d es are a lm o st co n sta n t in  freq u en cy  in  th e  series CgH^Fg-CgH^Clg- 
CgH^Brg, in d ica tin g  ^ 7 8 0  an d  r^367 cm “i  as p rob ab le  p o sitio n s  in  th e  d eu tero  
series. T h e  p o sit io n  o f  th e  low er  sk e le to n  m o d e  m a y  a lso  b e  a p p ro x im a ted  from  
CgDg s in ce  th e  m o d e it s e l f  d o es n o t  in v o lv e  m o v em en t o f  th e  su b stitu e n ts  an d  h en ce  
i t s  v a lu e  sh o u ld  b e  c lose  t o  th a t  o f  351 c m - i  (CgDg).

class. T h e  h ig h e st  m o d e  is  a ssign ed  to  th e  w eak er o f  th e  in frared  b an d s in  
th e  2300  cm ~ i reg ion  [4]. T h e  rem ain in g  m o d es  o f  th is  class are a ssign ed  to  th e  
stro n g  in frared  b an d s a t  1435, 1130, 859 a n d  685 cm ~i, b o th  o n  in te n s ity  con sid er
a t io n s  a n d  a p p lica tio n  o f  th e  in e q u a lity  ru le .

Rgu class. T h e  stron ger o f  th e  in frared  b an d s in  th e  2300  cm “i  reg ion  is  a ssign ed  
to  th e  Rgw G D  stre tc h . T h e  348 cm “i  b a n d  h a s  p rev io u sly  b een  a ssig n ed  to  th e  
ypRg,, m o d e  b y  o n e  o f  u s  [13], in  lin e  w ith  th e  v a lu e  o f  350 cm ~i for CgH^Fg. T h e  
th r ee  rem ain in g  m o d es (d esig n a ted  an d  y )̂ h a v e  ran ges, d eterm in ed  b y  a p 
p ro x im a te  a p p lica tio n  o f  th e  in e q u a lity  ru le  to  th e  series CgDg-CgD^F-CgD^Fg, o f  
1311 >  yg >  1281 >  yg >  1055; 843 >  v ^ >  823 c m -b

F iv e  in frared  b an d s ap p ear in  th e  y  ̂ an d  ŷ  reg ion ; 1287 w , 1328 w , 1360 w , 
1373 w  a n d  1390 m  (cm ~i). T h e  a ss ig n m en t o f  — 1328 cm ~i an d  =  1287 cm ~i 
is  te n ta t iv e ly  m ad e, s lig h t d iscrep an cies in  th e  in e q u a lity  ru le  b e in g  in v o k e d . I n  
th e  y  ̂ ran ge tw o  b an d s occu r a t  803 a n d  859 c m - i.  T h e  859 cm~^ b a n d  h a s  a lread y  
b een  assign ed  to  m od e, le a v in g  =  803 c m - i.  T h ese  a ssig n m en ts are confirm ed  
b y  th e  v a p o u r  p h a se  b a n d  con tou rs (ty p e  B  w ith  P B  sep ara tion s o f  <~9 cm ~i).

class. T h e  stron g  in frared  b a n d  a t  732 c m - i  is  c lear ly  th e  u m b rella  
m od e. T h e secon d  m o d e o f  th is  class is a ssign ed  to  th e  422 cm~^ b an d  an d  is  d er ived  
from  th e  d egen era te  CgDg freq u en cy  a t  351 c m - i,  b e in g  m a d e  s tro n g ly  in frared
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a c t iv e  b y  m ix in g  w ith  th e  C F o u t  o f  p la n e  d eform ation . T h is  CF o u t o f  p la n e  
d eform ation  m o d e  h a s p rev io u sly  b een  a ssig n ed  th e  v a lu e  163 cm “i  [13].

p-D ibrom otetradeu terohenzen e

Ag class. T h e  s in g le  in te n se  b a n d  a t  2296  cm “i  in  th e  R a m a n  sp ectru m  n eces
s ita te s  th e  a ssig n m en t o f  th e  Ag  CD stre tc h  to  th is  freq u en cy . T h e h igh er freq u en cy  
co m p o n en t o f  th e  d o u b le t a t  1 5 3 1 -1 5 4 4  cm ~i is  a ssig n ed  to  th e  Ag  CC stre tc h in g  
m o d e in  p ara lle l w ith  th e  a ssig n m en t o f  CgD^Clg b y  S c h e r e r  [ 1 2 ] .  A  slig h t b rea k 
d ow n  in  th e  in e q u a lity  ru le is  in v o k e d  sin ce th e  freq u en cy  sh o u ld  lie  b e tw e en  2270  
a n d  1551 cm "i. T h e a ssig n m en t o f  th e  stron g  R a m a n  b an d  a t  1035 cm ~ i to  th e  
/ScD m od e is  certa in , b o th  o n  it s  s tre n g th  a n d  p o sitio n . T h e  d o u b le t a t  8 5 7 -8 6 6  
cm ~ i is  th o u g h t to  arise from  reson an ce b e tw e en  th e  Ag  fu n d a m en ta l (ex p ec te d  
near 860 cm ~i) an d  th e  co m b in a tio n  to n e  (264  -f- 602 =  8 6 6  cm -4)(Rgg X  B^ g =  A g ) .  

T h e r in g  d eform ation  m o d e is  p red ic ted  b y  th e  in e q u a h ty  ru le to  lie  b e tw e en  6 4 4 -8 2 0  
cm ~ i. T h e  v e r y  stron g  R a m a n  lin e  a t  677 cm~4 ia so  a ssign ed , w h ile  t h e  rem a in in g  
m od e is  o b v io u s ly  th e  208 cm ~ i b a n d  to  b e  co n s is te n t w ith  th e  v a lu e  a ssig n ed  to  th e  
sam e m o d e in  CgH^Br^.

B^g class. T h e  R ed lic h -T e lle r  p ro d u ct ru le p red ic ts  th e  m od e to  b e  a t  634  
cm “i. T h is is  ob serv ed  in  th e  R a m a n  a t  630 cm ~ i.

B^g class. E x a c t ly  p ara lle l argu m en ts as p rop osed  in  th e  a ss ig n m en t o f  p -  
d iflu oro te trad eu terob en zen e stro n g ly  in d ic a te  th e  fo llo w in g  a ss ig n m en ts:  786 , 602  
a n d  264 cm ~ i for th is  class.

Rgg class. A ccord in g  to  W h i f f e n  [4] th e  B^g C D  stre tc h  is  lik e ly  to  b e  th e  
w eak er o f  th e  tw o  R a m a n  lin es in  th is  reg ion . S in ce o n ly  a  sin g le  freq u en cy  a t  
2296 cm ~ i is  o b serv ed  i t  is  p resu m ed  th a t  th e  Ag  an d  B^g sp ec ies o ver lie  each  o th er. 
T h e h ig h e st  rin g  m od e is  a ssig n ed  to  th e  low er co m p o n en t o f  th e  1544 -1 5 3 1  cm ~ i  
d o u b le t, aga in  in  accord  w ith  S c h e r e r  [ 1 2 ] .  T h e re la tiv e  co n sta n c y  o f  th e  n e x t  tw o  
m od es in  th e  series CgS^Fg-CgH^Clg-CgH^Brg an d  CgD^Fg-CgD^Clg c lear ly  in d ica tes  
th e  a ss ig n m en t o f  997 a n d  602 cm ~ i to  th e se  m od es. T h e  R ed lic h -T e lle r  p ro d u ct  
ru le, a lo n g  w ith  a  con sid era tion  o f  th e  a b o v e  tw o  series, lo c a te s  th e  rem ain m g  
fre q u en cy  a t  282 cm ~i.

cla^s. I n  accord  w ith  w h a t h a s b een  sa id  for th e  fluoro com p ou n d  it  is  th o u g h t  
th a t  th e  w eak  in frared  b a n d  a t  788 cm ~ i arises from  th e  j/qd m o tio n . T h e o th er  
m od e h as n o t  b een  lo c a te d  b u t it s  p o sit io n  sh o u ld  b e  c lo se  to  th e  367 cm ~ i in  CgD^Clg.

Rjy class. T w o  w ea k  b a n d s ap p ear in  th e  in frared  sp ectru m  in  th e  C D  stre tc h  
reg ion : 2290  an d  2305  cm ~ i. T h e  lo w er  freq u en cy  co m p o n en t is  a ssig n ed  to  th e  
C D  stre tc h . T h is  a ssig n m en t is  so m ew h a t arb itrary  b u t ex a m in a tio n  o f  T ab le  3 for  
th e  r e la tiv e  m a g n itu d es o f  th e  an d  B^u CD stre tc h in g  m o d es fa v o u rs th is  a ss ig n 
m en t. T h e in te n se  in frared  b an d s a t  1350, 816 an d  404  cm “i  are co n fid en tly  a ssign ed  
to  th e  CC stre tch , th e  /9cn Rud th e  C X  stre tc h in g  m od es o f  th is  class. T h e  rem ain in g  
m od e is  e x p e c te d  n ear 990 cm ~ i b u t th e  in frared  sp ectru m  clear ly  sh ow s a n  in te n se  
tr ip le t  a t  984, 997 a n d  1016 cm ~ i. I t  is  p o s tu la te d  th a t  th is  is  a  F erm i tr ip le t  
arisin g  from  th e  fu n d a m en ta l i t s e l f  (near 990 cm ~i) a n d  th e  b in a ry  co m b in 
a tio n s  (630 -f- 367 =  997 cm ~ i). (A„ x  B^g =  Rjy) a n d  (602 +  410 =  1012 cm ~i)
(-®3lt X B^g =  Rl„)-

Rgu class. T h e  h igh er freq u en cy  co m p o n en t o f  th e  ab sorp tion  in  th e  2300 cm ~ i
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reg ion  is  a ssig n ed  to  th e  CD stre tch . T h e m od e is  co n fid en tly  a ssig n ed  to  
th e  164 cm ~ i b an d , th is  v a lu e  b e in g  in  co m p lete  accord  w ith  it s  cou n terp art in  
CgH^Brg [11]. T h e  CC stre tch in g  m o d e o f  th is  class is  a ssign ed  th e  v a lu e  1297 cm ~i, 
i t s  ran ge b ein g  in d ica ted  a s  1 3 1 6 -1 2 7 8  cm~^ accord in g  to  th e  in eq u a lity  ru le an d  its  
co u n terp art in  CgH^Br^ b ein g  o f  sim ilar in te n s ity . T h e  a ss ig n m en t o f  Rg^ /9cn m od e  
as 816 cm ~ i an d  th e  w ea k  837 cm~4 a b so rp tio n  as R^^ is  con trary  to  th e  a ssig n m en ts  
o f  p a r a  CgD^Clg b y  S c h e r e r  b u t  in  lin e  w ith  th e  u n e q u iv o ca l a ss ig n m en ts  o f  p a r a  
CgD^Fg. I n  a n  effort to  confirm  th is  rea ssig n m en t th e  sp ectru m  o f  p a r a  CgD^Brg 
w as m easu red  in  th e  v a p o u r  p h a se  in  a  5 cm  h igh -tem p eratu re/h igh -p ressu re  ce ll 
w h ich  is  to  b e  d escrib ed  elsew h ere [20]. T h e  b a n d  a t  816 cm ~ i tu rn ed  o u t  to  b e  
v e r y  w ea k  in  th e  v a p o u r  p h a se  b u t a t  a  tem p eratu re  o f  a b o u t 160°C th e  b an d  
con tou r  w as c lear ly  d iscern ib le  as a  ty p e  R  w ith  a  P R  m a x im a  sep a ra tio n  o f  9 
cm ~ i. A s w as p red ic tab le  from  th e  large m o m en ts  o f  in ertia  a b o u t a x es  o th er  th a n  
th ro u g h  th e  B r -B r  a x is  ty p e  A  b an d s sh ow ed  n o  s ign ifican t stru ctu re.

T h e rem ain m g m od e is  p red ic ted  b y  th e  R T  p rod u ct ru le to  b e  n ear 1289 cm ~i 
b u t is  a p p a ren tly  u n ob served . In te rp o la tio n  w ith in  th e  series CgD^Clg-CgD^Big- 
CgH^Clg-CgH^Brg ca n n o t b e  m ad e, s in ce  d o u b t s t ill  e x is ts  regard in g  th e  a ss ig n m en t  
o f  th is  m o d e in  CgR^Clg [ 1 2 ].

Rg^ class. T h e  stro n g  in frared  b a n d  a t  677 cm ~ i is  u n d o u b te d ly  th e  u m b rella  
m od e. A n  in te n se  b a n d  a lso  ap pears in  th e  R a m a n  a t  th is  freq u en cy , ap p a ren tly  
in  v io la t io n  o f  th e  ru le o f  m u tu a l ex c lu s io n , b u t  th e  stre n g th  o f  b o th  b an d s stro n g ly  
in d ica tes  th is  to  b e  a  freq u en cy  co in c id en ce  ra th er  th a n  a  m ajor b reak d ow n  o f  
se lec tio n  ru les. C om parison  o f  th e  series Cgll^Fg-Cgll^Clg-Cgll^Brg an d  CgD^Fg- 
CgD^Clg lo c a te  th e  in term ed ia te  m od e o f  th is  c lass o f  410 cm ~ i. T h e  y^x m o d e is  
e x p e c te d  v e r y  n ear th e  v a lu e  in  CgH^Brg i.e . 103 cm “i. N o  sig n  o f  a  b a n d  in  th is  
reg io n  cou ld  b e  fo u n d  d esp ite  th e  u se  o f  sa tu r a te d  so lu tio n s  in  b en zen e  an d  th e  
e x a c t  p o sit io n  o f  th is  m o d e is  le f t  op en .

P ara-dihrom ohenzene a ssign m en t

S h u r v e l l  et a l. [ 1 0 ] su g g ested  so m e ch an ges in  th e  a ssig n m en t o f  y>-dibromo- 
b en zen e  g iv e n  b y  S t o j i l j k o v i c  a n d  W h i f f e n  [4] b a sed  u p o n  th e  u ltr a v io le t  a b 
so rp tio n  sp ectru m . T h e  p o in ts  o f  d ifference b etw e en  th e  tw o  a ssig n m en ts m a y  be  
seen  from  T ab le  6 , w h ich  lis ts  th e  Ag  an d  Rgg freq u en cies o f  b en zen e  a n d  th e  
h a lo g en o b e n z en es .

T h e  R ed lic h -T e lle r  p rod u ct ra tio s  for th e  Ag  an d  Rgg classes h a v e  b een  ev a lu a ted
as:

A g: n y (H ) /n y (X )  =  (m x/m H )i/2 (/cH //cx)^'"
a n d

R g,: n y ( E ) /n y ( X )  =  (,R x M H )'/'(,9 cH /jg o x )'/'(;x ''//x x )'/'

w h e r e /c H  =  P ( f c x  =  an d  ^ cn  =  ^ (/^cx =  see  D u i n k e r  [ 2 1 ].
T h e a cco m p a n y in g  ta b le  lis ts  th e  v a lu e s  o f  th e  force co n sta n ts  [ 2 1 ] u sed  in  th e  

ca lcu la tio n s, a lo n g  w ith  th e  m o m e n ts  o f  in ertia  p erp en d icu lar to  th e  p la n e  o f  th e  
r in g .

[20] B. S m e t h u r s t , D . S t e e l e  and  W . W h e a t l e y , to  be published.
[21] J .  C. DuiNEER, P h .D . thesis A m sterdam  (1964).
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Table 6

Benzene 
Aigt F 2a

Ag

CeH^Clg CgH^Brg
(S 4- W)

CgH^Brg
(S, D, P)

CgH^Ig

3073 3084 3072 3068 3068 3056
3055 1617 1573 1570 1570 1552
1600 1245 1169 1170 1067 1175
1177 1142 1106 1067 708 1044
993 858 747 708 623 680
607 451 330 218 218 157

All frequencies are in cm~^

^2g Bza
3056 3084 3072 3068 3068 3056
1599 1617 1573 1570 1570 1552
1350 1285 1291 1289 1170 1292
1178 635 628 623 623 624
606 427 351 307 307 255

Table 7

X  = H F Cl B r I

/cx 5125 5-800 3-700 3-120 2-520 m dyn/A
Pox 0-881 1-030 0-573 0-321 0-250 m dyn/A
Pen 0-881 0-861 0-875 0-882 0-887 m dyn/A
Ix ^ 178-3 442-9 843-8 1876-6 3102-2 amu.A^

Table 8

X  = F Cl Br(S  +  W ) B r(SD P) I

A„ R T  ra tio  Theoretical 4-08 6-98 11-42 11-42 16-01
Experim ental 3-885 6-92 11-49 21-61 17-18

J5o„ R T  ra tio  Theoretical 2-52 3-37 4-55 4-55 5-06
E xperim ental 2-71 3-42 3-98 4-37 4-83

The force constants are taken from force fields which reproduce all the fre
quencies of the halogenobenzenes to a high degree of precision.

The results of the calculations, shown in Table 8, strongly indicate that the 
W h i f f e n  assignment is to be preferred.

It is appreciated that the above approximate RT rule would lead to exact 
agreement if aU the force constants except the diagonal C—Br constant were un
changed in substituting two bromine atoms for hydrogen atoms in para positions 
in benzene and if correct diagonal constants are known. The first assumption is a 
reasonable one and should lead to little error. This implies that to fit the S,D,P 
assignment D u i n k e r ’s  / c B r  force constant would have to be increased by a factor of 
four, i.e. to over 12 mdyn/A. The assignment is therefore untenable.
Acknowledgment— One o f us (K. R .) wishes to  th a n k  th e  Science Research Council for financial 
support in  th e  form  o f a  P ostdocto ra l Fellowship.
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Abstract— The spectrum  of decafluorobiphenyl below 200 cm~^ has been rem easured using an 
interferom eter. One strong new band is reported. The fundam entals have been com puted on 
th e  basis of a  p lanar Dj» model. Agreem ent w ith assigned frequencies is generally good. A 
few revisions of the assignments are suggested. The greatest remaining discrepancies of 10% are 
in terpreted  in term s of steric repulsion between the rings.

1 . I n t r o d u c t i o n

I n  a p rev iou s p u b lica tion  [ 1 ] S t e e l e  et al. (SN L ) d iscu ssed  th e  v ib ra tion a l sp ectrum  
o f  d ecaflu orob ip henyl an d  assign ed  m o st o f  th e  fu n d am en ta ls  on  th e  b asis o f  R am an  
p o larisa tion  d a ta , ch an ges o f  infrared  ad sorp tion  in te n s itie s  b etw een  crj\stal and  
so lu tio n  p h a ses an d  com p arison  w ith  k novm  d a ta  on  CgF^X sy stem s. T h e d a ta  w as 
in terp reted  to  su g g est th a t  in  th e  crj^stal p erflu orob ip henyl w as p lanar or a lm o st  
planar, b u t in so lu tio n  a  degree o f  n o n -p la n a rity  w as probable.

A d d itio n a l d ed u ctio n s  con cern in g  th e  degree o f  in tera c tio n  b etw een  th e  rings  
w as im p ed ed  b y  lack  o f  stron g  R a m a n  an d  infrared  ab sorp tion  b an d s w here fu n d a
m en ta ls w ere ex p ec ted . F or th is  reason  m a n y  assign m en ts w ere very  ten ta tiv e . T w o  
cau ses o f  th is  s itu a tio n  are to  b e n o ted . F ir s tly  it  h as b een  n o ted  m an y  tim es  b y  th e  
a u th o r  th a t  C— F  stre tch in g  nm des g iv e  rise to  v er y  lo w  in te n s ity  R am an  b and s. 
S eco n d ly  m a n y  o f  th e  m odes in  C \oF iq s tro n g ly  resem b le th e  CgFg m od es from  w h ich  
th e y  are d erived — th a t  is th e ir  frequ en cies an d  a c t iv it ie s  are sim ilar. H ex a flu o ro 
b en zen e h a s Re;! sy m m e tr y  an d  therefore m a n y  o f  th e  fu n d a m en ta ls  are co m p lete ly  
in a c tiv e  in  th e  infrared  and  R am an .

In  th e  course o f  a s tu d y  o f  som e 2  su b stitu ted  p erflu orob ip h en yls [ 2 ] occasion  
arose to  co m p u te  th e  frequ en cies o f  C^Fio- T h e resu lts  are reported  in  th e  presen t  
paper a lon g  w ith  a re in v estig a tio n  o f  th e  far in frared  sp ectru m  o f  th e  com p oun d.

2 . E x p e r i m e n t a l

A  sp ectru m  o f  CjoFjo in  CCl^ (con cen tra ted  so lu tio n  o f  2  m m  th ick n ess) w as  
o b ta in ed  over  th e  range 2 0 0 -4 0  cm “ i u sing  a G rubb P a rso n s /X .P .L . cube in terfero- 
n eter. T h e F ourier tran sform ation  (com p lex) o f  th e  in terferogram  is sh ow n  in  F ig . 1  

an d  c o n e sp o n d s  to  a reso lu tion  o f  2  3 cm ~i. B a n d s w ere ob served  a t 185 cm ~i (m) 
and 1 .6  cm “i (s). T h e  la tte r  is reported  for th e  first tim e.

[1] D. S te e le ,  T. R. X.a.xn'EY and E. R. L ipp ixcott, Spectroch im . A c ta  22, 849 (1906).
[2] A. ]NLlssey and D. Steele, to be published.

I
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3. Ca l c u l a t io n s

In  v iew  o f  th e  resu lts o f  S N L  i t  seem s ad eq u ate  for th e  p resen t purposes to  assum e  
a p lanar g e o m e tiy  w ith  th e  rings as regular h ex a g o n s. T h e force field  u sed  for th e  
in -p lan e v ib ra tio n s w as th a t  o f  S t e e l e  an d  W h i f f e n  [3]. I t s  a d eq u acy  in  p red icting  
th e  freq u en cies o f  fluoro-arom atic sy stem s is  w ell estab lish ed , e .g . [4, 5]. T h e in ter
ring stre tch in g  co n sta n t w as ta k e n  as 4 8  m d y n /A  an d  th e  force co n sta n t for th e  
d eform ation  o f  th e  an gle b etw een  th e  in ter-rin g  b o n d  an d  th e  in tern al ring angle  
b isec to r  w as ta k en  as 0-826 m d y n /A . F o r  th e  ou t-o f-p la n e  v ib ra tion s th e  field  u sed

..•  •
#  •  •  

•  •

/  %

t F *  I I T 1 I ! 1  T 1 1
200  190 180 170 180 ISO 140 130 120 110 ICO

c m -'

Fig. 1. Fourier transform ation of interferogram  of CitFio (solution) for frequency
range 200-110 cm“ .̂

w as one d erived  from  a p ertu rb ation  stu d y  o f  a series o f  fluoroarom atics [ 6 ] an d  is  
g iv e n  in  T ab le  1 . T h e m eth o d  o f  co m p u ta tio n  w as as d escrib ed  in  [4]. R esu lts  are 
g iv en  in  T ab le  2 . S om e o f  th e  v ib ra tion a l m odes, d eta ils  o f  w h ich  are referred to  in  
th is  p aper, are d ep ic ted  in  F ig . 2 .

4. I n -P l a n e  F u n d a m e n t a l s

In  th e  w ork  o f  S N L  it  w as d em o n stra ted  th a t  th e  fu n d a m en ta ls  cou ld  be c la ss i
fied  a d eq u a te ly  on  th e  b asis o f  m olecu lar Rja g eo m etry . In  th e  a x is  sy stem  ad op ted  
th e  in -p la n e  v ib ra tio n s c la ssify  as 1 1 %  4 -  1 0 6 g ,  - i -  1 0 & i „  - f  l O i g u -  D o  g eo m etry  w ill 
resu lt in  coa lesc in g  o f  and con seq u en tia l m ode in teraction  b etw een  th e  classes  
an d  a^, an d  6 3 ,  and 6 3  ̂ and  b^g and  b^u-

[3] D. S t e e l e  and  D. H . W h i f e e x ,  Trans. Faraday Soc. 50, 5 (1960).
[4] R . T. B.A.ILEY and  D. St e e l e , Spectrochim. Acta, 23A, 2989 (1967).
[5] D. A. L oxg an d  D. S t e e l e , Spectrochim. Acta  19, 1947 (1963).
[6] K . R a d c l i f f e  and  D. S t e e l e ,  Spectrochim. Acta  M s2682 (1969).
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Table 1. Out of plane force constants used in the  calculations

Diagonal constants 
(m dynlA)

yp =  0 200
(ft =  0 35

y« =  0 14

In teraction  constants 

r/FF® =  0-014
y /p p ”* =  —0-006 
yypp" =  —0-008 

y<f>a =  -0-0006 
y<f>n =  0-005

(fr(f) =  —0-009

Table 2. The com puted and assigned frequencies for CibF io (frequencies in cm“ T

S p ec ie s C alc. A ss .* A ss (S N L ) S p e c ie s C alc. A ss .* A ss . (S N L )

a. 1637 1661 1661 biu 1632 1656 1656
1531 1534 1534 1512 1530 1530
1420 1474 1474 1414 1374 1374
1366 1302 1302 1295 1272 1154
1160 1152 1152 1089 1038 1038

959 960 960 762 775 1
603 587 587 592 5 88 688
5 24 6 10 610 480 478 478
343 362 362 320 312 312
267 273 273 265 266 240
174 187 235

bu 1681 1661 1661 bsu 1647 1650 1650
1558 1533 1533 1515 1505 1505
1268 1272 1272 1264 1294 1294
1171 1152 1092 1168 1078 1078
1042 1003 1003 985 996 996

739 678 67 8 653 728 728
448 4 40 440 437 471 471
306 344 344 290 344 3 44
234 235 273 226 240 280
177 187 190 54 7 183

bu 800 Î 653 bsu 7 44 678 678
663 653 ? 599 6 18 618
411 386 386 339 344 344
225 235 2 35 2 22 183 240
194 187 187 166 146 183
106 T 156 49 7

bio 626 ? 627 Î
392 411 411 394 Î
135 156 156 135

16
T
T

ag species
O f th e  e lev en  fu n d am en ta ls in  th is  class th e  frequ en cies o f  s ix  are u n eq u iv o ca lly  

d eterm in ed  from  R am an  p o larisa tion  d ata . F or th ese  th e  average d iscrep an cy  b e 

tw e en  ca lcu la ted  and ob served  (Ar) is 19-0 cm ~i. F or th e  entire e lev en  a , a ssign m en ts  

o f  S X L  Av is  24-7 cm ~i w ith  th ree m axim u m  d iscrepancies o f  64, 61 an d  56 cm ~i. 
E x c lu d in g  th e  lo w es t  fu n d am en ta l frequ en cy  th e  average p ercen tage error is o n ly  
2-3%  w ith  a m ax im u m  o f  5-2% . W h ilst th e  m ore te n ta t iv e  o f  th e  a ssign m en ts



i ) .  S t e e l e

(c)

(b)

Fig. 2. The com puted norm al modes for the 6%̂ transitions a t (a) 1168; (b) 6.53; 
and (c) 54 cm“ ‘ (calc, frequencies). The distortions are magnified by an  arb itra ry  
scale factor which is the same for (a) and b) b u t four tim es smaller for (c).

corresp ond ing  to  ex tr em ely  w eak  R a m a n  lin es (e.g . 1152 w w  and 362 v w ) m u st stil^ 
rem ain  u n certa in  th e se  co m p u ta tio n s m ake i t  c lear th a t  th e  assign ed  frequ en cies  
b ased  on  th e  a ssu m p tio n  o f  a pair o f  w eak ly  in teractin g  perflu orop henyl rings are 
close to  th e  real frequ en cies. T h e so le reassign m en t su ggested  b y  th e  presen t w ork is 
to  correlate th e  lo w est u , fu n d a m en ta l w ith  th e  v w  R a m a n  lin e a t 187 cm~^.

&2 u species

F u n d a m en ta ls  o f  th is  sp ec ies  w ere id en tified  b y  S N L  th rou gh  stron g  in te n s ity  
ch an ges in  g o in g  from  so lid ified  m elt to  so lu tion  sp ectra . O f th e  ten  fu n d am en ta ls  
th e  seven  w ith  th e  h igh est frequ en cies w ould  appear to  b e w ell e sta b lish ed . F or tw o  
o f  th ese  th e  Ar is ab o v e  35 cm~^ Av is  in  fa c t  90 cm ”  ̂ and 75 cm “  ̂ for th e  1078 and  
728 cm~^ m od es resp ec tiv e ly . In  b o th  o f  th e se  cases th e  v ib ra tion a l m od es in v o lv e  
con sid erab le ch an ges in  th e  2 2 ' carbon  d istan ces an d  in  th e  corresp ond ing  fluorine  
d istan ces (F ig. 2 ). T h is w ou ld  in d ica te  th a t  th e  large Av in  th ese  cases is  due to  an  
ap preciab le n on -b on d ed  in teraction  an d  p o ss ib ly  to  n eg lec t o f  a p o ten tia l in teraction  
term  b etw een  th e  b on d s in  th e  tw o  rings (arising from  oth er th a n  o n -b on d ed  in ter
action s). T h e form er seem s h ig h ly  p rob able in  v iew  o f  th e  v ery  sh ort d istan ces  
b etw een  th e  2 2 ' fluorines. F or th e  p lanar case it  is ca lcu la ted  to  b e ab ou t 1 6  A  
com p ared  w ith  th e  sum  o f  th e  V an  der W a a l’s a to m ic  radii o f  2 7 Al!

One re-assign m en t clearly  required is th a t  for th e  lo w es t  m od e ca lcu la ted  to  be  
at 54 cm “ .̂ T h is freq u en cy  is v ery  low  for an  in -p lan e v ib ra tio n — and in deed  i t  is 
m uch low er th a n  a n y  for CgFgl [7J. A s sh ow n  in  F ig . 2 (a) it  is prim arily  a ring  
b u ck lin g  \ib r a t io n . 85 % o f  its  en ergy  arises from  d isto rtio n  o f  th e  an gle b etw een  th e

[7] D. A. L oxg  and D. S t e e l e , Spectrochivi. A cta  19, 1955 (1963).



GALLEY No. W .A2S0
Some further observations on the  vibrational spectrum  of decafluorobiphenyl 5

bond axes o f  th e  tw o  p h en y l u n its. N o  trace o f  an  ab sorp tion  band  could  be fou n d  
below  1 0 Ü cm~^. H o w ev er  in  2 H  p erflu orob ip henyl a b an d  h as b een  ob served  at 
/^60 cm"^ [2]. T h e o n ly  a lter n a tiv e  ex p la n a tio n  ofr th e  la tte r  is as a torsion  band  

but th is  is con sid ered  to  be v ery  u n lik e ly . Av is  re la tiv e ly  h igh  a t  51 cm~^. T he  
reasons are p rob ab ly  th o se  g iv e n  ab ove.

&iu species
T he agreem en t is g en era lly  good . A  sin g le ex cep tio n  is th e  frequ en cy  ca lcu la ted  

at 1205 o r : and assign ed  at 11.31 c m “h A  re-assign m en t to  one o f  th e w eak  infrared  
bands in ; i e ; 3- 's - ; 23' ’ cm-" rancre is o b v io u sly  required, b u t in v iew  o f  th e w eak n ess  
of thc-c ba.'.d-: .in l - be clo,<c rcl o f th e  mod-e to  th e in active  V  , m ode o f
at 1233 cn n  - I iic cb oice mu.-t be som ew h at arbitrary on th e  present cv  dence. T he  
choice o f  th e 1272 cm -^ band  is m ade on th e grounds th a t it  is the stron gest band  n o t  
assigned a lread y to  an ungerade vib ration . On th e  sam e b asis 773 cm “  ̂ is ch osen  
as the p re\ iou.sly u n id en tified  fu n d am en ta l. T h e lack  o f  o ther fu n d am en ta ls in th is  
range m akes th is  ch o ice jierhaps m ore reliab le even  th ou gh  th e  ab sorp tion  is very  
weak. I t  is to  be noted  th a t th e s iig h ly  stronger 750 cm-^ band  has characteristics  
(drastic redu ction  in stren gth  in crysta l) and is clearly  a reson ance com p on en t o f  th e  
728 cm “  ̂ fu n d am en ta l. Av is IS d c m “  ̂ (1*8%).

b̂ g sjjecies

In  v iew  o f  th e  p a u c ity  o f  d ep olarised  R am an  lines o f  appreciable stren gth  w hich  

could be eas ily  id en tified  as fu n d am en ta ls th e  va lu e  o f  Av o f  32*3 cm-^ is en cou rag
ing. F ew  o f  th e  a ssig n m en ts in th is  class can be considered  to be on  a very  firm basis. 
Indeed  in th e  case o f  th e  1092 and 078 cm '^ assign m en ts no R am an  b an d s w ere  
observed at a ll and  th e  frequ en cies correspond to  infrared bands. T he ju stifica tion  
for th ese  lies in

(a) som e o f  th e  m od es are derived  from  in a c tiv e  m odes o f  CgFg and in  m odal form  
th ey  are a ltered  o n ly  a sm all am ou n t.

(b) a degree o f  in frared  a c t iv ity  w ill arise from  m ode m ix in g  accom p an yin g  
departures from  p lan ar ity .

T w o re-assign m en ts are su ggested . F ir stly  sin ce th e frequ en cy  com p u ted  at 
1171 cm-^ is c lose  to  th a t  o f  th e  R am an  a c tiv e  m ode o f  CgFg a t 1155 cm '^ from  w hich  
it  is derived , it seem s ad v isab le  to  com T ate it  w ith  th e  1152 cm -^ R am an  line. T he  

second lo w est freq u en cy  is ch an ged  to  235 cni"^. Av is dropped  to  22*5 cm ”  ̂ b y  th ese  
two rev is ion s.

5. O u t -o f - P l a n e  F u n d a m e n t a l s

A gi’eem en t w ith  assign ed  frequ en cies is gen era lly  good . O ne resu lt w h ich  w as n o t  
an tic ip ated  w a s th a t  th e  h ig h est m ode is  con sid erab ly  a b ove  th a t  o f  an y  o u t-o f
plane m ode o f  C^Fg. N o  a ssign m en t o f  th is  m ode is p ossib le  due to  th e  com p lete lack  
of R am an  b an d s b etw een  05<) and  060 cm~^. T h e  ob serva tion  o f  th e  low  freq u en cy  
band a t 146 cm.-^ h as led  to  a certain  a m ou n t o f  re-assign in g  o f  th e  low  frequ en cy  
fu n d am en ta ls o f  th e  an d  < sp ecies. T h ese fo llow  from  th e  ca lcu la tion s and require  

no further com m en t. Av is 2 1  cm~'- for th o se  a ssig n m en ts w h ich  i t  h as b een  p o ssib le  
to su ggest ( 1 1  o f  th e  19 m od es).



G. C o n c l u s i o n s

I n  accord  w ith  th e  o b serv a tio n s  o f  S X L  it  ap pears th a t  th e  sp ectrum  o f  C^^Fio 
can  b e a d eq u a te ly  in terp reted  in  term s o f  tw o  w ea k ly  in teractin g  p crliuoroph en yl 
rings in  a p lanar- or n ear-p lanar con figuration . T h e stron gest ev id en ce for th is  con 
figuration  (S X L ) cam e from  th e  o b serv a tio n  th a t  a ll in frared  b an d s v  h ich  were 
co n fid en tly  correlated  w ith  th e  m od es o f  CgFgX sy ste m s sh ow ed  a v ery  m arked  
d ecrease in  in te n s ity  on  cry sta llis in g  a m elt o n to  an  a lk a li h a lid e p la te . W ere th e  
tw o  rings at ap p reciab le  an g les in -p h ase an d  o u t-o f-p h a se  cou p lin g  o f  th e  tran sition  
d ip o le v ec to rs  w ou ld  lead  to  sim ilar in ten s ities  o f  b an d s w ith  tran sition  d ipole vectors  
a t 90 d egrees to  on e an oth er. T h u s th e  in ference is  th a t  th e  d ihedral an gle is sm all. 
W h en  one con sid ers th a t  for a p lanar sy stem  th e  2 2 ' fluorine n uclei are less th a n  1 7  A 
apart, w h ilst  th e  sum  o f  th e ir  \'a n  der W a a l’s R ad ii is 2-7 A th is  resu lt is surprising. 
I t  is a lso  in co n trad iction  to  th e  re su lts  o f  d ipole m o m en t stu d ies o f  2 2 ' diiJuorobi- 
p h en y l and o f  X M R  stu d ies  o f  d ecaflu orob ip h en yl itse lf. T h at th ese  stu d ies w ere 
o f  so lu tio n s  m ay  be sign ifican t b u t th e n  no large freq u en cy  sh ifts  occur on  ch an ge o f  
p h ase . T h e p resen t s tu d y  serv es o n ly  to  re-enforce th e  con clu sion s o f  th e  earlier 
v ib ra tio n a l s tu d y . S teric in teraction s b etw een  th e  rings are ap p aren t from  a co m 
p arison  o f  ob served  and ca lcu la ted  frequ en cies. On th e  o th er h an d  it  is u n lik e ly  th a t  
th e  freq u en cies— p articu lar ly  th e  in -p lan e m od es— w ill be m uch  a ffected  b y  sm all 
ch an ges in  d ihedral an g le. R ed u ctio n  o f  th e  .sjunm etry from  to  resu lts  in  
coa lesc in g  o f  each  o f  th e  in -p lan e sy m m e tr y  sp ecies w ith  an  ou t-o f-p lan e sp ecies. 
C learly it w ill be o n ly  th e  low  freq u en cy  m od es w h ich  m ix  or for w hich  th e  coupling  
co n d itio n s ch an ge. E v e n  th e n  from  sy m m etry  reason ing  it  fo llow s th a t m ix in g  
b etw een  th e  in -p lan e an d  o u t-o f-p la n e  m odes w ill be sign ifican t o n ly  if  th e  carbon  
n u clei a t th e  ring ju n ctio n s m o v e ap p reciab ly  during th e  v ib ra tio n s in v o lv ed . I t  is 
assu m ed  in th e  ab o v e  argu m en ts th a t  ch an ges in th e  force field  w ith  d ihedral angle  
are in sign ifican t.

In  b ip h en y l it s e l f  no sign ifican t sh ifts  b etw een  frequ en cies in  th e  solid  and  in  
so lu tio n  h a v e  b een  reported  [8 ] d esp ite  k n ow n  ch an ges o f  d ihedral angle. T h is serves  
to  cau tion  us n o t to  draw  to o  m an y  con clu sion s from  th e  su ccess o f  th e  p lanar m odel 
in  p red ic tin g  ob served  sp ectra.

I t  w ou ld  seem  le g it im a te  to  con clu d e
(a) the t in tera c tio n s  betw een th e  rings are essen tia lly  V an der W a a l’s in tera c tio n s  
and th-.at n o e id en ce o f  con ju gation  o f  th e  rings is ev id en t. T h is p aralle ls th e  
con clu sion s o f  Zerbi and  S androni for b ip h en y l [9].
(b) th a t  w h ils t  ev id en ce  e x is ts  for p lan arity , or ne.tr p lau iiriiy . ni ti ie - o ld  no  
sign ifican t ev id en ce  for ch an ges in  dihedral an gle w ith  phase ch an ges is y e t  forth 
com in g  from  v ib ra tion a l sp ectroscop y .

[S] G. Z erb i  and S. R .\x d p . o .v i , Spectrochim . A cta  24A, 483 (1968).
[9J G. Z e b b i  a n d  S. S a x d b o x i ,  Spjcctrochim. A cta  24A, o i l  (1968).
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A b s t r a c t

T he v i b r a t i o n a l  t r a n s i t i o n  m om en ts  o f  p a r a l l e l  an d  

p e r p e n d i c u l a r  v i b r a t i o n s  o f  a  n u m b er  o f  o b l a t e  s y m m e t r i c  t o p  

m o l e c u l e s  h a v e  b e e n  d e t e r m i n e d  b y  c o m p a r i s o n  o f  c a l c u l a t e d  

b a n d  s h a p e s  w i t h  e x p e r i m e n t a l  a b s o r p t i o n  c o e f f i c i e n t s  a t  t h e  

P a n d  R b a n d  m a x im a .  T he a g r e e m e n t  b e t w e e n  t h e  v a l u e s  s o  

d e r i v e d  and  t h o s e  o b t a i n e d  b y  i n t e g r a t i o n  o v e r  t h e  e n t i r e  band  

i s  v e r y  s a t i s f a c t o r y .
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INTRODUCTION

I n  t h e  a p p r o x i m a t i o n  o f  t h e  s e p a r a b i l i t y  o f  v i b r a t i o n a l  

a n d  r o t a t i o n a l  w a v e f u n c t i o n s ,  t h e  p r o b a b i l i t y  o f  a  s i n g l e  

r o v i b r a t i o n a l  t r a n s i t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

v i b r a t i o n a l  t r a n s i t i o n  m om ent m u l t i p l i e d  b y  a  r o t a t i o n a l  t r a n s 

i t i o n  p r o b a b i l i t y  f a c t o r .  I f  t h e  i n t e n s i t y  o f  a  g i v e n  f u n d a 

m e n t a l  t r a n s i t i o n  an d  t h e  r o t a t i o n a l  t r a n s i t i o n  p r o b a b i l i t y  

f a c t o r  a r e  know n t h e n  i t  i s  p o s s i b l e  t o  d e d u c e  t h e  v i b r a t i o n a l  

t r a n s i t i o n  m om ent and  h e n c e  a  v a l u e  o f  f o r  t h e

1 - t h  v i b r a t i o n .  F o r  m o s t  m o l e c u l e s  t h e  a l l o w e d  r o v i b r a t i o n a l  

t r a n s i t i o n s  a r e  s o  d e n s e l y  p a c k e d  i n t o  t h e  f r e q u e n c y  s p r e a d  o f  

t h e  f u n d a m e n t a l  b and  t h a t  o n l y  t h e  o v e r a l l  i n f r a r e d  b a n d  c o n t o u r  

c a n  b e  o b t a i n e d .

T h e  c o m p u t a t i o n  o f  i n f r a r e d  b an d  e n v e l o p e s  i s  now a  f a m i l i a r  

p r o b l e m .  N o n - d e g e n e r a t e  v i b r a t i o n s  o f  s y m m e t r i c  t o p  m o l e c u l e s  

h a v e  b e e n  t r e a t e d  b y  G erh a rd  and D e n n i s o n  ( j [ )  a n d  m o re  r e c e n t l y  

E d g e l l  an d  M o y n ih a n  ( £ )  h a v e  i n c l u d e d  t h e  e f f e c t  o f  f i r s t  o r d e r  

C o r i o l i s  i n t e r a c t i o n  on t h e  d e g e n e r a t e  v i b r a t i o n s  o f  s y m m e t r i c  

t o p  m o l e c u l e s .  W h i l s t  r e f e r e n c e  h a s  b e e n  made t o  t h e  p o s s i b 

i l i t y  o f  d e t e r m i n i n g  v i b r a t i o n a l  t r a n s i t i o n  m om en ts  f r o m  a  com

p a r i s o n  o f  e x p e r i m e n t a l  and c a l c u l a t e d  i n f r a r e d  b and  c o n t o u r s  ( 2 ) ,  

t h e r e  i s  a s  y e t  n o  p u b l i s h e d  work o f  t h i s  t y p e  k now n  t o  t h e  

a u t h o r s .  I n  v i e w  o f  t h e  c o n s i d e r a b l e  d i f f i c u l t i e s  i n  o b t a i n i n g  

a c c u r a t e  an d  r e p r o d u c i b l e  e s t i m a t e s  o f  a b s o l u t e  i n f r a r e d  i n t e n 

s i t i e s ,  i t  i s  f e l t  t h a t  t h i s  m eth o d  may b e  u s e f u l  an d  i s  w e l l  

w o r t h  a  d e t a i l e d  i n v e s t i g a t i o n .  The r e s u l t s  o f  s u c h  a  s t u d y  

a p p l i e d  t o  t h e  o b l a t e  s y m m e t r i c  t o p  m o l e c u l e s  C^H^, C^D^ and

a r e  p r e s e n t e d  i n  t h i s  p a p e r .
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T h e o r y

The i n t e n s i t y  o f  a b s o r p t i o n  a r i s i n g  f r o m  a  g i v e n  f u n d a 

m e n t a l  t r a n s i t i o n  o f  e n e r g y  h v  i s  g i v e n  b y  t h e  E B n l-L o n d o n .

e x p r e s s i o n  ( 4 )
“  p h c / k T  2

( 1 )

w h e r e  g j ^ g  and  a r e  t h e  s t a t i s t i c a l  w e i g h t  and  t h e  r o t a t i o n a l

t e r m  v a l u e  f o r  t h e  l o w e r  s t a t e ,  la  t h e  t r a n s i t i o n

i n t e g r a l  f o r  t h e  v i b r a t i o n  an d  A j p. i s  a  t e r m  w h o se  v a l u e  d e p e n d s

o n  t h e  r o t a t i o n a l  q u an tu m  n u m b e rs  J  and  K an d  a l s o  o n  t h e  s e l e c 

t i o n  r u l e s  f o r  t h e  t r a n s i t i o n .  C i s  a  n o r m a l i z a t i o n  f a c t o r
9 / V ^

w h i c h  i s  a  c o n s t a n t  f o r  a n y - t y p e  o f  v i b r a t i o n  ( p a r a l l e l  o r  p e r 

p e n d i c u l a r )  o f  a  p a r t i c u l a r  m o l e c u l e .  F o r  s y m m e t r i c  t o p  m o l e 

c u l e s  t h e  A j^ ^  g j ^ g  v a l u e s  a r e  a s  sh o w n  i n  e q u a t i o n s  ( 2 ) - ( 7 )

p a r a l l e l  t r a n s i t i o n s :

J ,  IKI J  Z 1 .  |K | ( 2  - j g  „ )
J  + 1

( 2 )

J ,  | k |  J ,  (Kl ( 2  - j g  g )  ( 2 j  +  1 )  r  

J ( J  + 1 )

J ,  | k | J  -  1 ,  |K l ( 2  - j g  g )  g ) .

( 3 )

( 4 )

p e r p e n d i c u l a r  t r a n s i t i o n s :

J .  1K| ^  J  + 1 ,  )K| ±  1 ( J  + i X j  i K  + 2 )
J  + 1

J ,  |K| - f -  J ,  |K | i  1

J .  M  J -  1 ,  I El ±  1 G
J

( 5 )

( 2 J  + 1 ) ( J  % K ) ( J  i  K + 1 )  / g )
J  ( J  + 1 )

( 7 )

i n  w h i c h  J an d  K r e f e r  t o  t h e  l o w e r  s t a t e  an d  w h e r e  j  i s  t h e  

K r o n e c k e r  d e l t a  ( S  ®  ̂ f o r  K «  0  and  é =  0  f o r

K /  O ) .  F o r  t h e  0 ^  1 v i b r a t i o n a l  t r a n s i t i o n ,  t h e  t r a n s i t i o n

i n t e g r a l  b e c o m e s  < ^ I m I an d  t h e  n o r m a l i z a t i o n  f a c t o r  m ay



b e  w r i t t e n
  .

8  TT^H 
3  h e

T T
h cB >  
kT y

c
B _

( 8 )

w h e r e  N i s  t h e  A v a g a d r o  n u m b e r  a n d  3  a n d  C a r e  r o t a t i o n a l  

c o n s t a n t s  (c m .* * ^ ) .  I n  t h e  c a s e  o f  o b l a t e  s y m m e t r i c  t o p  m o l e 

c u l e s  we u s e  t h e  r e c o m m e n d e d  c o n v e n t i o n  ( 5 )  (A  =  B »  2 C ) .

T he a b o v e  e x p r e s s i o n  f o r  t h e  n o r m a l i s a t i o n  f a c t o r  w a s  d e r i v e d  

f o r  b o t h  p a r a l l e l  an d  p e r p e n d i c u l a r  t r a n s i t i o n s  f r o m  t h e  

e q u a l i t y

c -  (  ^  A g  e  ( 9 )
^ J K  JK JK JK /  3 c

b y  su m m in g  o v e r  J  a n d  K u s i n g  ( 2 )  t o  ( 5 )  an d  t h e  w e l l  known  

e x p r e s s i o n  f o r  t h e  r o t a t i o n a l  p a r t i t i o n  f u n c t i o n .  The t e r m  

i n  p a r e n t h e s e s  i s  t h e  c o m p u t e r  c a l c u l a t e d  s u m . S u b s t i t u t i o n  

o f  t h i s  v a l u e  i n t o  ( 9 )  and  u s e  o f  ( 8 )  s e r v e d  a s  a  c h e c k  o n  t h e  

a d e q u a c y  o f  t h e  r a n g e  o f  s u m m a t io n  o v e r  J  a n d  K . T h e  H . H . S .  

o f  e x p r e s s i o n  ( 9 )  i s  c o r r e c t  i n  a s  f a r  a s  r o t a t i o n a l  q u a n t i s a t i o n  

m ay b e  n e g l e c t e d  i n  d e r i v i n g  t h e  r e l a t i o n  b e t w e e n  a  b an d  

i n t e n s i t y  and  t h e  v i b r a t i o n a l  t r a n s i t i o n  m o m e n t .  T he c o r r e c t i o n  

t e r m  f o r  b o t h  t h e  p a r a l l e l  a n d  p e r p e n d i c u l a r  c a s e s  i s  (9)

1 + 2 Bo L1 + e x p  ( - h v o / k T ) ]  
v [ 1  -  e x p  ( - h v o / k T ) ]

a n d  l e a d s  t o  a  c o r r e c t i o n  o f  l e s s  t h a n  1^ i n  t h e  c a s e s  d i s c u s s e d .

F o r  t h i s  r e a s o n  i t  h a s  b e e n  n e g l e c t e d  i n  e q .  ( 8 )  a n d  e q .  ( 9 ) .

T he a v e r a g e  a b s o r p t i o n  c o e f f i c i e n t ,  u ( v ) ,  w i t h i n  a  f r e q u e n c y  

i n t e r v a l ,  A v , an d  a t  a  p a r t i c u l a r  f r e q u e n c y ,  v ,  i s  r e l a t e d  t o  t h e  

sum  o f  t h e  i n t e n s i t i e s  d u e  t o  t r a n s i t i o n s  w i t h i n  t h a t  f r e q u e n c y  

r a n g e  b y  ( 2 ) .

â (v )  = ^  q(v)  (10)

v-Av A'’
T *
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Two c o n d i t i o n s  a r e  r e q u i r e d  f o r  s a t i s f a c t o r y  u s a g e  o f  e q u a t i o n  

( 1 0 ) .  F i r s t l y ,  t h e  d e n s i t y  o f  t r a n s i t i o n s  w i t h i n  t h e  c h o s e n  

i n t e r v a l  i s  s u f f i c i e n t l y  h i g h  f o r  t h e  e d g e  e f f e c t s  a r i s i n g  f r o m  

f i n i t e  b a n d  w i d t h s  t o  b e  n e g l i g i b l e  a n d  s e c o n d l y ,  t h a t  s a t u r a t i o n  

o f  a b s o r p t i o n  o v e r  a  g i v e n  s m a l l  f r e q u e n c y  i n t e r v a l  w i t h i n  t h e  

c h o s e n  i n t e r v a l  d o e s  n o t  o c c u r .  T he f o r m e r  c o n d i t i o n  i s  c e r t 

a i n l y  s a t i s f i e d  f o r  h e a v y  p o l y a t o m i c  m o l e c u l e s  s u c h  a s  O^H^,

CgDg a n d  CgFg a n d  t h e  l a t t e r  s i t u a t i o n  d o e s  n o t ,  i n  f a c t ,  a r i s e  

i n  i n f r a r e d  s p e c t r o s c o p y .
— h c / k T

We h a v e  c a l c u l a t e d  t h e  q u a n t i t y  ^.e J ,K

f o r  s e l e c t e d  i n f r a r e d  b a n d s  o f  C gH g, CgDg a n d  CgFg b y  d i r e c t

s u m m a t io n  on  a n  e l e c t r o n i c  c o m p u t e r  f o r  J * ,  J ” 0  2 3 0  and  i n
— 1f r e q u e n c y  i n t e r v a l s  o f  0 . 2  cm . .  T he p a r a m e t e r s  e m p lo y e d  f o r  

C gH g, CgDg a n d  CgFg a r e  l i s t e d  i n  t a b l e  1 .

T he t r a n s i t i o n  m om ent f o r  t h e  p a r t i c u l a r  v i b r a t i o n  h a s  b e e n  

d e t e r m i n e d  f r o m  a  c o m p a r i s o n  o f  t h e  u ( v )  v a l u e s  a t  t h e  f r e q u e n c i e s  

o f  t h e  P -  an d  E - b r a n c h  m a x im a  f o r  t h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l  

b a n d  c o n t o u r s .

RESULTS

T he r e s u l t s  a r e  sh o w n  i n  t a b l e  I I .  F o r  t h e  e.^^ d e g e n e r a t e  

b a n d s ,  t h e  i n f r a r e d  b a n d  s h a p e s  a r e  a  f u n c t i o n  o f  t h e  f i r s t  

o r d e r  C o r i o l i s  c o u p l i n g  c o n s t a n t ,  ^  T h e  5* v a l u e  f o r

t h e  p a r t i c u l a r  v i b r a t i o n  m u s t  b e  d e t e r m i n e d  b e f o r e  t h e  t r a n s i t i o n
p

m om ent c a n  b e  d e r i v e d  f r o m  a  c o m p a r i s o n  o f  t h e  ^  o r
/ f

oi  v a l u e s  f o r  t h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l  b a n d s .

Some a u t h o r s  h a v e  s u g g e s t e d  t h a t  t h e  f r e q u e n c y  s e p a r a t i o n  

o f  t h e  P -  an d  R - b r a n c h  m a x im a  i s  s u f f i c i e n t  c r i t e r i a  f o r  t h e  

e v a l u a t i o n  o f  r e l i a b l e  v a l u e s .  I n  t h e  p r e s e n t  w o r k  t h i s

p r o c e d u r e  h a s  p r o v e d  s o m e w h a t  l e s s  s a t i f a o t o r y  t h a n  a  d e t a i l e d  

c o m p a r i s o n  o f  c a l c u l a t e d  a n d  e x p e r i m e n t a l  b a n d  c o n t o u r s  a l o n g  

t h e  l i n e s  s u g g e s t e d  b y  E d g e l l  a n d  M o y n ih a n  ( £ ) .



F o r  t h e  t w o  l o w e s t  b a n d s  o f  b o t h  an d  t h e

c a l c u l a t e d  an d  e x p e r i m e n t a l  b a n d  c o n t o u r s  sh o w  g o o d  a g r e e m e n t  

w i t h  t h e  v a l u e s  o f  g i v e n  i n  t a b l e  1 • O n ly  t h e  l o w e s t

b a n d  o f  O^F^ h a s  b e e n  s t u d i e d  ( s e e  p a r t  I I  ( U ) ) ,  The  

r e m a i n i n g  e ^ ^  b a n d s  o f  C^H^, a n d  C^Fg e x h i b i t  d i s t o r t e d

b a n d  s h a p e s  a s  a  r e s u l t  o f  F e r m i  r e s o n a n c e  i n t e r a c t i o n s  an d  a r e  

t h e r e f o r e  u n s u i t a b l e  f o r  t h e  p r e s e n t  s t u d y .

T h e  s o l i t a r y  a g ^  m ode o f  e a c h  m o l e c u l e  h a s  a l s o  b e e n  s t u d i e d .  

I n  t h e  c a s e  o f  t h e  o f  t h e  i n t e r p r e t a t i o n  o f  t h e

e x p e r i m e n t a l  b a n d  i s  r e n d e r e d  c o m p l e x  d u e  t o  t h e  e x i s t a n c e  o f  

s h a r p  f i n e  s t r u c t u r e  o f  u n c e r t a i n  o r i g i n .

A t y p i c a l  s e t  o f  c a l c u l a t e d  a n d  e x p e r i m e n t a l  b a n d  c o n t o u r s  

a r e  sh o w n  i n  f i g .  1 f o r  t h e  e ^ ^  b a n d  o f  a t  1 0 3 8  cm * ~ ^ .

I t  i s  a p p a r e n t  f r o m  t h e  r e s u l t s  t h a t ,  a t  l e a s t  i n  t h e  

a b s e n c e  o f  h i g h e r  o r d e r  p e r t u r b a t i o n s ,  a c c u r a t e  v a l u e s  o f  v i b 

r a t i o n a l  t r a n s i t i o n  m o m en ts  c a n  b e  o b t a i n e d  f r o m  a  c o m p a r i s o n  
P Ho f  Û a n d  u v a l u e s  f o r  t h e  c a l c u l a t e d  an d  e x p e r i 

m e n t a l  b a n d  c o n t o u r s .

TABLE I

M o l e c u l e S y m m e tr y  F r e q u e n c y  a m I x ( * = P t )  *
E

Z e t a  V a l u e
S p e c i e s — 1 —cm . X 1 0  * ^ ^ m o l 1  11

®1u 1 4 8 3 0 . 5 2 5 0 . 5 3 5 - 0 . 4 5

0 6 % ®1u 1 0 3 8 0 . 3 5 9 0 . 3 6 0 - 0 . 5 5

^ 2 u 6 7 3 4 . 4 2 0 4 . 6 0 0 -

®1u 1 3 3 5 0 . 1 1 8 0 . 1 1 0 - 0 . 4 0

0 5 ^ 6 ®1u 8 1 4 0 . 3 5 7 0 . 3 1 6 —0 . 4 0

^ 2 u 4 9 4 1 . 6 6 0 1 . 8 8 0 -

0 6 % ®1u 3 1 5 0 . 2 3 1 0 . 2 4 1 - 0 . 6 0

^ 2 u 2 1 5 0 . 2 3 1 0 . 2 6 2 -
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R o t a t i o n a l  C o n s t a n t s  (A = B = 2 0 )c m ,~ ^

CgHg 0 . 1 8 8 9 6 0

0 . 1 5 6 2 7 5  

CgFg 0 . 0 3 4 6 7 6

V a l u e s  o f  a ( v )  a r e  o b t a i n e d  f r o m : -

a ( v )  . .  H 4 0 0 .  7 ^  .  m ± t  .  2 ^  .  ^
expt jj p 273 1 I

w h e r e  N i s  t h e  A v a g a d r o  n u m b e r ,  ?  i s  t h e  p r e s s u r e  o f  t h e  v a p o u r  

i n  mm E g ,  t  i s  t h e  t e m p e r a t u r e  i n  ®C, 1  i s  t h e  p a t h  l e n g t h  o f  t h e  

c e l l  a n d  lo g ^ Q  ^  i s  t h e  a b s o r b a n c e  a t  a  f r e q u e n c y  v .

TABLE I I

M o l e c u l e  S y m m e tr y  F r e q u e n c y  f  ^  \  ^

®1u 1 4 8 3  i  0 . 3 9 *  -

S p e c i e s  o m .”  ̂ \ 4 Q I  ( J  Q

% %  * m  1 0 3 3  t  0 . 3 2 *  ±  0 . 3 3  -  0 . 3 2

6 7 3  i  1 . 4 6 *  ±  1 . 4 3  ±  1 . 3 9

1 3 3 5  -  0 . 1 8 ^  ±  0 . 1 7  -  0 . 1 6

*2u

®1u

CgD g e ^ ^  , 8 1 4  1  0 . 3 1 *  ±  0 . 3 0  ±  0 . 2 7

* 2 u

«lu

4 9 4  -  1 . 0 9 *  0 . 9 2  i  0 . 9 3

3 1 5  -  0 . 1 7 °  -  0 . 1 7  -  0 . 1 7

° 5 ^ 6  &2n 2 1 5  -  0 . 2 5 °  -  0 . 2 8  -  0 . 2 9

O q /

IN T .
d i p o l e  g r a d i e n t  o b t a i n e d  f r o m  i n t e g r a t e d  b a n d  a r e a .

/  j d i p o l e  g r a d i e n t s  o b t a i n e d  f r o m  c o m p a r i s o n  o f  a ( v )

/ f  U q / v a l u e s  a t  P -  an d  R - b r a n c h  m a x im a  f o r  c a l c u l a t e d  an d  

e x p e r i m e n t a l  c u r v e s .

a  d a t a  o f  S p e d d i n g  an d  Y / h i f f e n  

b d a t a  o f  Dows an d  P r a t t  C§3

c  d a t a  o f  S t e e l e  a n d  W h e a t l e y  ( l O ]
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S t u d i e s  i n  V i b r a t i o n a l  A b s o r p t i o n  I n t e n s i t i e s

P a r t  I I  V i b r o n i c  E f f e c t s  i n  E e z a f l u o r o b e n z e n e  a n d  B e n z e n e

b y  D . S t e e l e  a n d  W. W h e a t l e y

D e p a r t m e n t  o f  C h e m i s t r y ,  R o y a l  H o l l o w a y  C o l l e g e ,  

U n i v e r s i t y  o f  L o n d o n ,  E n g l e f i e l d  G r e e n ,  S u r r e y .



A b s t r a c t

a b s o l u t e  i n f r a - r e d  a b s o r p t i o n  i n t e n s i t i e s  o f  t h e  

l o w  f r e q u e n c y  f u n d a m e n t a l s  o f  h e x a f l u o r o b e n z e n e  h a v e  b e e n  

m e a s u r e d  -  b o t h  b y  d i r e c t  i n t e g r a t i o n  o f  e x t i n c t i o n  c o e f f i c 

i e n t s  an d  b y  t h e  P ,  R b o n d  maximum t e c h n i q u e .  An a n a l y s i s  

o f  r e s u l t s  i n  t e r m s  o f  t h e  s i m p l e  b ond  m om ent h y p o t h e s i s  and  

a n  e l e c t r o n  r e h y b r i d i s a t i o n  m om ent a c c o m p a n y i n g  t h e  o u t  o f  

p l a n e  s u b s t i t u e n t  d e f o r m a t i o n  h a s  l e a d  t o  v a l u e  o f  0 . 3  D p e r

r a d i a n  f o r  t h e  l a t t e r .  T h i s  i s  e q u a l  t o  t h e  v a l u e  f o r  
in.

b e n z e n e .  T h e  ^ s e n s i t i v i t y  o f  b o t h  t h e  an d  t h e

r e s u l t s  o n  t h e  f o r c e  f i e l d s ,  a n d  t h e  e.^^ f i r s t  o r d e r  C o r i o l i s  

c o u p l i n g  c o n s t a n t s  i n  p a r t i c u l a r ,  i s  s u f f i c i e n t l y  l o w  f o r  

t h e  e q u a l i t y  o f  t h e  r e s u l t s  t o  b e  s i g n i f i c a n t .

P r o o f s  t o :  D r .  D .  S t e e l e ,  D e p a r t m e n t  o f  C h e m i s t r y ,

R o y a l  H o l l o w a y  C o l l e g e ,  E n g l e f i e l d  G r e e n ,  S u r r e y ,
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I n t r o d u c t i o n

The u s e  o f  t h e  i n d e p e n d e n t  b o n d  m om ent h y p o t h e s i s  (I35IH)  

t o  i n t e r p r e t  t h e  a b s o l u t e  I n t e n s i t i e s  o f  i n f r a r e d  a b s o r p t i o n  

b a n d s  g e n e r a l l y  r e s u l t s  i n  d i f f e r e n t  v a l u e s  o f  a  d e r i v e d  bond  

p a r a m e t e r  f o r  t h e  v a r i o u s  s y m m e tr y  s p e c i e s  o f  t h e  sam e m o l e 

c u l e .  S u c h  d i s c r e p a n c i e s  h a v e  o f t e n  b e e n  e x p l a i n e d  b y  

i n v o k i n g  t h e  i d e a  o f  a  r e h y b r i d i s a t i o n  p h e n o m e n a  a s s o c i a t e d  

w i t h  c e r t a i n  m o d e s .  T h u s  S p e d d i n g  a n d  W h i f f e n  C l ]  o n  t h e  

b a s i s  o f  t h e  IBfdH h a v e  d e r i v e d  a n  e f f e c t i v e  CH b o n d  d i p o l e  

o f  0 . 6  D / r a d .  f r o m  t h e  a b s o l u t e  a b s o r p t i o n  i n t e n s i t y  o f  t h e  

S r u  mode o f  b e n z e n e  a n d  a  v a l u e  o f  0 . 3  D / r a d .  f r o m  t h e  i n t e n 

s i t i e s  o f  t h e  t h r e e  n o r m a l  v i b r a t i o n s  o f  t h e  e^ ^  s p e c i e s .

I n  t h e  m o t i o n  d e s c r i b e d  b y  t h e  a g ^  m o d e ,  t h e  s u b s t i t u e n t  m ov es  

o u t  o f  t h e  p l a n e  o f  t h e  c a r b o n  s k e l e t o n  w i t h  t h e  r e s u l t  t h a t

t h e  r e h y b r i d i s a t i o n  a r o u n d  t h e  c a r b o n  n u c l e u s  w i l l  t e n d  f r o m
2 3a  p l a n a r  s p  c o n f i g u r a t i o n  t o  a  n o n - p l a n a r  sp"^ c o n f i g u r a t i o n .

T h i s  w i l l  p r o d u c e  a n  i n c r e a s e  o f  e l e c t r o n  d e n s i t y  on  t h e

o p p o s i t e  s i d e  o f  t h e  b e n z e n e  r i n g  t o  t h e  s u b s t i t u e n t  m a k in g

t h e  H e n d  o f  t h e  CH b ond  d i p o l e  a p p e a r  m o re  p o s i t i v e  t h a n  t h a t

o b t a i n e d  f r o m  a n  i n - p l a n e  m o t i o n  o f  t h e  s u b s t i t u e n t .  T h e r e

i s  s t r o n g  e v i d e n c e  1 2 ]  L 3 ]  t o  s u g g e s t  t h a t  t h e  H a to m  i s  a t

t h e  p o s i t i v e  e n d  o f  a  CH b ond  d i p o l e  s o  t l i a t  t h e  l a r g e r  v a l u e

f o r  t h e  e f f e c t i v e  CH b ond  d i p o l e  a s  d e r i v e d  f r o m  t h e  a g ^  mode

i s  c o n s i s t e n t  w i t h  t h i s  t h e o r y  a n d  w o u ld  p r e d i c t  a  r e h y b r i d i 
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s a t i o n  m om ent (RM) i n  b e n z e n e  o f  0 . 3  D / r a d .

K o v n e r  and  S n e g i r e v  L 4 ]  r e f u t e  s u c h  a n  i n t e r p r e t a t i o n  

on  t h e  g r o u n d s  t h a t  t h e  e f f e c t i v e  CH bond d i p o l e  c a n n o t  be  

d i f f e r e n t  f o r  t h e  tw o  m o t i o n s .  T h e s e  w o r k e r s  i g n o r e  com

p l e t e l y  t h e  r e h y b r i d i s a t i o n  p h e n o m en o n  and  p r e f e r  t o  e x p l a i n  

t h e  d i s c r e p a n c y  w h i c h  r e s u l t s  f r o m  u s i n g  t h e  I3MH by i n t r o d 

u c i n g  c r o s s  t e r m s  s u c h  a s  i n t o  t h e  t h e o r y .

On t h i s  b a s i s ,  t h e  e f f e c t i v e  CH bond d i p o l e s  d e r i v e d  f r o m  t h e  

tw o  m o t i o n s  a r e  i n d e e d  t h e  sam e and  e q u a l  t o  0 . 6  D / r a d .

T h i s  a g r e e s  w i t h  t h e  v a l u e  o b t a i n e d  b y  S p e d d i n g  and  W h i f f e n  

f r o m  t h e  a 2 ^  mode a s  i n d e e d  i t  m u s t  s i n c e  n o  c r o s s  t e r m s  

a p p e a r  i n  t h e  d i p o l e  d e r i v a t i v e  e x p r e s s i o n s  f o r  t h i s  m o d e .

I t  i s  t h e  a u t h o r s *  b e l i e f  t h a t  t h e  r e h y b r i d i s a t i o n  

p h e n o m en o n  an d  a s s o c i a t e d  v i b r o n i c  e f f e c t s  a r e  o f  i m p o r t a n c e  

a n d  a r e  c e r t a i n l y  o f  m ore p h y s i c a l  m e a n i n g  t h a n  t h e  c r o s s  

t e r m s  i n  t h e  d i p o l e  d e r i v a t i v e  e x p r e s s i o n s .  F u r t h e r m o r e ,  

we f e e l  t h a t  t h e s e  e f f e c t s  m ay b e  r e s p o n s i b l e  f o r  many o f  

t h e  i n c o n s i s t e n c i e s  w h i c h  e x i s t  i n  t h e  r e p o r t e d  v a l u e s  o f  

d e r i v e d  b ond  p a r a m e t e r s  an d  a l s o  f o r  t h e  d i s c r e p a n c i e s  w h i c h  

f r e q u e n t l y  o c c u r  b e t w e e n  i n t e n s i t y  d a t a  f o r  c o n d e n s e d  an d  

s o l u t i o n  p h a s e s  and  t h e  v a l u e s  o b t a i n e d  f r o m  v a p o u r  p h a s e  

i n t e n s i t y  d a t a  u s i n g  d i e l e c t r i c  t h e o r i e s .  The w ork  d e s c r i b e d  

i n  t h i s  p a p e r  w as u n d e r t a k e n  w i t h  t h e  p r i m a r y  a im  o f  j u s t i f y i n g
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t h e  ' e x i s t e n c e  o f  a  RM an d  t o  a t t a c h  som e m e a n in g  t o  i t s  

p o t e n t i a l  i m p o r t a n c e .  S i n c e  t h e  RM p h en o m en o n  o n l y  i n v o l v e s  

t h e  e l e c t r o n  c l o u d  a s s o c i a t e d  w i t h  t h e  c a r b o n  n u c l e i ,  i t  i s  

a n t i c i p a t e d  t h a t  t h e  Rî>5 s h o u l d  b e  i n s e n s i t i v e  t o  t h e  n a t u r e  

o f  t h e  s u b s t i t u e n t  o n  t h e  a r o m a t i c  r i n g .  F o r  v a p o u r  p h a s e  

i n t e n s i t y  s t u d i e s  i n  t h e  i n f r a r e d  r e g i o n  a  v o l a t i l e  com pound  

o f  h i g h  s y m m e tr y  i s  e s s e n t i a l .  A p a r t  f r o m  b e n z e n e  i t s e l f ,  

h e x a f l u o r o b e n z e n e  (H F 3 )  i s  t h e  o n l y  v o l a t i l e  a r o m a t i c  m o l e 

c u l e  o f  s y m m e tr y  and  i t s  r e m a r k a b l e  s i m i l a r i t y  t o  b e n z e n e  

m a k es  i t  a  n a t u r a l  c h o i c e  f o r  t h i s  p r o j e c t .  I f  a n  i n t e r 

p r e t a t i o n  o f  t h e  a b s o l u t e  i n f r a r e d  i n t e n s i t i e s  o f  KF3 u s i n g  

t h e  I3IVIH i s  c o n s i s t e n t  w i t h  a  RM o f  a b o u t  0 . 3  D / r a d .  t h e n  t h e  

i n f e r e n c e  i s  s t r o n g  t h a t  t h e  r e h y b r i d i s a t i o n  p h en o m en on  i s  

r e a l i s t i c  an d  o f  s i g n i f i c a n c e .

HF3 h a s  f o u r  i n f r a r e d  a c t i v e  m od es  w h i c h  h a v e  b e e n  

a s s i g n e d  L 5] t o  t h e  t h r e e  e .j^  v i b r a t i o n s  a t  1 5 3 1 ,  1 0 0 6  

( d o u b l e t )  an d  3 1 5  cm .*^  r e s p e c t i v e l y  an d  t h e  a 2 ^ v i b r a t i o n  

a t  2 1 5  c m .“ ^ .  T he tw o  h i g h  f r e q u e n c y  m o d es  h a v e  b e e n  

p r e v i o u s l y  s t u d i e d  b y  S t e e l e  and  W h i f f e n  i 6 ]  and  o n e  o f  t h e s e  

m o d es  h a s  a l s o  b e e n  s t u d i e d  b y  P e r s o n  e t  a l .  1 7 ] .  The  

a g r e e m e n t  b e t w e e n  t h e  a b s o l u t e  i n t e n s i t y  d a t a  i s  e x c e l l e n t .  

R e c e n t l y ,  P e r s o n  e t  a l .  L 7] h a v e  r e p o r t e d  t h e  a b s o l u t e  i n t e n 

s i t i e s  f o r  t h e  tw o  l o w  f r e q u e n c y  m o d es  o f  IIP8 .  The r e s u l t s  

a r e  i n  p o o r  a g r e e m e n t  w i t h  t h o s e  o b t a i n e d  i n  t h i s  w ork  a n d .
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i n  f a c t ,  a  r e v i s e d  v a l u e  f o r  t h e  a b s o l u t e  i n t e n s i t y  o f  t h e  

3 1 5  c m .“  ̂ b a n d  h a s  b e e n  q u o t e d  b y  C r a w fo r d  e t  a l .  l 8 J  w h ic h  

i s  i n  b e t t e r  a g r e e m e n t  w i t h  o u r s .

E x p e r i m e n t a l

T he s a m p l e  o f  IÎPB u s e d  i n  t h i s  w o r k  w as  a  g i f t  fr o m  

I m p e r i a l  S m e l t i n g  C o .  L t d .  V a p o u r  p h a s e  c h r o m a t o g r a p h y  o f  

t h e  s a m p l e  an d  i t s  i n f r a r e d  s p e c t r u m  s h o w e d  n o  t r a c e  o f  o t h e r  

c o m p o n e n t s  a n d  t h e  s a m p l e  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i 

c a t i o n .  3 .  p t .  8 0 . 1 ^ 0 / 7 6 0  m m ., m . p t .  5 - 5 ^ C .

T h e  v a p o u r  p h a s e  i n t e n s i t i e s  o f  t h e  tw o  lo w  f r e q u e n c y  

f u n d a m e n t a l s  o f  HP3 w e r e  d e t e r m i n e d  o n  a n  e v a c u a t e d  s i n g l e  

b eam  g r a t i n g  s p e c t r o m e t e r  d e s c r i b e d  e l s e w h e r e  l9 ] .  L i n e a r i t y  

o f  t h e  a m p l i f i e r  and  d e t e c t o r  s y s t e m  and u n i f o r m i t y  o f  i l l u m 

i n a t i o n  o v e r  t h e  s l i t s  h a s  b e e n  v e r i f i e d  b y  s h o w i n g  t h a t  t h e  

s i g n a l  on  t h e  r e c o r d e r  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  

s l i t  w i d t h  a s  r e q u i r e d  f o r  c o u p l e d  e n t r a n c e  and e x i t  s l i t s  t o

an d  f r o m  t h e  m o n o c h r o m a t o r .  The s p e c t r a l  s l i t  w i d t h  w as  
- 1a b o u t  1 cm .

A 12 cm . g a s  c e l l  w i t h  h i g h  d e n s i t y  p o l y t h e n e  ( R i g i d e x )  

w in d o w s  w as  u s e d  f o r  s a m p le  c o n t a i n m e n t .  KF3 v a p o u r  w as  

i n t r o d u c e d  i n t o  t h e  e v a c u a t e d  c e l l  i n  s i t u  an d  n i t r o g e n  g a s  

w a s  i n t r o d u c e d  f o r  p r e s s u r e  b r o a d e n i n g  t o  a  t o t a l  p r e s s u r e  

o f  1 a t m .  T h e r e  w a s  n o  e v i d e n c e  f o r  i n t e n s i t y  v a r i a t i o n  w i t h



— 6 —

t i m e  a n d  s u b s e q u e n t  r e - r u n n i n g  o f  t h e  b a c k g r o u n d  s p e c t r u m  

s h o w e d  n o  t r a c e s  o f  r e s i d u a l  v a p o u r .  On t h i s  b a s i s ,  p o s s i b l e  

a b s o r p t i o n  o f  t h e  v a p o u r  b y  t h e  p o l y t h e n e  w in d o w s  c a n  be  

c o n s i d e r e d  a s  b e i n g  n e g l i g i b l e .

A s a t i s f a c t o r y  B e e r ’ s  l a w  p l o t  w as o b t a i n e d  f o r  t h e  

3 1 5  C!n.“  ̂ band ( f i g .  1 ) .  I n  t h e  c a s e  o f  t h e  band a t  

2 1 5  cm .~^  t h e  B e e r ’ s  l a w  p l o t  w as  l e s s  s a t i s f a c t o r y .  F o l l o w 

i n g  S p e d d i n g  a n d  W h i f f e n  L i ] ,  t h e  c o n t r i b u t i o n  o f  t h e  Q-  

b r a n c h  t o  t h e  2 1 5  cm .*^  b a n d  w as a r t i f i c i a l l y  s e p a r a t e d  f r o m  

t h e  P -  an d  R - b r a n c h e s  b y  t a k i n g  f r e q u e n c y  c u t - o f f s  a t  s p e c i f i c  

f r e q u e n c i e s  n e a r  m in im a .  The s e p a r a t e d  P -  an d  R - c o m p o n e n t s  

g a v e  a  s a t i s f a c t o r y  B e e r ’ s  l a w  p l o t  t h u s  c o n f i r m i n g  t h a t  i t  

i s  t h e  s h a r p  Q - b r a n c h  w h i c h  v i o l a t e s  t h e  W i l s o n - W e l l s  c o n 

d i t i o n s .  The c o r r e c t  i n t e n s i t y  o f  t h e  Q - b r a n c h  w a s  o b t a i n e d  

b y  e x t r a p o l a t i n g  t o  z e r o  p r e s s u r e .

Band S h a p e  C a l c u l a t i o n s

The o b j e c t  o f  t h e  b an d  s h a p e  c a l c u l a t i o n s  w as t w o f o l d .  

F i r s t l y ,  t h e  f o r c e  f i e l d  f o r  HF3 i s  e x t r e m e l y  i l l - d e f i n e d .

T h u s  t h e  q u a d r a t i c  f o r c e  c o n s t a n t  m a t r i x  f o r  t h e  s y m m e tr y  

s p e c i e s  c o n t a i n s  s i x  i n d e p e n d e n t  t e r m s  -  b u t  t h e r e  a r e  o n l y  

t h r e e  e x p e r i m e n t a l  f r e q u e n c i e s  w i t h  w h i c h  t o  e v a l u a t e  t h e s e .

I n  p r i n c i p l e ,  t h e  d e t e r m i n a t i o n  o f  f i r s t  o r d e r  C o r i o l i s  

c o u p l i n g  c o n s t a n t s  fo r m  i n f r a r e d  band c o n t o u r s  c o u l d  f u r n i s h  

a d d i t i o n a l  p a r a m e t e r s .  F o r  HP8 ,  o n l y  t h e  e^^  mode a t
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3 1 5  i s  e x p e c t e d  t o  b e  f r e e  f r o m  F e r m i  r e s o n a n c e  e f f e c t s

a n d  t h e  o n l y  s e c o n d  o r d e r  C o r i o l i s  i n t e r a c t i o n  w h ic h  i s  

l i k e l y  t o  be o f  i m p o r t a n c e  i s  t h a t  w i t h  t h e  3,2 ^  mode a t  

2 1 5  c m .~ ^ .  I t  w i l l  be  s h o w n  l a t e r  t h a t  t h i s  e f f e c t  i s  

u n i m p o r t a n t  i n  t h i s  i n s t a n c e .  The f i r s t  o r d e r  C o r i o l i s  

c o u p l i n g  c o n s t a n t  a s s o c i a t e d  w i t h  t h e  3 1 5  cm .~^  mode f u r n i s h e s  

a n  i m p o r t a n t  t e s t  o f  t h e  a s s u m e d  f o r c e  f i e l d .

The s e c o n d  o b j e c t  w a s  t o  d e t e r m i n e  w h e t h e r  o r  n o t  a n y  

a p p a r e n t  l o s s  o f  Q - b r a n c h  i n t e n s i t y  h ad  o c c u r r e d  i n  t h e  3 1 5  

and 2 1 5  c m .“  ̂ e x p e r i m e n t a l  b a n d s  t h r o u g h  i n a d e q u a t e  p r e s s u r e  

b r o a d e n i n g .  I n  a d d i t i o n ,  k n o w le d g e  o f  t h e  n o r m a l i s a t i o n  

f a c t o r  f o r  t h e  t h e o r e t i c a l l y  c o m p u te d  oan d  c o n t o u r s  s h o u l d  

a l l o w  t h e  a b s o l u t e  I n t e n s i t y  o f  a n  e x p e r i m e n t a l  band t o  be  

e v a l u a t e d  by f i t t i n g  a  c o n v e n i e n t  p o i n t  o n  t h e  c o m p u te d  band  

c o n t o u r ,  s u c h  a s  t h e  P -  o r  R - b r a n c h  maximum, t o  t h e  e x p e r i 

m e n t a l  v a l u e  a s  d e s c r i b e d  i n  p a r t  1 L lO j .
— 1T he e x p e r i m e n t a l  b and  s h a p e s  o f  t h e  3 1 5  and  2 1 5  cm. 

b a n d s  o f  H P 3 sh o w  a  m a rk ed  a s y m m e tr y  w i t h ^ ^ 5/ d i f f e r e n c e  i n  

t h e  i n t e n s i t i e s  o f  t h e  P -  an d  R - b r a n c h e s .  The lo w  f r e q u e n c y  

P - b r a n c h  i s  w e a k e r  f o r  o o t h  b a n d s .  I f  t h e  a s y m m e tr y  had  b e e n  

c a u s e d  b y  s e c o n d  c r i e r  C o r i o l i s  c o u p l i n g  t h e n  t h e  a s y m m e tr y  

o f  t h e  e^ ^  b and  w o u ld  h a v e  b e e n  t h e  m i r r o r  im a g e  o f  t h a t  i n  

t h e  band d l j .  To e x p l a i n  t h e  a s y m m e tr y  i t  i s  n e c e s s a r y  

t o  a l l o w  f o r  d i f f e r e n c e s  b e t w e e n  t h e  g r o u n d  and e x c i t e d  s t a t e  

, r o t a t i o n a l  c o n s t a n t s .  Good a g r e e m e n t  b e t w e e n  t h e  e x p e r i m e n t a l
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an d  c o m p u te d  band s h a p e s  w as o b t a i n e d  w i t h  (3 *  -  3 ” ) / ’3*' «
) 2

0 . 0 0 0 5 .  F i g s . ^  and ^  sh o w  t h e  c o m p u te d  and  o b s e r v e d  band  

c o n t o u r s  o f  t h e  3 1 5  om.*"^ b a n d  f o r  a  s e r i e s  o f  z e t a  v a l u e s  

an d  t h e  i n f l u e n c e  o f  r o t a t i o n a l  c o n s t a n t  c h a n g e s .  The band  

s h a p e  a n a l y s i s  l e a d s  t o  a  C o r i o l i s  z e t a  v a l u e  o f - 0 . 6 0  -  0 . 0 5  

f o r  t h e  3 1 5  cm .~^  ( e ^ ^ )  band o f  H P3.

The e x p e r i m e n t a l  and  c o m p u te d  band c o n t o u r s  d i f f e r  f o r  

tw o  r e a s o n s .  Ho a c c o u n t  h a s  b e e n  t a k e n  o f  ’ h o t  b a n d s ’ w h ic h  

a r e  l i k e l y  t o  b e  o f  i m p o r t a n c e  a t  s u c h  l o w  f r e q u e n c i e s  and  

a l s o  b e c a u s e  t h e  e x p e r i m e n t a l  o a n d s  w e r e  p r e s s u r e  b r o a d e n e d .  

B o t h  f a c t o r s  l e a d  a l m o s t  s o l e l y  t o  b r o a d e n i n g  o f  t h e  Q -b r a n c h e  

We h a v e  s e p a r a t e l y  e s t i m a t e d  t h e  i n t e n s i t y  i n  t h e  P ,  Q and R -  

b r a n c h e s  o f  t h e  e x p e r i m e n t a l  an d  c o m p u te d  b a n d s .  The r a t i o s  

o f  t h e  C - o r a n c h  t o  t h e  c o m b in e d  P -  a n d  R - b r a n c h  i n t e n s i t i e s  

a r e  i n  g o o d  a g r e e m e n t  a n d  i n  t h e  c a s e  o f  t h e  2 1 5  cm .*^ ( a ^ y )  

b a n d  t h e  r a t i o  a l s o  a g r e e s  w i t h  t h a t  d e r i v e d  fr o m  t h e  

e x p r e s s i o n  g i v e n  b y  G e r h a r d  and  D e n n i s o n  L 1 2 ] ,  w h er e

L - P / 1 + ^ ] *  -  s in " ' '  ( - P ) i
F r a c t i o n a l  i n t e n s i t y  „  ------------------------------------- -
i n  Q - b r a n c h  - P ( - ( 3 / l  + p)&

P s  / 3  -  1 =s - i  f o r  d i s k - s h a p e d  m o l e c u l e s .

I t  m u st  be  c o n c l u d e d  t h a t  a n y  e r r o r s  w h i c h  m i g h t  a r i s e  i n  t h e  

m e a s u r e d  i n t e n s i t i e s  d u e  t o  i n a d e q u a t e  p r e s s u r e  b r o a d e n i n g  a r e  

l e s s  t h a n  5:^*
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T he p o s s i b i l i t y  o f  e s t i m a t i n g  i n t e g r a t e d  oan d  i n t e n s i t i e s  

f r o m  c o m p u te d  band s h a p e s  h a s  b e e n  e x a m in e d  i n  p a r t  1 11 O j .

T he a b s o r p t i o n  c o e f f i c i e n t  a t  a  s u i t a b l e  f r e q u e n c y  i s  co m p u te d  

i n  t e r m s  o f  t h e  d i p o l e  d e r i v a t i v e  w i t h  r e s p e c t  t o  t h e  n o r m a l  

c o o r d i n a t e  a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  v i b r a t i o n  and i s  

c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  v a l u e .  F o l l o w i n g  t h i s  p r o 

c e d u r e ,  t h e  d i p o l e  d e r i v a t i v e s  f o r  t h e  2 1 5  c m .“  ̂ ( a g y )  and  

3 1 5  cm .~^  ( e ^ y )  v i b r a t i o n s  w e r e  d e r i v e d  t o  be  -  0 . 2 8  x  

( a . m . u . ) * ^  D/% an d  -  0 . 1 7  x  1 0 * ^ ^  ( a . m . u . ) ~ ^  D/% r e s p e c t i v e l y  

w h i c h  a r e  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  v a l u e s  o f  -  0 . 2 5  x  

1 0 ~ ^ ^  ( a . m . u . ) * ^  d /%  an d  -  0 . 1 7  x  10" ^ ^  ( a . m . u . ) * ^  D /A  

o b t a i n e d  f r o m  t h e  i n t e g r a t e d  band a r e a s .

The F o r c e  F i e l d  and  T he L M a t r i x

T he f o r c e  c o n s t a n t  f o r  t h e  a g ^  s p e c i e s  i s  e x a c t l y  d e f i n e d  

w i t h i n  t h e  q u a d r a t i c  a p p r o x i m a t i o n  b y  t h e  e x p e r i m e n t a l  f r e q 

u e n c y .  F o r  t h e  e^ ^  c l a s s ,  S t e e l e  and  W h i f f e n  1 1 3 ]  d e r i v e d  a  

s e t  o f  f o r c e  c o n s t a n t s  b a s e d  o n  a s s u m p t i o n s  w h i c h  w e r e  c h o s e n  

t o  m i n i m i z e  t h e  i n t e r a c t i o n  c o n s t a n t s  and  t o  r e t a i n  a  f i e l d  

h a v i n g  t h e  fo r m  o f  W h i f f e n * s  b e n z e n e  f o r c e  f i e l d  L l 4 ] .

W h i l s t  t h e s e  a s s u m p t i o n s  a r e  now know n t o  b e  i l l  c h o s e n  L I 5 ]  

t h e r e  s e e m s  l i t t l e  p o i n t  a t  p r e s e n t  i n  d e r i v i n g  w h a t  m u st  b e  

a n  e q u a l l y  a r b i t r a r y  f i e l d  f o r  b a s e d  o n  a  n ew  s e t  o f

a s s u m p t i o n s .  F o r t u n a t e l y  we s h a l l  d e m o n s t r a t e  t h a t  t h e
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d e r i v e d  e f f e c t i v e  b ond  d i p o l e s  a r e ,  i n  t h i s  c a s e ,  n o t  v e r y

s e n s i t i v e  t o  c h a n g e s  i n  t h e  f o r c e  f i e l d .  T he F and L

m a t r i c e s  a r e  sh o w n  i n  t a b l e  I I  t h e  f o r c e  c o n s t a n t s  shp® t a k e n
)

f r o m  S t e e l e  a n d  W h i f f e n  [ 1 3 ] .

We h a v e  c a l c u l a t e d  t h e  C o r i o l i s  z e t a  m a t r i x  f o r  t h e  

®1u s p e c i e s  o f  C^F^ u s i n g  t h e  e x p r e s s i o n s  o f  M ea l an d  P o l o  [ 1 6 ]  

T h e z e t a  sum ( t r a c e )  i s  e q u a l  t o  - 1  1 1 7 ] .  The a g r e e m e n t  

b e t w e e n  t h e  c a l c u l a t e d  f g g  2 0  ( - 0 . 5 9 6 )  an d  t h e  v a l u e  o f

- 0 . 6 0  o b t a i n e d  f r o m  t h e  b and  s h a p e  a n a l y s i s  i s  w e l l  w i t h i n  

t h e  e x p e r i m e n t a l  u n c e r t a i n t y .  The J a c o b i a n  e l e m e n t s  o f  

^  2 0 , 2 0  r e s p e c t  t o  t h e  f o r c e  c o n s t a n t s  h a v e  b e e n  c a l c u l 

a t e d  u s i n g  t h e  m e th o d  d e s c r i b e d  by M i l l s  l 1 8 ] .  I t  i s  s e e n  

i n  t a b l e  I I I  t h a t  t h e  s e n s i t i v i t y  i s  p r i m a r i l y  w i t h  r e s p e c t  

t o  F ^ g ^ ^ g  an d  F ^ g  g g  w h e r e a s  t h e  f r e q u e n c y  i s  d e p e n d e n t  

a l m o s t  e n t i r e l y  on  F^g ^g an d  F^g

To c o n f irm  th e  i n s e n s i t i v i t y  o f  t h e  t o  t h e  f i e l d  a  new m a tr ix

was com puted  c o r r e s p o n d in g  t o  c h a n g e s  i n  ^  o f  0 ,991  1 .0 3  and

^  1^ 20 0 .0 8 0  ( v a lu e s  c h o s e n  t o  k eep  )y n e a r  o b s e rv e d  v a lu e ) .

The new e ig e n v e c to r  m a t r ix  was *4185, .3 4 3 0 , ,1 9 6 0

—«4601| —*1846f *0640 

. 3 0 5 2 , - . 2 0 6 7 , .0 3 4 3

T hese  m in o r c h a n g e s  i n  t h e  jC m a t r ix  p ro d u c e d  no s i g n i f i c a n t  c h a n g e s  i n  th e  

d e r iv e d  d ip o le  g r a d i e n t s .  The c o r r e s p o n d in g  change  in  5  gg^go 

-0 .022 .
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I n t e r p r e t a t i o n  o f  I n t e n s i t i e s  i n  T erm s o f  Bond P a r a m e t e r s

V a l u e s  f o r  t h e  d i p o l e  m om ent d e r i v a t i v e  w i t h  r e s p e c t  t o  

t h e  a s s o c i a t e d  n o r m a l  c o o r d i n a t e ,  / è Gi ' * a r e  o b t a i n e d

f r o m  t h e  e x p e r i m e n t a l  b and  i n t e n s i t i e s  u s i n g  t h e  e x p r e s s i o n

3 o  V q  V Q .
2

w h e r e  H i s  A v a g a d r o ' s  n u m o e r ,  i s  t h e  d e g e n e r a c y  f a c t o r  

( e q u a l  t o  2 f o r  m o d es  and  e q u a l  t o  1 f o r  t h e  m o d e)  

a n d  0  i s  t h e  v e l o c i t y  o f  l i g h t .  T h e  v a l u e s  o f  t h e  d i p o l e  

d e r i v a t i v e s  w i t h  r e s p e c t  t o  t h e  s y m m e tr y  c o o r d i n a t e s ,  

a r e  d e r i v e d  f r o m  t h e  c y U /  ^ v a l u e s  u s i n g  t h e  c o o r d i n a t e  

t r a n s f o r m a t i o n  S «  LQ. T a b l e  IV  c o n t a i n s  t h e  p o s s i b l e  s o l u 

t i o n s  f o r  < i y u / i  Sj  ̂ w h i c h  a r e  o b t a i n e d  f r o m  t h e  v a r i o u s  s i g n  

c o m b i n a t i o n s  o f  i / i /  S Q. To r e l a t e  t h e  v a l u e s  t o

q u a n t i t i e s  w h i c h  a r e  d i r e c t l y  r e l a t e d  t o  bond p r o p e r t i e s  we 

make u s e  o f  t h e  e x p r e s s i o n s  d e r i v e d  b y  S p e d d i n g  and  W h i f f e n  L i ]  

f o r  t h e i r  i n t e r p r e t a t i o n  o f  t h e  i n t e n s i t i e s  o f  b e n z e n e .  

C a l c u l a t e d  v a l u e s  o f  t h e  d i p o l e  mom ent d e r i v a t i v e s  w i t h  r e s 

p e c t  t o  CO s t r e t c h i n g ,  dR, CF s t r e t c h i n g ,  A.r, CF d e f o r m a t i o n  

i n  t h e  p l a n e  o f  t h e  r i n g ,  AP, an d  CF d e f o r m a t i o n  o u t  o f  t h e  

p l a n e  o f  t h e  r i n g ,  a r e  a l s o  g i v e n  i n  t a b l e  4 .  Of t h e  

f o u r  p o s s i b l e  s o l u t i o n s  f o r  t h e  d e r i v e d  bond p a r a m e t e r s  i n  t h e  

e^ ^  s p e c i e s ,  o n l y  t h o s e  o b t a i n e d  fr o m  t h e  s i g n  c h o i c e  f o r
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AQ o f  an d  ( - - + )  c a n  b e  r e g a r d e d  a s  p r o b a b l e .

T he s o l u t i o n s  o b t a i n e d  f r o m  t h e  s i g n  c h o i c e  ( - + + )  and  ( - + - )  

a r e  c o m p l e t e l y  u n r e a s o n a b l e .  v/e m u s t  now d e c i d e  b e t w e e n  t h e  

tw o  m ore  a p p r o p r i a t e  s o l u t i o n s ,  b o t h  o f  w h i c h  g i v e  r e a s o n a b l e  

v a l u e s  f o r  t h e  e f f e c t i v e  bond d i p o l e s .  The s o l u t i o n  o b t a i n e d  

f r o m  t h e  s i g n  c h o i c e  f o r  < ^ /  <S Q o f  g i v e s  a  v a l u e  f o r

< ^ /  P w h i c h  i s  g r e a t e r  t h a n  j  î f  b y  a n  a m ou n t 0 . 3 D / r a d .  

w h e r e a s  t h e  s i g n  c h o i c e  f o r  h / ^ / ^  Q o f  ( - - + )  s h o w s  è>/^/é  p t o  

be a l m o s t  e q u a l  t o  h/^/ T hu s t h e  s o l u t i o n  o b t a i n e d  f r o m

( - - - )  y i e l d s  a  r e h y b r i d i z a t i o n  moment o f  0 . 3 D / r a d .  w h i c h  i s  

e q u a l ,  b u t  i n  t h e  o p p o s i t e  d i r e c t i o n ,  t o  t h a t  o b t a i n e d  f o r  

b e n z e n e .  The s o l u t i o n  o b t a i n e d  f r o m  ( - - + )  p r e d i c t s  a n  a l m o s t  

z e r o  r e h y b r i d i z a t i o n  m o m en t .  T h i s  s o l u t i o n  c a n  be r e j e c t e d  

on  t h e  g r o u n d s  t h a t  t h e  r e l a t i v e  s i g n s  o f  h /^ /  i  P and  

a r e  c h a n g e d .  A c c e p t i n g  t h a t  t h e  f l u o r i n e  a to m  i s  a t  t h e  

n e g a t i v e  e n d  o f  t h e  CF d i p o l e  t h i s  w o u ld  r e q u i r e  t h e  f l u o r i n e  

a to m  t o  b e c o m e  m ore  p o s i t i v e  on s t r e t c h i n g  w h i c h  i s  c o n t r a r y  

t o  g e n e r a l  b e l i e f s  on  t h i s  m a t t e r .

A r e h y b r l d i S a t i o n j p m e n t  o f  t h e  sam e o r d e r  o f  m a g n i t u d e  

a s  i n  t h e  c a s e  o f  b e n z e n e  i s  a n t i c i p a t e d  f o r  h e x a f l u o r o b e n z e n e  

s i n c e  s u c h  a  mom ent w i l l  I n v o l v e  o n l y  t h e  "A”  e l e c t r o n s  a s s o c 

i a t e d  w i t h  t h e  c a r b o n  n u c l e u s .  I f  we a c c e p t  t h e  a v a i l a b l e  

e v i d e n c e  l2 J l3 J  t h a t  i n  b e n z e n e  t h e  h y d r o g e n  a to m  i s  a t  t h e  

p o s i t i v e  e n d  o f  a  m o v in g  CH d i p o l e  t h e n  i t  s e e m s  m o s t  l i k e l y  

t h a t  i n  HFB t h e  f l u o r i n e  a to m  i s  a t  t h e  n e g a t i v e  en d  o f  a
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m o v in g  C? d i p o l e .  F o r  o u t - o f - p l a n e  d e f o r m a t i o n  o f  a  CH 

b o n d  i n  b e n z e n e ,  r e h y b r i d i z a t i o n  a t  t h e  c a r b o n  a to m  t a k e s  

p l a c e  i n  t h e  f o r m  o f  e - c h a r a c t e r  b e i n g  i n t r o d u c e d  i n t o  t h e  

Pg o r b i t a l .  The e f f e c t  i s  t o  make t h e  h y d r o g e n  a to m  a p p e a l  

m ore p o s i t i v e  and  t h e r e f o r e  t h e  e f f e c t i v e  bond d i p o l e  f o r  

o u t - o f - p l a n e  d e f o r m a t i o n  i s  g r e a t e r  t h a n  f o r  t h e  i n - p l a n e  

m o t i o n .  I n  t h e  c a s e  o f  HFB t h e  e f f e c t  o f  r e h y b r i d i z a t i o n  : 

c h a n g e s  d u r i n g  o u t - o f - p l a n e  d e f o r m a t i o n  i s  a l s o  t o  make t h e  

f l u o r i n e  a to m  a p p e a r  m ore  p o s i t i v e  i . e .  l e s s  n e g a t i v e  s o  t h e  

we e x p e c t  t h e  e f f e c t i v e  CF b o n d  d i p o l e  f o r  o u t - o f - p l a n e  j 

d e f o r m a t i o n  t o  b e  l e s s  t h a n  f o r  t h e  i n - p l a n e  m o t i o n .

Our r e s u l t s  sh o w  t h a t  a n  I n t e r p r e t a t i o n  o f  t h e  a b s o l u t e  

i n f r a r e d  i n t e n s i t i e s  o f  C^F^, a n d  C^D^ u s i n g  t h e  IBI.li

i s  c o n s i s t e n t  w i t h  a  r e h y b r i d i z a t i o n  m om ent o f  0 . 3 D / r a d .

T he i n f e r e n c e  i s  s t r o n g  t h a t  t h e  r e h y b r i d i z a t i o n  p hen om en on  

i s  i n d e e d  r e a l i s t i c  an d  o f  s i g n i f i c a n c e .

I n  v i e w  o f  t h e  r a t h e r  l a r g e  s e c o n d  d i p o l e  d e r i v a t i v e s  

^ '5 ^  d e r i v e d  b y  D uns t a n  an d  W h i f f e n  1 19 3  f o r  benzer.

i t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  i m p l i c a t i o n s  o f  h i g h e r  t e r m s  

i n  t h e  d i p o l e  e x p a n s i o n  o n  t h e  r e h y b r i d i z a t i o n  m om ent.

W i t h i n  t h e  m e c h a n i c a l  h a r m o n ic  o s c i l l a t o r  a p p r o x i m a t i o n ,  

t h e r e  i s  n o  c o n t r i b u t i o n  f r o m  t h e s e  h i g h e r  t e r m s  and  i t  i s  

w e l l  k now n  t h a t  an h a rm o n  i c i  t i e s  i n  a r o m a t i c  com pou n ds a r e  l o  

a t  l e a s t  i n  CH b e n d i n g  m o d e s .  B o o b y e r  L 2 0 ]  h a s  e x a m in e d  th
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e f f e c t  o f  e l e c t r i c a l  and  m e c h a n i c a l  a n h a r m o n i c i t i e a  i n  CH 

s t r e t c h i n g  m o d es  a n d  i t  w as  c o n c l u d e d  t h a t  t h e  e l e c t r i c a l  

a n h a r m o n io  t e r m s  make l i t t l e  c o n t r i b u t i o n  t o  t h e  f u n d a m e n t a l  

i n t e n s i t i e s  e v e n  t h o u g h  t h e i r  n u m e r i c a l  m a g n i t u d e  i n  D/A w ere  

o f t e n  s e v e r a l  t i m e s  g r e a t e r  t h a n  t h e  v a l u e  o f  c>/^ /  6 Ar i n  

d / a .  I t  a p p e a r s  t h e n  t h a t  i t  i s  l e g i t i m a t e  t o  r e t a i n  t h e  

a p p r o x i m a t i o n  o f  e l e c t r i c a l  h a r m o n i c i t y .

T h e  R e h y b r i d i z a t i o n  Moment i n  and

I n  v i e w  o f  t h e  c h a n g e s  i n  t h e  f o r c e  f i e l d  o f  b e n z e n e  

w h i c h  h a v e  b e e n  p r o p o s e d  s i n c e  t h e  w ork  o f  S p e d d i n g  and  

W h i f f e n  L l j  i t  i s  n e c e s s a r y  t o  r e c o n s i d e r  t h e i r  i n t e n s i t y  

d a t a  i n  t e r m s  o f  t h e  a l t e r n a t i v e  f i e l d s  L 1 5 J l2 i J .  The f o r c e  

f i e l d  f o r  t h e  s p e c i e s  i s  s t i l l  v e r y  much i l l - d e f i n e d  and  

a l l  t h a t  c a n  be a c h i e v e d  a t  p r e s e n t  i s  t o  sh o w  t h a t  t h e  v a r i o u s  

f o r c e  f i e l d s  l e a d  t o  t h e  sam e v a l u e  f o r  6 /^  /  j  p .  The  

r e s u l t s  o b t a i n e d  b y  u s i n g  t h e  L ( e ^ y )  m a t r i c e s  o f  W h i f f e n  [ 1 4 ]  

l2 2 ] ,  S c h e r e r  L 2 1 ]  and  D u i n k e r  and  H i l l s  [ 1 5 ]  t o  i n t e r p r e t  

t h e  a b s o l u t e  I n t e n s i t y  d a t a  f o r  C^U^ [ 1 ]  and C^D^ [ 2 3 ]  a r e  

sh o w n  i n  t a b l e  V . I t  i s  s e e n  t h a t  t h e  d i f f e r e n c e s  i n  t h e  

v a l u e s  o f  4 ^ /  i  P a r e  q u i t e  i n s i g n i f i c a n t .  T h i s  r e s u l t  

g i v e s  o n e  g o o d  g r o u n d s  t o  a n t i c i p a t e  t h a t  f u t u r e  r e f i n e m e n t s  

t o  t h e  f o r c e  f i e l d  o f  b e n z e n e  w i l l  l e a v e  t h e  p r e s e n t  a n a l y s i s  

u n c h a n g e d .
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Confirm ation o f  the ( 44-+) so lu tio n  i s  obtained from a study o f the  

deuterated benzenes. The ( . .  ) so lu tio n  leads to  d r a s t ic a lly  d iffe re n t

in  and ( r e f le c te d  in  in  ta b le  7 ) and to  an u n sa tisfa cto ry  

r a tio  fo r  the in t e n s i t ie s  o f  the 3^  bands o f  p. 2278 and 1475

This i s  true fo r  a l l  three f i e l d s .  For example u sin g  the Duinker-M ills 

F ie ld  the in te n s ity  r a t io  fo r  the two so lu t io n s  a te  1.77 and 0 .9 7  r esp e c tiv e ly  

(observed 1, 74)* There appears to  be no doubt then th at the (*^^) so lu tio n  

i s  indeed the co rrect one d esp ite  th e o r e t ic a l in d ica tio n s  that could

be expected to  be large [2 4 ] .
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T a b l e  I .  T he m e a s u r e d  i n t e n s i t i e s  o f  t h e  v i b r a t i o n a l  

t r a n s i t i o n s  o f  h e x a f l u o r o b e n z e n e .

S y m m e try
S p e c i e e

F r e q u e n c y
c m .- 1

I n t e g r a t e d  I n t e n s i t y  
JT f m o l . ~ 1 c m . 2  x  10"" g ^ x  1 0 " " ^ ^ (a .m .u ^

-dA

1 5 3 0 5 . 9 3 -  2 . 5 4 3

* 1 u 1 0 2 0  -  1 0 0 3  6 . 7 0 -  2 . 1 9 7

3 1 5 0 . 1 3 2 -  0 . 1 7 2

* 2 u 2 1 5 0 . 2 0 1 -  0 . 2 4 7
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Tabla I I .  The force  f i e l d  and d -  m atrix fo r  CUF,o o

Force constants m Dynes/2

0 . 9 9 1  

0.1216  

0 . 1 9 7  

3 . 7 0 1

0 . 9 9 3 4  

7 . 5 0 9

'1 8 ,1 8

'̂1 8 , 1 9

m 8 , 2 0

' ' 1 9 , 1 9

TP
1 9 , 2 0

20 ,20

The i  Matrix (a .m .u ,)^

^18 ^19 ^20

S 8 .41759 .34223 .19930

s ? -.45913 -.18750 .06296

' 2̂0 .30618 -.20538 .00061

^ 1 8  “

^ 1 9  “  J f"  ( - 4 a ,+ iH j + Û S ^ - Û H g )

( - 2 ir ^ - A r g + 4 r ^ + 2 A r ^ + A r j - A r g )

r
3^ I = ( a  2'^A (ÎT ^+A

Note th a t the unusual norm alisation  fa c to r  i s  5 ^̂  a r is e s  because the

f u l l  s e t  o f  symmetry co -o rd in a tes inclu des
1

21a iT z  ( - 2 “ i ~ < » 2 ^ 3 * 2 V V “ 6 )

The redundancy co n d itio n  can be w ritten  y  .(S^g+S^^) = 0 , so th at a
1

s a t is fa c to r y  symmetry co-ord inate  orthogonal to  above ■̂*̂ 21  ̂*

F in a lly  su b s t itu t in g  above i s  arrived  a t .  This la s t

su b s titu tio n  may n o t, o f  cou rse, be app lied  p rior  to  eva luation  o f the  

symmetriga^ ^ m a tr ix , which must show the correct a dependence.
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T a b l e  I I I .  T he z e t a  m a t r i x  o f  a n d  i t s  J a o o b i a n

^  18 ^  1 9 3  2 0

% 8 - . 8 3 8 4 - . 4 8 1 5 - . 2 5 5 5

^ 1 9 . 4 3 4 5 . 7 6 1 2

n
'*20 - . 5 9 6 1

1 8 , 1 8 1 9 , 1 9 2 0 , 2 0

1 8 , 1 8 , —. 2 0 8 . 3 6 9 — • 161

1 8 , 1 9 • 3 1 5 - . 3 3 5 . 0 2 0

1 8 , 2 0 - . 0 4 7 - . 0 9 2 . 1 5 9

1 9 , 1 9 - . 0 9 5 . 0 7 3 . 0 2 2

1 9 , 2 0 - . 0 5 3 . 0 0 9 . 0 4 4

2 0 , 2 0 . 0 7 8 - . 0 7 6 . 0
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T a b l e  I V .  T he d e r i v e d  d i p o l e  g r a d i e n t s  o f

F o r c e
F i e l d

S i g n  C h o i c e  
f o r  j  Q

iM
<3^13

(3/^ (3/6/
'= '^19 4 ^ 2 0

c)/K 
6  Ar

, f l A ,
6  AR

' 4. 4.+ ' ±0 . 8 6 6 ± 0 . 0 8 8  7  9 . 3 4 1 ± 0 . 6 5 0 T5 . 3 9 3 7 0 . 3 2 8

S t e e l e — 4. 7 0 . 3 7 3 7 1 . 4 6 7 7 9 . 9 8 4 7 0 . 2 7 3 T 5 . 7 6 8 7 1 . 0 2 6
a n d

4—4"
W h if f e n - + — 7 1 . 1 6 5 ± 6 . 4 1 0  ±  2 . 8 9 8 7 0 . 8 7 4 ± 1 . 6 7 3 ± 5 . 7 7 2

L133 4—— 
—4-+ 7 2 . 4 0 4

1

± 4 . 8 5 6  ± 2 . 2 5 5  ' 7 1 . 3 0 4 - 1 . 3 0 2 ± 5 . 0 7 4

-  0 . 3 5 1
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Table V* The d ip o le  grad ients o f  and as derived u sin g

d if fe r e n t  force  f i e l d s .

rorce Sign Choice 
F ie ld  fo r  <S/V S Q

c 6^6 %

<5 9 4^ /  4 Ar 4 U /6 AR j x / a  9 j  Ar &4/ j  AR

-M-+ —• 3 ' 6 +.465 -.001 ± .3i 2 1.437 +.028

Whiffen ++— 
[ 14] [ 22] - .0 2 3 -.3 9 7 T.892 +. 166 1.374 +.722

+.013 - .5 3 3 - .7 8 0 - .1 9 2 1.569 1.472

+.306 —.466 T.113 +.293 1 .470 +.223

-M-f-
- .3 1 8 -.471 i .0 7 0 i . 3l 6 1.468 +.061

+4—- 4-+ - .0 4 5 - .4 0 0 7 . 86S +.176 1.373 +.721

Duinker and + 
M ills  '
t> 5 ]  _

+.036

+.309

-.531

-.461

- .7 6 7  

+ .171

- .2 1 0

+.291

—.568

1.473

-.4 5 5

+.206

+~M-
-.3 1 3 —,460 +.053 - .3 1 8 1.480 1.006

Scherer +4— 
[ 21 ]

- .0 0 4 —.396 +.906 T.158 1.377 1.719

i .006 - .5 3 4 ^.789 1.181 1.571 —.491

+.303 - .4 7 0 + ,064 1.295 1.467 1.234
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For these orientations the two molecules in the unit cell 
are m agnetically equivalent.*

A typical E N D O R  spectrum for succinic acid is 
shown in Fig. 1. Line widths are in the range of 0.2 to 
0.5 M e. Linewidths in the E M R  spectrum,* on the 
other hand, are in the range of 6 to  9 M e. There are 
three pairs of strong lines in the upper two lines of the 
spectrum. Pairs a, a' and b, h' are due to the two CHj 
protons while the pair c, c' is due to the CH proton. 
Pairs a, a' and 6, b' vary over a range of less than 15% 
in frequency as the m agnetic field is rotated relative to 
the crystal axis system  while c, c' shows a much larger 
angular anisotropy.

The hyperfine splitting A,- for proton i  in the E M R  
spectrum of the free radical is related to the two 
EN D O R  frequencies V{ and v / t h a t  proton by

A ,= v , - f  v / . (1)

The difference between v,- and v /  is approximately 
twice the nuclear Zeeman frequency of 14 Me. Splittings 
for the “forbidden”* (A w j= d rl) hyperfine transitions 
are -

. A ,-=  |y — y / | .  (2 )

Preliminary calculations of A,- based on ENDO R fre
quencies appear to be in general agreement with the 
values obtained from conventional EMR.*

In addition to the six lines mentioned above we note 
also a very intense line at 14.2 M e surrounded by a 
number of weak satellites. This strong line is due to the 
depolarization of protons distant from the paramag
netic center.® The time required for recovery of the 
EMR signal after removal of the rf is of the order of 
100 sec for the distant proton line while that for the 
intramolecular protons is 0.01 to 0.1 sec. This distant 
ENDOR appears to be very similar to the effect noted 
for distant aluminum nuclei in ruby.* The basic mecha
nism of the effect is that microwave power causes a 
dynamic polarization of distant nuclei which is re
moved by rf energy at the Laramor frequency of these 
nuclei. Satellite lines near the distant proton line corre
spond to hyperfine splittings of the unpaired electron by 
neighboring protons which are too small (less than 4 
Me) to be resolved in conventional EM R. Distant or 
depolarization EN D O R  has also been observed in irra
diated malonic acid.* This line shows the same relaxa
tion characteristics as the distant ENDOR line in 
succinic acid.

Work is now in progress on the detailed calculation of 
the hyperfine tensors from ENDO R data.

‘ G. Feher, Phys. Rev. 103, 500 (1956).
* C. Heller and H. M. McConnell, J. Chem. Phys. 32, 1535 

(1960).
* J. Lambe, N. Laurance, E. C. Mclrvine, and R. W. Terhune, 

Phys. Rev. (to be published).
* H. M. McConnell, C. Heller, T. Cole, and R. W. Fessenden, 

J. Am. Chem. Soc. 82, 766 (1960).
(19^) and VV. G. Proctor, Compt. rend. 246, 2253

Comments and Errata

Dissociation Energies of Diatom: 
Molecules*

E . R . L i p p i n c o t t , R . S c h r o e d e r , !  a k d  D . S u m

Department of Chemistry, JJniversity of Marykni  ̂
College Park, Maryland

I

(R e c e iv e d  D e c e m b e r  14 , 1960)

N  a  discussion of dissociation energies of 
molecules G.R. Somayajulu^ has used the reg/ig»,

constant.

to relate the force constant ke, dissociation tntipÿ 
and equilibrium distance r,. H e comments that if  
able potential function m ight be expected to Ic^ 
this relation but then states “I t  appears, however̂ . 
the potential functions so far proposed do not L 
this result.” W e wish to point out that this ru 
m ay be derived from the previously proposed* fuz- .

V  =  D ,[ l  — exp ( — nAr^Jlr) ] [ 1 + af{r) ],

, where w = con stan t of Eq. (1 ) , A r= r—r*, 
and / ( r )  is a function such that / ( r )  = 0  as . 
y(r) =  0 0  as r—>0. R elation (1) has been used ic 
relate and predict dissociation energies of dii 
molecules and bond energies of bonds in polu' 
molecules.*"* Somayajulu’s results are in bx . 
agreem ent with our earlier calculations on dii - 
molecules except where more recent data his : 
available. W e also have used this relation to sbowü- 
value of 170 kcal/m ole is favored for the heat d 
lim ation of graphite.* T he main difference betwa: 
use of this relation and that of Somayajulu is i -  . 
assumed a characteristic value for the consu 
Eq. (1) for different sequences of molecules, w:.; 
we evaluated this constant from ionization po'.c: 
by means of an empirical rule. J

I t  should be pointed out that relation (1) is non. 
for excited states of diatom ic molecules in that So:- 
julu’s sequence constants cannot be used » " 
modification. W e bave derived some relations fr ' 
consideration of ih e  proposed function (2) *' 
enable one to calculate dissociation energies of 
states from the equivalent of (1) through then 
r , and vibrational frequencies for the excited s'- ' 
Some results are given in Table I  for 0% for whi - 
relations are particularly good.

The working equation is

D ,(ev ) =
1.8387 X 1 - 1Û W 7

where a is the parameter a  of Eq. (2 ), a{x) is the 1
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jis parameter for the ground state of the molecule, 
jhe reduced mass in atom ic units, w* and r, refer to 
vibrational frequency and bond length of the 
jid state of the molecule in cm"* and A, respec-

I. Calculation of dissociation energies of excited states of 
Oj from Ù3, and r„

the relation

tate W* r. Dt obs Dc calc

1580.36 cm~‘ 1.2074 A 5.220 ev ^  5.02 ev
1509.3 1.2155 4.13 ' 4.48
1432.69 1.2267 3.58 3.55
700.36 1.604 1.00 0.96
650.49 1.597 0.67 0.69

■and 6 is a constant defined by the form of / ( r ) .  
i is equal to 1.065 for all molecules excepting 
igenfor which it takes the value 1.16. The param-
is given by

a = (4)

larameter has been shown to be periodic within  
iriodic table.® For an heteronuclear molecule the 
5 given satisfactorily as the mean of the o(a:) for 
nstituent elements.
illy it should be pointed out that the potential 
m (2) is not the only one which will allow a 
don of relation (1 ) .  A ctually there are several 
s of functions which give this relation but (2) is 
ly one which gives ( 1) and at the sam e tim e 
. usable correlation of anharm onicity, force con- 
dissodation energy, and bond lengths.

i work has been supported in part by the Office of Ord- 
esearch, U. S. Army.
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'Association E nergies of D iatom ic  
M olecules*

G. R .  S o m a y a j u l u

o/ Chemistry and Lawrence Radiation Laboratory, 
^nmsUy of California, Berkeley 4, California

(Received January 9,1961)

Mifying to note that Lippincott’s function* 
^&ve unfortunately overlooked) leads to

(1)

and at the same tim e satisfies the conditions desirable 
of a  good potential function. Em pirically, we have 
found* that n  is approximately constant for sequences 
of similar diatom s in the ground state. L ippincott and  
Schroeder® use bond-dissociation energies of polyatom ic 
m olecules to conclude that n  is constant for bonds of 
any type between two given atom s. Thus n  should be 
constant for different t>q>es of bonds between similar 
atom s such as O, S, Se, and Te. I t  is found* that the 
first members of sequences of similar diatom s have 
different n  values. Also the same value of n  cannot be 
used for the ground state and excited electronic states. 
T he relationship® between n  and ionization potentials 
of the bonded atom s would seem  more reasonable if 
valence-state ionization potentials were used. The re
sulting variation of n  with valence state would explain 
the difference between the value of n  for ground and  
excited states. , -

W e m ay also point out that bond energy, bond 
length, and force constant are related*-® b y  the ex
pression

(2)

where E  is the bond energy, and |8 is a  constant for 
bonds of any type and of any order between two given  
atom s in t ie ir  normal valence states. R elation (2) 
follows from the function®

U = a r - ”'—b r^ ,  (3)

and also from a number of other functions.^
T he results which illustrate the valid ity  of relation  

(3) for the S— S bonds have been presented in Table I.

/  T a b l e  I. ,

Bond Molecule
/

lî,(md/A) r«(A) E  (kcal/mole) 0

S = S /s . 4.959 1.889 101.46 0.1744

S—S / H2S, 2.60 2.05 62.65

T he S— S bond energy of 62.65 kcal/m ple w as cal
culated from Eq. (3). A  value of 63 kcal/m ole for 
£ ( S —S) m ay be obtained from the heats of atom iza
tion® of HgSn-type m olecules and also from the heat of 
atomization® of gaseous Sg. Similar results confirming 
the valid ity  of relation (2) have been obtained in  a  
number of cases.

For bonds between tw o given atom s, relations (1) 
and (2) lead to the simple result that

D r ,/E = ^ /n  =  constant. (4)

I t  appears, however, that there are à few  cases where 
the bond energies are approxim ately equal to  bond  
dissociation energies. O bviously, in such cases relation

/



B 2

Rt.-;jrintcd frvin tlic Joi’I'Nal of CnF.'-ncAi. Phv îcf,
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11. K . i . n - i ' i N c i r r r ,  Jj. . S n . n . i . /  a m j  I', ( ' A i . i n v r i . i . t  

I ( i f  C /;'•?>!I / r y . Vv.:-.cr:,lty n / M a r y l d n d .  } ’.;rk. M'îryl' .n,!

( l l eooivcd Xfivcmla-r J l ,  I'Joii,

A 1HL-. i Mi i . - l y  [j.’-opo.-< ' i i n t e n u K  li'.u po‘a-!iU;tl i ' u i k  '.ion h:is I'urii used lo ralculate ihc di-<ori;ilio:i em reies 
lor the ( .\i iled Fl.'itrs 1,1 ;i lare'e laiuiia-r of diatoaiie looleeules. i riun ihe.-e results ainl the \\ iaut-r-W iin.ei' 
rules the dl-soi iatio’i produt !.- are de-tennined. ar.d it i.> si.oAu tiiat i;i :i;any case.' it is pfe-.-ii.h- lo e. '̂iiu.aic 
iridepetiden'ily, t.iie di.-'oeiatiou euercy of the irrouud state, dite llirce- aud live-panimeler fortes of the 
propor;'.': lute : iou lead to early eou.al valt:e.< for dis-o, iatiou et.eruies sueue.'tieu an c-ijuivalettce of the 
t'.'oj lore.'. 1 ai.- to a relation hef.veer, the anliannot.icity and the \-i!ir;itio:iai-ro;ation:il eoupliiT/
(on-'ant n.hich is diahtly superior to the I'.-keri' relation, ilpuation- derived from this relation are eiven 
rel.i’iny the para ueters e and b of the nvc-paranicler fiinnim.s lo ti.e anharmoidei-y or vihratio-fal iota- 
'iona! coupiir.L- co.n-'ant. d he i.arameter b and to a lesser extent u aa- found nearly eon-tant for tl.o i'rd

INTRODUCTION

IX ;t [trovimi.-; puldicut i r / i i  ( I p  u r e la t i on  he-lwce-ii 
j iou-i i i ial  c n e I o y  a n d  i n t v r n u i l i . a r  lii.-^iaiice- wa s  

p rop o- ed .  d In- r e l a t i o n  l iad t h e  f o r m

I’— — ie\{ < ' — /i Arp :r  .11 X  [  I d ' r ) ] ,  f l )

where- /d.'---di-.-in itd ion e i i ery\ '  xel'e-rrcd to the- h m t t m t  of  
the- poie-iitial c u r w ' ,  A r = r  — r,,  r, =  e<i tni i l j r ium b o n d  
di. ' iai icc.  r = l ) o n < l  di.-tanea- a n d  <; =  con . s i an l .  'I' lie 
patatne-te-r u i- yive-n b y

n — k , r . ! ) . ,  (2)

wite-re- /'. — forte- con.-iani n-ft-rre-d to zero di.'place-im-ni 
ol dll- n t ’eie-i. \\'lii-ii a  i.i eho^eii /.ero the- ]jote-nlial 
niiieiioii J-'.tp 1, a.'.^ume-.-, a .-.impie thn-e-parame-te-r 
form

e-.\[)(i — ; tA ; 'v 2 r ; ] .  Oy)

fit'  e.-;p;in.-i(jn (>f 1' in a j>ower -crie-.s t o t h e  q tu ir t i c  
term in Ar,  ftdlowe-d b y  t mmpar i . -on  of  t h e  c o r t e - p o n d -  
ing term.- wi t h  tlio-e- e.epei t e d  for  t h e  - i ; l t i t ion-  of  t h e  
Sdiro'-d.iiigt-r e q u a t i o n  for  tin a n h a r m o n i e  o - c i i l a t o r ,  
the fol lowing r ela t ion . -  we r e  o b t a i n e d

/ / .  1 e rg.s, in o ie e n  Ie i —  [ 6 4 ~'-V/aw.,r,, .V/ — ( 1 , 'r,.- j ] .  ( 4 a .)

and
ce,.v, =  2// (' 1 / r /  i / ( A - f n ,

«, =  ().

f)r in t e rm s  ol \ 'ar.shni .s ' -  n o t a t i o n

(/■^.S[;tp-rl] =  dL--4̂  +  l.

( 5 a )

fba)

I 5 b)  

((lib)

, eoSt doct'U-.d re-i-areh fell.e.e.
addres.s; Xatiomil lluretiu of .standards, Wa-I'.inyton,

‘ b. R. lappincott. |. (dte-ni. Ph-,.o 21. 2n70 i 1V5.0; K. R.
•'il'puK-ott and R. .SehroL-di-r. ibid. 2.4. ll.-ll ld.\-i,

' | . 1*. \ ar-Imi, Rt-vs, .Mode-rn Rhys. 29, (>o-l i]0.-7). N’arslmi 
'a.-̂  i-rroii'-onsly re-ported that o, is neyatlie- for t he t hrce-pararn- 

hineiion. He- also n-poi-is an ineoiret t i-\|.Te-s îoii for the 
'•>1 lie 01 o, lor the l.innett luneliou t privâte eointnutiicalion).

where- 

/-■ = S.r,

cc.Ad-:ai ' ihartmmiei t}-  eon . - t an i  I'ur /e-ro d i . - pl ac emc nt  
of  t i le nuc le i ,  o. =  v i b r a t i o n - r o t a t i o n a l  c o u p l i n g  c o n 
s t a n t .  r e du c e d  m a —. c =  ve lo c i t y  of  l ight ,  a n d  // =  
P l a n c k ' s  c o n - t a n i .

B y  u - i n g  Ihrp ( 4a  ' d i . - -ocia t ion e ne rg ie s  w e re  c a l 
c u l a t e d  f r o m  b o n d  l e n g t h - ,  force  c on . - la i us ,  a n d  a n -  
ha rmo n ic i t } -  c o n - l a t t i - .  I he  c a l c u l a t e d  v a l ue s  of J).. 
in ge-rie-ral r ep re . -en i ed  a m a r k e d  i tn p r o e a - tn e n L  o v e r  
the- s a m e  A  \ ' tdue s  c a l c u l a t e d  f ro tn  t h e  .Mor.se funcLion 
r e l a t i o n  A  — w.- 4w,.v,, th.e- i \ - -u l t ing  a \  e r a g e  percent:  
d c v i a t  iotis b e i n g  of  t h e  o r d e r  of  5 a n d  25' , ' f . re-spe-ct i\ e ly . '  
I n d e p e n d e n t  e m p i r i c a l  m e t h o d s  we r e  g i \  eti for  e v a l u a t 
ing the- paratne-ie-i ii a t t d  w i t h  i t s  u.-e u t i h a r m o t i i c i t y  
con . - t an t s ,  a -  well  a s  di ssoc i at io t i  ener gi es ,  we r e  c o r r e 
l a t e d  o r  c a l c u l a t e d  m o r e  a c c u r a t e l y  t h a n  w a s  p r e v i o u s l y  
pos.-ible.

T h e  s u c c e —fill a p p l i c a t  ion of  ( 5 ) t o  t h e  prc ,per  t ies of  
g r o u n d  - t a t e -  of  d i a t o m i c  moh-cuk-s  - ugge . - t ed  o t h e r  
a p p l i c a t i o n s .  T h e - e  i n c l u d ed  p o t e n t i a l  f u n c t i o n  m o d e l s  
of  h\ 'elroge-n bond.- ' ' -’ a n d  e m p i r i c a l  calcula* ions of b o n d  
p r o p e r t i e s  fo r  b o n d -  of  p o l y a t o m i c  m o l e cu l es  us i ng  
b o n d  . s t re t ch in g  force  c on s t a n t s . ' '  O n e  d i - a d v a n t a g e  of  
(2 )  is t h a t  it p r e d i c t s  a,  =  1) for  all  d i a t o m i c  molecu les ,  
cor re . -poi td ing  to  no  i n t e r a c t i o n  b e t w e e n  v i b r a t i o n a l  
a n d  r o t a t i o n a l  m o t i o n .  . M t h o u g h  v a l u e s  of  n-c a r e  s m al l  
t o r  t h e  g r o u n d  s t a t e s  of  d i a t o m i c  mole cu le s ,  t h e y  a r e  
d e t l n i t c b '  n o t  /.ero.  T h i -  - u g g e - t s  t h a t  in ( I t  o=i=(). 
S o m e  t h e o r e t i c a l  j u - t i i ' i c a t i ons  for  t ins  s i m p l e  {potent ial  
f u n c t i o n  a r e  k n o w n  s i nce  it m a y  b e  d e r i \ ' cd  f r o m  a  
s e m i e m p i r i c a l  q u a n t u m - m e c h a n i c a l  n t odel  of  c h e m i c a l  
binding.®

W i t h  u T b ,  t h e  i f i t e r n u c k a r  p o t e n t i a l  f u n c t i o n  as-

'■ K. R. l.ip])ifirnit an-i R. Selu-iiok-r, j.  t herii. Rhys. 2.4, 11.41 
nu.-.Si; I. .Am. ( 'hem. Sue. 7S, .-171 I'i.'i'j.; J. I'lns. t hem. 61,
921 119.571.

‘ C. Kei i, J. Chem. Rhy- .40. 1-2 - 19.49,.
I-I. R. I.ippiiieutt ami M. ( ). I lay huit'. Spo 11", him. .Acta 16, 

.S()7 (19()l)); R. I\. i.ippiiicolt, J. ( 'hem. Rhys. 29. 1o7S ('19.-7).
12.4
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sumcd a fiv’c - p a r a m c l c r  fo r m.  Tlic q u a n t i t y / T )  w a s  
a func t ion of r c ho se n  .such t h a t  / ( r )  — 'x w h e n  r = 0 ,  
and y f r )  = 0  wiien r =  % .  Ihm lar ge  v a l u e s  of  r t h e  / ( r )  
term wa s  a s s u m e d  t o t a l .e  t h e  f o r m of a  L e n n a r d -  
Jones  (> 12 : i ! t r a c t iv e  p o t e n t i a l ,  w h i c h  is c o m p a t i h l e  
will) ihe-e  ( (Hidi t ions.

'I he genera l  f or m w a s  t h e n

— e.xpf — ; / A r / 2 r . )  ] X  ! \ — a(r, / r) ' ' '

X [ 1  “  e x p (  — 6*nAr'T-7'2re' -)  J ‘+ ' X r . / r  ) '*

X [ l -  f / a )

where 6 - c o n . s ( a n t .  F o r  l arge  v a l u e s  of r t h i s  e q u a t i o n  
a.ssitmes t h e  f orm,

F =  A [1  — expf — ;/A r ,'2 n  ] !  1 + u [ — (r e /rV ’

+  fr,,'» '* ] ! .

Several  o t h e r  f o r ms  of  F a r e  po-<ihle  whi ch  h a v e  t h e  
same ex pan s i on  to t h e  f o u r t h  p o w e r  in A r  a n d  c o n s e 
que nt ly  lead t o t h e  s a m e  r e l a t i o n s  b e t w e e n  o:,.. B,., or,, 
.v.av, a n d  D,.  O n e  of  t h es e  wh i ch  a p p e a r s  t o  r e j t r od uc e  
exper i ment al  p o t e n t i a l  c u r v e s  wel l ,  is

F = A [ 1 — e x p — (;?Ar'V2r)  ] !  I — j  2r )  ^Ar

X  e \ p [ — (Fo/,  2 r , ' ) - A r ] i . ( 7 b )

This will be  d i sc usse d  in a l a t e r  sec t i on .
T h e  r e la t i ons  w h i c h  m a y  b e  d e r i v e d  f r o m  t h e  u s e  of 

(7) as a n a n h . a r m o n i c  osc i l l a to r  in t h e  S c h r o e d i n g e r  
e quat ion a re  g i v e n  be low.  T h e s e  r e l a t i o n s  w e r e  u s e d  
to ob ta i n  i m p r o v e d  c o r r e l a t i o n s  a n d  p r e d i c t i o n s  of  t h e
five spe c t ros co pi c  c o n s t a n t s  r „  A ,  a n d  a, .
T he  i n te r n u c l e a r  p o t e n t i a l  f u n c t i o n  ( 7 i  h a s  b e e n  u s e d  
by  Pliva^ as  t h e  b o n d  s t r e t c h i n g  p a r t  of  a  p h y s i c a l l y  
sigtiificant a n h a r m o n i c  p o t e n t i a l  f u n c t i o n  d e s c r i b i n g  
the m o t i o n  of  p j o l ya to mi c  m o l e cu le s .  W i t h  i t s  use ,  h e  
was able  to  c o r r e l a t e  o r  p rer l i c t  a c c u r a t e l y  a  n u m b e r  of  
the c o n s t a n t s  fo r  t h e  v i b r a t i o n a l - r o t a t i o n a l  m o t i o n  of 
t r i a tomic  mol ec ul es ,  i n c l u d i n g  a n h a r m o n i c i t y  a n d  
v ibra t iona l  r o t a t i o n a l  c o u p l i n g  c o n s t a n t s .  O n e  i m p o r 
t an t  a n d  c o n v e n i e n t  f e a t u r e  of  t b )  is t h a t  t h e  p a r a m 
eters a a n d  h we re  a p p r o x i m a t e l y  c o n s t a n t  for  t h e  
g round  s t a t e s  of  t h e  d i a t o m i c  m o l e c u l e -  s t u d i e d ,  w i t h  
values of b r a r e l y  d e v i a t i n g  b y  m o r e  t h a n  .S% a n d  v a l u e s  
of a b y  m o r e  t h a n  .

T h e  p u r p o - e  of  t h i -  p a p e r  is t o  i l l u s t r a t e  t h e  f u n c 
t ion’s a p p l i c a t i o n  to  t h e  e l e c t r o n i c a l l y  e x c i t e d  s t a t e s  of 
d i atomic  m ol ec ul es  u s i n g  b o t h  t h e  t h r e e - p a r a m e t e r  a n d  
f ive - pa rame te r  f o r ms .  I t s  u s e f u l n es s  in c o r r e l a t i n g  a n d  
p redic t ing  b o n d  p r o p e r t i e s  wi l l  b e  d i - c u s s e d  a n d  s o m e  
new r e la t i on -  g i ven .  I n  a d d i t i o n ,  t h e  f u n c t i o n s  wi l l  b e  
used to p r e d i c t  t h e  s t a t e s  of  s e p a r a t e d  a t o m s  for  
d ia tomic  molecu les .  Su c h  a n  a j i p l i c a t i on  c a n  b e  useful  
m c o n s t r u c t i n g  e n e r g y  l e \ e l  d i a g r a m s  for  d i a t o m i c

' J. I’lix'a. ('iilliTtinii ( ‘hem. (’omnnuu 2.4, 777,
bXn, IX10, 1S.S2 ■ lo.Asi.

m o l e c u l e s  w h e n  t h e  s t a t e s  of  t h e  s e p a r a t e d  a t o m s  a re  
n o t  k n o w n  f r o m  o t h e r  s o ur c es  of  i n f o r m a t i o n .

F r o m  a  k n o w l e d g e  of  t h e  s t a t e s  of  t h e  s e p a r a t e d  
a t o m s  a n d  a ] i p r o x i m a t e  v a l u e s  o f  t h e  d is so c ia t i o n  
ener gi es  o f  t h e  e x c i t e d  - t a l e s  it  is p o - - i b l e  to  e s t i m a t e  
t h e  di . - sociat ion e n er g ie s  of  t h e  g r o u n d  s t a l e s .  In c e r t a i n  
cas es  of  c o n s i d e r a b l e  i n t e r es t  t h e  d e r i v e d  v a l u e  a l l ows  
a n  u n a m b i g u o u s  se lec t i on  f r om  f i r e v i ou- ly  p r o p o s e d  
g r o u p s  of  v a lu e s .

SIMPLE THREE-PARAMETER FUNCTION

T h e  u.-e o f  t h e  s i m p l e  f u n c t i o n  a n d  d e r i v e d  r e l a t i o n -  
fo r  c a l c u l a t i n g  b o n d  p r o p e r t i e s  h a s  b e e n  g i v e n  in f 
a n d  will n o t  b e  r e p e a t e d  h e r e .  T h e  w o r k i n g  e q u a t i o n  is 
( 4 a ) ,  a n d  c a l c u l a t e d  d i ss o c i a t i o n  e n e r g i es  h a v e  b e e n  
o b t a i n e d  t h r o u g h  t h e  us e  o f  e x p e r i m e n t a l  Ay, a n d  
aV'Te v a lu e s .  T h e  r e s u l t s  for  a  l ar ge  n u m b e r  o f  e x c i t e d  
s t a l e s  a r c  g i v e n  in T a b l e s  I .  I I ,  a n d  I I I  a l o n g  w i t h  t h e  
e x p e r i m e n t a l  A  v a l u e s  fo r  a  c o m p a r i - o n .  T a b l e  I I  
c o n t a i n s  c a l c u l a t i o n s  fo r  sa l t  l ike c o m p o u n d - ,  fo r  w h i c h  
t h e  m o d e l  m i g h t  b e  e x p e c t e d  t o  b e  l e- -  re l i able ,  a m i  
in T a b l e  I I I  a r e  g i v e n  t h e  rl i.-.-ociation e n e r g i e s  fo r  
h y d r o g e n  c o n t a i n i n g  m o le c u l es .  T h e  r e s u l t s  fo r  t h e  
g r o u n d  s t a t e s  a r e  i n c l u d e d  for  t h e  s a k e  of c o m p l e t e n e s s .  
T h e  e x p e r i m e n t a l  A  v a l u e s  a r e  b a - e d  o n  t h e  a s s u m p t i o n  
t h a t  t h e  s t a t e s  fo r  t h e  s e p a r a t e d  a t o m s  a r e  k n o w n .  
A l t e r n a t i v e l y  t h e  p r e d i c t e d  d i - s o c i a t i o n  e n e r g y  c a n  be  
u s e d  t o  de r luc c  t h e  s t a t e s  o f  t h e  s e p a r a t e d  a t o m - .  
T h e  p r e d i c t e d  o r  k n o w n  s e p a r a t e d  a t o m  s t a t e s  a rc  g i v en  
in c o l u m n  b.

I n  r e fe r e n c e  1 a n  i n d e p e n d e n t  e m p i r i c a l  r e l a t i o n  wa s  
g i v e n  f or  t h e  e v a l u a t i o n  of  n  in t e r m -  of  i o n i / a t i o n  
p o t e n t i a l s  of  t h e  g r o u n d  s t a t e s  of  t h e  s e p a r a t e d  a t o m s .  
F r o m  t h i s  r e l a t i o n  a n d  E q .  /2,i it w a s  poss ihTj  t o  p r e d i c t  
A  f r o m  k f  a n d  v a lu e s .  B e c a u s e  t h e  ioni .xat ion p o t e n 
t ial  o f  e x c i t e d  a t o m -  di îTers f i o m  t h o s e  of t h e  g r o u n d  
s t a t e  a t o m s ,  t h e  v a l u e s  of  n  c a l c u l a t e d  for  g r o u n d - s t a t e  
d i a t o m i c  m o l e c u l e s  a r e  no t  nece.ssar i ly va l i d for  e x c i t e d  
s t a t e s  of  t h e  s a m e  m o l e c u l e  a n d  t h e - e  n v a lu e s  c a n n o t  
n e c e s s a r i l y  b e  u s e d  in F q .  1 2 ' wi th ou t ,  a p p r o p r i a t e  
m o di f i c a t i o ns .

W h e n  r e l i ab l e  e x ; ) e r i me n ta !  d a t a  a^e a v a i l a b l e  for 
c o m p a r i s o n ,  t h e  c a l c u l a t e d  A  v a l u e s  a a r u e  w,d! w i t h  
t h e  o b s e r v e d  v a l ue s .

CALCULATIONS WITH THE FIVE-PARAMETER 
FUNCTIONS

T h e  p o t e n t i a l  f u n c t i o n .  E q s .  i '7).  m a y  b e  e x p a n d e d  
in a  p o w e r  se r i es  of  A r  g i v i n g ’

V  =  D , f n r . . / 2 )  ( Ar * / r d )  11 — [ I  ( ;;r,. d )  ' Ar / r^ )

- f  [1  — ;/r , ;4-T.VaA/“ ) ( ; ; r , / ’2 d

- f  (7/n ; / r , / 2 j ] f A r .  r , . i ' - - f ...........| . (hS)

D u n h a m  h a s  so lv e d  t h e  j i r ob l em  of  a  m ui r i g i d  a n -
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T a b l e  I. Comparison of dissociation energies calculated from throe- and five-parameter potential functions for excited states of
diatomic molecules.

Molecule State

Dissociation energy 

Obs* S.F.** 5 par. F*’-® Te(ev)

Atomic excitation energy 

Calc Theoret
Dissociation

products Ref.

” Br»'Br

Ci

CN

CO

(CO)

CP

CS

C1 2

(Cl:)-

3.03=0.5
(10.0)

1.971
(0.46)

—5 .6
A (4.5)
p m . (0.7)

(5.6)
6 'Hu (4.6)
cH l, (5.3)

X  =2+ 8.3
A *n.- (7.1)
P:2+

.Y»2+ 11.2
4  'II (3.1)
o'II+ (5.2)
a ''2+ (4.3)
d'A (3.4)
c*2- (3.1)

X =2+ 8.57

B -2 +

X  ‘2+ 6± 1
/I Tii ( - 5 )

B -2+ ( - 2 .4 )

X '2+ 7.2± 1 .(
^ 'n (2.4)

x % + 2.51
A »nou+ (0.24)

x m 4.4
A m ( -1 .8 2 )

( -1 .8 5 )

2.87
9.44

2.33
0.354

5.66 
4.71 
0.73 
5.96
5.20 
5.02
5.88

8.00
6.25 
8.00

8.70
3.39 
5.08
3.83
4.21 
3.05

7.90
4.39 
2.57

5.45 
4.54

2.87

6.25
2.67

(1.90)
0.25

3.46  
1.45
1.83

2.42
c.

1.75
c.

5.44
3.50
0.47
5.16
3.96
4.01 
5.88

7.49
6.00
4.58

8.60
2.70
4.83 
4.33

c.
6.23

7.28
4.35
2.01

4.96  
c.

2.48

6.18
2.84

c.
0.26

c.
c.

0
3.790

0
1.970

0
2.393
4.969

-0.07
0.97
4.18
5.29

0
1.146
3.192

0
8.067
6.036
6.903
7.809
8.098

0
2.570
5.687

0
8.744

(8.548)
3.608

0
4.824

0
2.270

0
2.578
2.553

10.2

0.35

1.4  
0.1 
0.3  
0.6 
3.6
5.5

- 0.8
2.9

- 0.2
0.0

-0 .3
0.8
0.0

- 1.6
- 0.2

7.8

0.5

0.3

0.01

0.0

10.8

0.46

1.26
0.0
0.0
0.0
3.92
7.45?

0.0

0.0
0.0
0.0
0.0
0.0

7.38

0.0

0

0

0

2 -̂F+2 "-P
3 -P-l-2 2Z)

4 =P-f 4 :P 
4"-Pi-f4*Pj
2 :P4-2 :P 
2 ^P+2 ‘D 
2 ^P+2 »P 
2 ^P4-2 
'2 :P4-2 'P 
2 ‘D-f 2 'S
2 3P +  3 3P

2^P-\-2*S 
2 »P-f 2 *S

2«P-R2»P 
2 *P-l-2 :P 
2>P-f-2 3p 
2 »P-)-2 3P 
2 :P4-2 »P 
2 »P-F2 »P

2 "P-Î-3 *S 
2 'P-t-3 *P

2 *P-f3 <5

2 'P-t-3 3P
2 3P-P3 'P

3 '-P+3 2p 
3 2P-f3 :P

3 :P-f-3 =>P 
3 3P-I-3 3P

CIF X '2 2.62 1.51 1.02 0 3 ”-P+2  =P
A TI0+ (0.27) 1.10 c. 2.350 —0.8 0 3 -P-t-2 -P

GeO X '2 + 6 .8 ± 0 .2 5.48 5.81 0 4 ^Pf-2  3P
A  '2+ 2.41 3.62 4.681 0.2 0(0.07)(0.17) 4"P-l-2*P

0.88 4 «D-F2 :p
He: X '2 ,+ 0

o»2„+ 1.69 2.10 • « •

enio 4.76 2.08 * • •

I: X  '2+ 1.556 1.79 1.70 0 5 zp-t-5 =P
B (0.56) 0.46 0.40 1.939 0.8 0.94 5 ^P,-l-5 2Pi

ICI X'2+ 2.178 2.35 2.13 0 5 -P+3 -P
A  m , (0.47) 0.53 0.36 1.704 0.0 0.0 5 :P4-3 -P

(0.02) (0.10) c. 2.149 0 .0 0 .0 5 "P-t-3 '-P
10 X T li 1.9 2.59 2.57 0 5 :Pri-2 :P

XTI, (1.19) 1.14 0.84 2.672 1.9 1.96 5 *P+2 'D

10

11

12

13
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Molecule State

Dissociation energy 

Obs* S.F.*’ 5 par. F**-®

Atomic excitation energy

Dissociation
Te(ev) Calc Theoret products Kef.

0 4 *5+4 *5
1.906 1.7 1.61 4 *P+4 *5

0 2 *5+2 *5
1.744 1.7 1.85 2 *5+2 *P
2.534 2.1 1.85 2 *5+2 *P

0 2 -5 + 2  -5 14, 15
8.590 3.6 4.74 2 *D+2 W 14

13.72 (5.2) 5.93 2 *P+2 *D
8.740 3.0 4.74 2 *D+2 -D 16

14.351 9.3 10.29 3 -P + 2  -5 16
6.224 0 .0 0.0 2 -5 + 2  -5
7.392 2.5 2.37 2 -5 + 2  *D

11.05 7.0

0 2 *P+2 -5 17
3.156 0.3 0 .0 2 *P + 2-5

0 2 -5 + 2  *P 18
5.450 7.3 6.54 2 *D+2 >5 19
5.692 2.6 2.37 2 *D+2 »P
7.516 9.7 9.11 2 -5 + 3  ®5
5.449 4.6 4.33 2 *D+2 »D 19
7.482 3.2 3.56 2 *P+2 »P 20

2 *P+2 »P 19
o r 2 -5 + 2 -5

9.106 19

0 3 *5+3 *5
1.820 2.0 2.10 3 *5+3 *P
2.519 2.3 2.10 3 =5+3 =P

0 2 *P+2 :p
0.981 0 .0 0.0 2 »P+2 *P
1.636 0 .0 0.0 2 »P+2 »P
6.174 2.5 1.96 2 *P+2 'D
4.546 0.0 0.0 2 »P+2 *P 21

22

0 2 *P+2 -5
(3.955) - 0 .1 0.0 2 3P+2 -5
4.809 - 0 .3 0.0 2 :p + 2  -5

(6.011) 1.4 1.96 2 'D + 2  -5

0 (3 *D+3 -D) 23
5.819 2.8 23
4.278 2.3 1.82 (3 *P+3 *P) 23

0 3 -5+ 2  -5
4.935 2.9 2.37 3 -5 + 2  *D

3.56 3 -5 + 2  =P
2.31 3 *P+2 -5

0 3 -5 + 2  3P
5.009 5.7 5.57 3 *D+2 *5

K2 X  'Z / 0.520 0.60 0.47
B (0.22) 0.35 0.26

Li: X 1 2 / 1 .10+0.05 1.23 1.10
A *2+ (1.2) 1.09 1.24
P 'llu (0.4) 0.67 0.59

N: X ' 2 / 9.92 9.62 8.91
a (6.1) 5.(41 4.82

(2.1) (1.38) (1.32)
<  C2u-) (5.9) 4.23 3.47
a;‘2„- (5.8) 4.76 5.63
A *2u+ (3.7) 3.71 2.73
p m . (4.9) 5.05 4.62

5.87 5.11

(N:)+ X =n,+ 8.87 7.35 7.47
P * 2 / (5.7) 6.08 4.44

NO X =nj —6.6 6.32 6.26
A =2+ (7.7) 8.34 7.91
P =ri. (3.3) 3.50 3.42
E*2+ (8.2) 8.67 . 7.89
P=2+ (5.5) 5.67 4.40
P =A (2.7) 2.24 1.73

N0+ X '2+ 10.6 8.42 9.09

A m 2.65 2.04

Na: X ' 2 / 0 .75+ 0 .03 0.88 0.72
A =2u (1.0) 0.95 0.90
P 'Hu (0.3) 0.61 0.56

0: X *2,- 5.220 5.04 5.11
a 'A, (4.2) 4.29 4.39
6% + (3.58) 3.55 3.41
P32„- (1.0) 1.48 1.18

(0.68) 0.59 0.45
1.03 0.78

0:+ x * n . 6.59 5.15 5.05
(2.6) 2.50 2.81

A *n„ (1.8) 1.45 1.25
b*2 + (2.5) 2.00 1.84

P: X  ' 2 / 5 .OS 5.24 4.93
P '2„+ 2.07 1.78
A 'n . (2.6) 3.10 2.86

PN X '2+ 6 .1 + 0 .8 6.22 5.80
A >n 4.07 4.39

PO 5.4
(6 . 0 )

5.65
6 . 12

5.20
3.97
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Dissociation energy Atomic excitation energy

Molecule State Obs* S.F.b 5 par. F̂ .® Te(ev) Calc Theoret
Dissociation

products Ref.

S: X m ,-

B^2u~

4.4  
or 3 .6  

(1.6)

4.47

1.64

4.58

1.72

0
3.947 1.2 1.14

3 3P+3 3? 

3 3P+3 'D

SO x=s- 
B  32-

5.22 5.02
(0.68)

5.61
(2.28)

0
4.879 0.0 1.14

0.0

3 3P+2 3? 
3 3p+2 3f 
3 >D+2 3p

Sc: X ‘2 /
B  (>Z„+)

2 .8 + 0 .1 3.48
0.70

2.70
0.47

0
3.228 1.1

4 3 f+ 4  3f

Si, X 32,- 
D3II,

3.2

(0.8)

3.17
2.99
0.89

3.43
2.83
0.68 2.984 0.7 0.77

3 3 f+ 3  3p 

3 3 f+ 3  ‘D

24

Six X*2+ 
B =2+

4 .5 + 0 .4  
(1.5)

4.91
1.50

4.63
1.11

0
3.012 0.0 0.0

3 3p+2 -5 
3 3P+2 -5

SiO X >2+ 
A 'n

8 .0 + 0 .3  
(2.7)

6.21
2.85

5.95
3.35

0
5.310 0.1 0.0

3 3p+2 3p 
3 3P+2 3p

SiS X '2+ 
D m

6 .35+ 0 .1
(2.2)

5.34
2.67

5.54
c.

0
4.343 0.6 0.0

3 3p+3 3p 
3 3p+3 3p

25

• (G)=Gaycion (reference 45) ; (77) =Uerzberg (reference 8).
 ̂Values quoted in brackets are based on uncertain data.

® resolution complex.

T able II. Comparison of dissociation energies calculated from three- and five-parameter potential functions for excited states of diatomic
molecules.

Dissociation energy Atomic excitation energy

Molecule State Obs* S.F. 5 par. F*» Te(ev) Calc Theoret
Dissociation

products Ref.

AlBr X '2+ 4.3 2.72 5.44 0 3 =P+4 -P
.1 m 0.32 0.21 4.448 0.4 0 .0(0 .4) 3 =P+4 -P

-MCI X >2+ 5.1 2.90 c. 0 3 -P + 3 -P
.1 ‘II 1.10 c. 4.742 0.7 0.0 3 =P+3 =P

AIF X >2+ 6.8 3.33 6.01 0 3 =P+2 -P 26,27
B  ‘2+ 2.41 1.74 6.724 2.3 3.13 4 =5+2 =P
A m 2.45 2.25 5.447 0.9 0 .0 3 =P+2 =P
D'A 3.30 2.39 7.587 4.0 {4.00 3 =P+2 =P
C '2 4.13 4.08 7.158 4.0 (4.08 4 =P+2 =P

AlO X=2+ 3.80 3.31 3.01 0 3 *P+2 3P 28
or 6.(X)

.1 =2+ 5.3 10.8 2.566 4.1 [4.00 3 =D+2 »P
(4.08 4 =P+2 'P
[4.17 3 =P+2 '5

AIS X =2+ 2.745 2.33 0 29
A =2+ 4.46 7.43 2.904

BBr X ‘2+ 4.1 3.26 2.94 0 2 =P+4 *P
A ‘n 0.54 0.25 4.207 0 .4 0.0 2 =P+4 *P
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T a b l e  II.—Conlinued.

Molecule State

Dissociation energy 

Obs* S.F. 5 par. F'’ Tc(ev)

.Atomic excitation energy 

Calc Theoret
Dissociation

products Ref.

BCl X '2 5 .1 + 0 .4 5.09 4.16 0 0.0 2 "P+3 -P
A ‘n 1.51 1.06 4.556 0.6 0.0 2 =P+3 *P

IlF X  '2+ S .5 + 0 .5  {C) 4.24 3.85 0 2 -PA-2 -P 30
4.3(11)

A 'II 2.62 1.99 6.341 1.2 0.0 2 -P + 2 -P 30
or 4.6 or 4.94 2 : p + 3  -S

a •■’II 4.39 c.
6=2 2.75 1.95

BN X  MI 4 .0 + 0 .5 4.57 c. 0 2 zp+2 W
A MI 2.82 2.14 3.456 —2 2.37 2 =P+2 -D

BO X  *2+ y .K //) 7.45 7.24 0 2 !_p+2 =P
7 .6 + 0 .4(G)

A m , 3.48 5.56 2.97

BaO X >2 5.6 5.40 5.11 0 (1.15) 6 3/J+2 *P
A '2 4.12 3.67 2.084 0.4 0.00 6*D +2=P

BcF X=2+ 4+1 4.35 4.55 0 2 '.9+2 -P
A ML 3.87 3.83 4.120 4 .0 2.71 2 3p+2 =P

BeO X '2+ 5.4 4.59 4.40 0 2 '.9+2 3p
A m 3.85 4.57 1.166 0.0 0.0 2 '.9+2 =P
B '2+ 6.11 6.54 2.635 3.5 2.71 2 :p + 2  =P
C '2 3.16 2.41 4.850 2.5 2.71 2 =P+2 :P

CuF X '2+ 3.0 2.37 c. 0 4 =5+2 =P
B ‘2 2.57 c. 2.444 2.2 1.39(1.64) 4 =P+2 -P

MgO X ' 2 < 4 .0 2.89 2.58 0 2 '5 + 2  =P
A *n 2.76 3.56 4.417 3.2 2.70 3 3P+2 =P
B '2 3.48 3.07 2.477 3.0 2.70 3 =P+2 =P

PbS X '2+ 3 .2 5 + 0 .3 3.67 c. 0 6 =P+3 =P
A '2+ 4.77 c. 2.337 3.9 3.8 6 'D + 3 'D

SnO X'2+ 5.7 4.37 0 5 =P+2 =P
D '2+ 2.66 3.673 0.6 0.0 5 =P+2 ’P

SrO X '2 5.0 2.56 1.87 0 (1.80) 5 :P + 2  *P
or 3.6 (1.96) 5 'P + 2  'D

A '2 4.80 3.77 1.350 1.1 2.50 5 ap+2 =P
or 2.5 0 5 'P + 2  'D

TiO (X) m r 6 .9 + 0 .1 5.36 4.49 0 4 :p + 2  *P
c m . 3.74 2.86 2.4 - 0 . 8 0 4 =P+2 :P

VO (X =A) 6.3 5.02 c. 0 -P +2 *P
A (=A) 3.29 c. 2.170 - 0 .9 0 -P +2 »P

(C) = Gaydon (reference 45); (i7) = Herzberg (reference 8).
c=solution complex.
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T able  III. Comparison of dissociation energies calculated from three- and five-parameter potential functions for excited states
of diatomic molecules.

Molecule State

Dissociation energy 

Obs* S.F. 5 par. F Te(ev)

Atomic excitation energy 

Calc Theoret
Dissociation

products Ref.

AgH .Y 2.6 2.28 c. 0 5 *5+1 *5
A 0.76 0.54 3.714 1.9 0.0 5 *5+1 *5

AlH X  'Z+ 3.0 2.46 2.76 0 3 *P+1 *5
C'2" 0.47 0.39 5.538 3 .0 3.13 4 *5+ 1  *5
A >n 1.02 c. 2.909 0.9 0.0 3 *P+1 *5

A1=H .Y '2+ 3.0 2.46 2.70 0 3 *P+1 *5
A 'n 0.28 0.32 2.932 0.2 0.0 3 *P+1 *5

AuH A’ '2" 3.2 3.06 3.24 0 6*5+ 1  *5
A '2+ 1.23 1.03 3.430 1.4 0.0 6^ 5+1 *5

Au=H .Y '2" 3.2 3.06 3.74 0 6 *5+1 *5
A '2+ 0.99 0.80 3.427 0.9 0.0 6 *5+1 *5
B '2+ 1.67 1.43 4.778 2.9 2.42(2.66) 2 *D+1 *5

BH .V '2" 3 .1 ± 0 .4 2.92 3.05 0 2 *P+1 *5
.4 'n 1.03 0.74 2.864 0.8 0.0 2 *P+1 *5
B '2+ 2.22 2.78 6.488 5.6 5.91 2 *D+1 *5

m i A' '2+ 3 .1 + 0 .4 3.00 3,19 0 2 *P+1 *5
A 'II 1.66 1.39 2.869 1.4 0.0 2 *P+1 *5

Ball A' *2+ 1 .8 + 0 .1 2.169 1.93 0 6 '5 + 1  =5
B =2 2.00 1.93 1.375 1.5 1.41 6 'D +1 *5

6 *P+1 *5
E*n 2.18 2.02 1.866 2.1 2.24 6 'P + 1  *5

2.18 1.98 1.810
C =2 1.92 1.50 2.929 1.8 2.24 6*P +1 *5

1.57

BeH A' *2+ 2 .4 + 0 .3 3.12 3.30 0 2 '5+ 1  *5
A MI 2.82 2.90 2.483 2.9 2.71 2*P +1 *5

(Be'H) + A' '2+ (3.3) 3.21 3.03 0 2 *5+1 *5
A '2+ 4.887 5.8 3.95 2 *P+1 *5

(Be=H) + X '2+ (3.3) 3.22 3.12 0 2 *5+1 *5
A '2+ 3.99 5.19 4.886 5.6 3.95 2 *P+1 =5

Bill xro+) 2 .6 + 0 .3 2.26 2.33 0 6 -5 + 1  =5
A (I) 2.10 1.98 0.6103 0.1 0.0 6 -5 + 1  *5
B 0+ 1.71 1.68 2.636 1.7 1.42(1.91) 6 *D+1 *5

Bi=H X(0+) 2 .6 + 0 .3 2.23 2.36 0 6 -5 + 1  *5
B{0+) 1.48 1.18 2.636 1.5 1.42(1.91) 6*D +1 *5

CH XMI 3.66 3.23 3.38 0 2*P +1 *5
A -A 2.34 2.15 2.870 1.6 1.26 2 'D + l  *5
B =2- 0.407 0.317 3.217 0.0 0.0 2*P +1 *5
C*2+ 1.85 1.62 3.945 2.1 2.67 2 '5 + 1  *5

(C'H) + X '2+ 3.47 0 2 *P+1 *5
A 'n 0.800 0.795 2.993 0.3 0.0 2 *P+1 *5

C=H x m 3.66 3.23 3.37 0 2*P +1 *5
A *A 2..34 2.11 2.874 1.6 1.26 2 'D +1 *5
B =2- . 0.38 3.222 0 .0 0.0 2 *P+1 *5
C =2+ 1.85 1.56 3.946 2.1 2.67 2 '5+ 1  *5
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Molecule State

Dissociation energy Atomic excitation energy

Dissociation
Obs- S.F. 5 par. Fb-« Te(ev) Calc Theort products

2.19 2.04 0 4 1 5 + 1  *5
2.25 2.14 1.793 2.3 2.52 3 *D+1 *5

1.88 4 * £ + l  -S
2.10 1.72 1.955 2.3 2.52 3*D +1 *5

1.88 4 * £ + l  *5
(1.79) c. 2.527 2.6 2.52 3*D +1 *5

1.88 4*P +1 =5
0.97 0.87 2.802 2.0 2.52 3 *D+1 *5

1.88 4*P +1 *5

1.07 0.88 0 5 1 5 + 1  *5
1.97 1.85 2.877 3.9 3.8 5 *P+1 *5

2.09 1.99 0 5 *5+1 *5
5.38 c. 5.323 8.6 10.29 6*5+ 1  *5

10.20 5 =5+2 *P

2.08 1.97 0 5 *5+1 *5
7.26 c. 5.322 10.5 10.29 5 *5+1 *5

10.20 5 *5+2 *P

1.59 1.37 0 6 *5+ 1  *5
-0 .1 6 c. 2.282 0.5 0 6=5+1 *5

2.57 2.57 2.72 0 4 *5+1 *5
1.62 1.55 2.905 1.6 1.39(1.64) 4*D +  1 *5

2.53 2.66 0 4 * 5 + 1  *5
1.77 1.73 2.902 1.8 1.39(1.64) 4*D +1 *5

4.59 5.68 0 1 *5+1 *5
3.51 c. 11.367 10.1 10.15 2 *P+1 *5

(2.12) (3.30) 12.402 10.0 10.15 2 *P+1 *5
(1..32) (1.10) 12.405 9 .0 10.15 2 *5+1 *5
1.77 1.72 14.017 11.0 12.04 3 *P+1 *5

(3.10) (6.06) 14.119 12.5 ? 12.04 3 *P+1 *5
2.84 3.62 11.869 10.0 10.15 2 *P+1 *5
2.81 3.45 11.893 10.0 10.15 2 *P+1 =5
2.02 2.55 13.361 10.6 10.15 2*P +1 *5
2.38 2.97 13.972 11.6 12.04 3 *P+1 *5
2.53 2.49 13.980 11.7 12.04 3 *P+1 *5

(2.43) (2.46) 14.995 13.7 > 5  *P

4.29 4.69 0 1 *5+1 *5
2.80 3.49 10.15 2 *5+1 *5
2.43 2.91 12.06 3 *P+1 *5

4.35 5.63 0 1 *5+1 *5
3.13 c. 11.369 9.7 10.15 2 *P+1 *5
1.84 1.68 12.404 9.5 10.15 2 *P+1 *5

(1.56) (1.4.3) 12.411 9.3 10.15 2 *5+1 *5
(1.80) (2.16) 14.019 11.0 12.04 3 *P+1 *5
2.81 3.52 11.893 10.1 10.15 2 *5 +  1 *5
1.92 2.25 13.360 10.5 10.15 2 *P+1 *5
2.38 2.99 13.972 11.6 12.04 3 *P+1 *5

Ref.

CaH

CdH

CsH

CuH

Cu*H

'H=H

X - 2  
A Mir

B -2

E-U

D -̂2

X  *2+ 
A =n

(CdH)+ X'S" 
A ' 2 +

(Cd*H)+ X '2+ 
A '2+

X '2+ 
A '2+

X '2+ 
A '2-"

X '2+ 
A '2+

X '2% 
B ’2"„
C H u  
£ ' 2/  
I  MI,
D  ‘II 
CMU 
a * 2 /  
e*2T
d m .  
b ' 2 /  
w»n„

X ' 2 /
0 * 2 /

X  ' 2 /  
P ' Z /
c m *
£ ' 2 /
I  m ,
0 *2 /
e * 2 /
d * I I u

<1.:

n.774

1.8+0.3

2.9

2.9

4.746

4.746

4.746

31
32

31
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Dissociation energy Atomic excitation energy

Molecule Stale Obs* S.F. 5 par. Fb'C Te(ev) Calc Theoret
Dissociation

products Ref.

% X 1 2 /  
B 1 2 /  
c m *
E ' 2 /
I  in ,
0 * 2 /
e * 2 /
d*n„

4.746 4.29
2.89
2.11

(1.76)
1.76
2.80
1.92
2.40

4.79
c.

2.25
(1.73)
1.69
3.65
2.19
3.03

0
11.368
12.408
12.413
14.015
12.017
13.358
13.972

9.6  
9.8
9.6  

11.0 
10.1 
10.5 
11.7

10.15
10.15
10.15
12.04
10.15
10.15
12.04

1 *5+1 *5
2 *P+1 *5 
2 *P+1 *5
2 *5+1 *5
3 =P+1 *5 
2 *5+1 *5
2 *P+1 *5
3 *P+1 *5

31

X 1 2 /  
0 * 2 /  
d n iu

4.746 4.18
2.74
2.39

4.69
3.29
3.04

0
10.15
12.04

1 *5+1 *5 
2*5+ 1 *5
2 =P+1 *5

HF X 12+ 5.9 4.92 5.88 0 1 *5+2 *P 33

H” Br X 12+ 3.93 3.89 4.13 0 1 *5+4 *P 34

H*'Br X 12+ 3.93 3.89 4.13 0 1 *5+4 *P 34

X 12+ 3.93 3.87 4.085 0 1 *5+4 *P 34

W B r X12+ 3.93 3.85 4.01 0 1 *5+4 *P 34

('HC1) + X MI. 
A *2+

4 .7 + 0 .2 3.34
1.63

3.50
c.

0
3.550 0.4 0

1 *5+3 *P 
1 *5+3 *P

=H**C1 X 12+ 4.38 4.30 4.61 1 *5+3 *P 34

*H"CI X '2+ 4.38 . 4.27 4.53 1 *5+3 *P 34

Hg'H X *2+ 

A Mil 

A Ml,

0.372 0.553

(1.63)

(2.53)

0.399

(1.29)

(3.22)

0

3.047

3.503

c^4.2

~ 5 .6

f (4.67)(5.46) 
\  4.89 
j (4.67)(5.46) 
\  4.89

6*5+1 *5 

6*P +1 *5 

6*P +1 *5

(H gH / X '2+ 
A' 2+

(2.4) 2.20
1.50

1.94
1.29

0
5.494 4.7 6.-38

6*5+ 1 *5 
6 =P +1 *5

(HgMI) + X 12+ 
A 12+

(2.4) 2.20
1.49

1.94
1.28

0
5.493 4.6 6.38

6 *5+1 *5 
6*P + 1  *5

In II X ‘2+ 
A ‘2 + 
B MI

< 2 .58 2.21
0.84
0.51

2.80
0.37
0.37

0
2.018
2.097

0.3  
0.0  .

0(0.27)
0(0.27)

5 *P+1 *5 
5 *P+1 *5 
5 *P+1 *5

K'H X '2+ 
A '2+

1.92 1.69
(-0 .2 9 )

1.46 0
2.421

4 *5+1 *5

K*II X'2+ 
A 12+

1.92 1.66
-0 .3 3

1.61 0
2.428

4 *5+1 =5

Li’H X 12+ 
A 12+ 
B in

2.6 2.25
-0 .0 4

0.026

2.45

0.039

0
3.287
4.327

-M).8
1.8

1.85
1.85

2 =5+1 *5 
2 *P+1 *5 
2 *P+1 *5 38

LiMI XI2+ 
A 12+ 
B in

2.6 2.22
- 0 .0 5

0.026

2.44

0.037

0
3.287
4.323

~ 0 .8
1.8

1.85
1.85

2 *5+1 *5 
2 *P+1 *5 
2 =P+1 =5 35

Mg-H X *2+ 
A *nr 
CMI

2 .1 + 0 .5 1.77
1.57
1.31

1.76
1.26
3.61

0
2.383
5.098

3.0 2.70
3 '5+ 1  *5 
3 *P+1 *5
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T a b l e  III.—Continued.

Molecule State

Dissociation energj- 

Obs* S.F. 5 par. F̂  ® Te(ev)

.Atomic excitation energy 

Calc Theoret
Dissociation

products Ref.

Mg*H A' *2+ 2.1 1.81 1.63 0 3 >5+1 *5
A *nr 1.91 1.66 2.383 2.30 2.70 3 'P + l  =5

(Mg'H) + A” 12+ (2.2) 2.40 3.59 0 3 *5+1 *5
A '2+ 5.76 c. 4.451 ~ 8 8.86 3 =D+1 =5

8.65 4 *5+1 *5

(MrH) + .Y '2" (2.2) 2.32 2.10 0 3 *5+1 *5
A '2" 5.91 4.451 /^8 8.86 3 *Z?+1 *5

8.65 4 *5+ 1  *5

MnH A *2 <2.4 2.09 1.93 0 a «5+1 *5 36

Mn=H A' *2 2.21 1.95 0 a «5+1 *5 36

Na'H X  '2+ 2.0 1.79 1.83 0 3 *5+1 *5
A '2" -0 .3 7 1 2.816

O'H A' *11. 4.62 4.28 4.81 0 2 «P+1 *5
A *2+ 2.66 2.66 4.052 2.0 1.96 2 >D +  1 *5

oni A MI. 4.62 4.25 5.98 0 2 «P+1 *5
A *2+ 2.58 2.74 4.447 2.4 1.96 2 >D +  1 *5

Pb'II AMI) 1 .9 + 0 .2(G) 2.040 2.47 0 6*P + 1 *5
<1.59(27)

A *2 0.66 0.56 (2.181) 1.0 0(0 .97)(1 .32) 6«P +1 *5
B *2 0.47 0.38 (2.235) 0 .8 0(0.97)(1.32) e « p + i  *5

RDH A' 12+ 1 .7 + 0 .2 1.57 1.55 0 5 *5+1 *5
A 12+ - 0 .3 0 2.344

SrII A *2+ 1.75+0.1 2.17 2.12 0 5 >5+1 *5
D *2+ 1.63 1.22 2.584 2.5 2.69 5 'P + l  *5

2.50 5 >D+1 *5
C*2+ 1.92 3.21 3.252 3.5 3.79 6 >5+1 *5

Zn'll A *2+ 0.95 1.14 0.87 0 4 >5+1 *5
A MI, 2.24 2.17 2.885 4.2 4.0 4 :P +1 *5
B *2+ (1.59) (1.28) 3.420 4.0 4 .0 4«P +1 *5

(Zn'H) + A 1" 2 .9 + 0 .4 2.36 2.35 0 4*5+ 1  *5
A 1+ 3.37 3.57 5.789 6.2 6 .0 4 *P+1 *5

(Zn*H)+ A ’+ 2.9 3.36 c. 0 4 *5+1 *5
A 0.40 c. 5.789 6.2 60 4*P +1 *5

* (G )= G a y d o n  (re fe ren ce  45); ( / / )  =  H e rz b e rg  (re fe re n c e  8 ). 
® Values cjuüted in b ra c k e ts  a re  b ased  on  u n c e r ta in  d a ta .
'  c= S o lu tio n  com plex .

harm onic o s c i l l a t o r  u s in g  t h e  W B K  m e t h o d  a n d  t h e  o b t a i n e d  f r o m
general p o t e n t i a l  og= (  1 0 )

F = « ,,(A r /re )-[ l+ G i(A r /r ,)+ a ,(A r /r r )2 -l- ....]h c . (9) a i = - 1 - W 6 Z ? / =  - (1 +  F ), (11)

The fo l lo w in g  v a l u e s  fo r  <7,,, u i,  a n d  in  E q .  ( 9 )  w e r e  0 5 =  ( f ) a r — 2 c c v r , / 3 S e =  ( f ) û r — G / 1 2 . ( 1 2 )

'J. L. Dunham, Phys. Rev. 41. 713, 721 (1932). B y  c o m p a r i n g  E q .  (8 )  w i t h  E q .  (9 )  a n d  u s in g  E q s ,
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( 10) ,  ( 11) ,  an d  ( 12 ) o n e  o b ta in s  th e  fo llo w in g  re la tio n s

(1 3 )

a e =  (Ôoè^eVwe) (« r e /2 )*  O T  F = o à A \  (1 4 )

i  4- («r ,/4 ) ( wr,/2) *

+ [ ( 5 a ^ V 4 ) — a à - ] ( f i r t / 2 ) } .  (1 5 )

E q u a t io n  (1 3 ) is e q u iv a le n t  to  ( 2 ) .  E q u a tio n s  (1 4 )  
and (15 ) m a y  be p u t  in  th e  form

2x^e/ 3Be =  i  +  («r ,/4 ) +

+ i ( a ^ , / W ) 2 -  (w,/2))6(% /j,/6.B/, (16a)
or

(1 6 b )C /1 2 =  I  +  A /2  +  F + l  P - A ^ i F ,  

or if one e lim in a te s A

G=12[(|)+F]+12P[(èa^F^) +  ( f ) - ( l / a ) ] .

E qu ation  (1 6 j h a s  b een  u sed  to  ca lcu la te  v a lu e s  o f  
fiom  exp erim en ta l v a lu e s  o f k t ,  re, a n d  h \

b w as found to  be c o n s ta n t  w ith in  3 % . T h e  v a lu e  o f b 
used in the c a lcu la tio n s  w a s 1 .065 . T h e  c a lc u la ted  v a lu e s  
of De are ta b u la te d  in T a b le s  I - I I I  a n d  are co m p a red  
with experim en ta l v a lu e s  a n d  w ith  v a lu e s  for  th e  d is
sociation en erg y  c a lc u la ted  from  th e  s im p le  th ree-  
param eter fu n ctio n . In  ca ses w h ere  th e  ex p erim en ta l  
values o f an d  are w e ll k n o w n  th e  c a lc u la ted  
values agree w ell w ith  th o se  c a lc u la ted  from  th e  s im p le  
function. T h e  a g reem en t w ith  ex p er im en ta l D ,  v a lu e s  is 
good w hen th ese  are w e ll k n o w n  from  a  k n o w led g e  o f  
the excited  s ta te s  o f  th e  sep a ra ted  a to m s. In  m o st  
cases w here th e  c a lc u la ted  v a lu e  o f  D e  d e v ia te s  m a rk 
edly from  th a t  g iv e n  b y  th e  s im p le  fu n c tio n s , th e  
experim ental v a lu e  o f  U e  is n o t  w e ll k n o w n  or is g iv e n  
with less than  three s ig n ifica n t figures. A  sm a ll error in  
ûe causes a r e la t iv e ly  large error in a n d  it  w o u ld  
appear th a t th e  lack  o f  a g reem en t b e tw e en  th e  tw o

V
Î

r

ca lcu la ted  v a lu e s  o f D e  is d u e  in p art to  th e  u n cer ta in ty  
in  U e .  T h e  ex p er im en ta l d a ta  for Wg, «e, an d
T e  h a v e  b e e n  ta k en  from  H erzberg^ u n less  o th er  
referen ces are q u o ted  in  co lu m n  10. T h e  a d d itio n a l  
references'^®  g iv e  m ore  recen t a n d , w h a t h a s  been  
a ssu m ed  to  b e  m ore  a ccu ra te  d a ta . A ll d isso c ia tio n  
en erg ies , a p a r t fro m  th a t  o f  Cg, h a v e  b een  ta k e n  from  
th e  seco n d  ed itio n  o f  C o ttr e ll’s b o o k .^

T h e  d isso c ia tio n  en erg ies o f  th e  e x c ited  s ta te s  are  
re la ted  to  th o se  o f  th e  g ro u n d  s ta te s  as in

T e + D e *  =  D e { X )  + A  A .E .E ., (1 7 )

w h ere  T e  is  th e  e le c tr o n ic  e n erg y  o f th e  e x c ited  s ta te ,  
D *  is  th e  d isso c ia tio n  e n e rg y  for  th e  e x c ited  s ta te , 
D e { X )  is th e  d isso c ia tio n  e n erg y  for  .the gro u n d  s ta te , 
a n d  A A .E .E . is th e  d ifferen ce  b e tw e en  th e  a to m ic  
e x c ita t io n  en erg ies in  th e  tw o  s ta te s  (see  F ig . 1 ) .  T h e  
e lectro n ic  en erg y  o f th e  s ta te  is u su a lly  a c cu ra te ly  
k n ow n , an d  c o n se q u en tly  th e  ch a n g e  in th e  a to m ic  
e x c ita t io n  en erg ies ca n  be e v a lu a ted  from  th e  c a lc u la ted  
or o b serv ed  d isso c ia tio n  energies. F ro m  th e  p e r m itte d  
d isso c ia tio n  p ro d u cts , a n d  ta b le s  o f a to m ic  e x c ita t io n

l iG. 1. Relation between dissociation energies of ground and 
excited states. 7’, =  electronic energy of tiie excited state, D *  =  
dissociation energy of liie excited state, D,(.V) =  dissociation 
energy of tlie ground state, and E-E* =dilTerence between 
die atomic excitation energies in the two states.

® G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., Princeton, New Jersey, 1950), pp. 502-581.

* D . H. Rank, H. Guenther, G. D. Saksena, J. N. Shearer,
and T. A. Wiggins, J. Opt. Soc. .\m . 47, 686 (1957).

G. Herzberg and T. J. Hugo, Can. J. Phys. 33, 757 (1955).
" .A. Lagerqvist, H. Westcriund, L. V. Wright, and R. F. 

Barrow, Arkiv. I'ysik 14, 387 (1959).
“  R. D. Verma, J. Chem. Phys. 32, 738 (1960).
" R. .A. Durie, F. Lcgay, and D. .A. Ramsev, Can. J. Phys. 38,

444 (1960).
" .A. Lofthus, Can. J. Phys. 34, 780 (1956).
^ B. P. Stoicheff, Can. J. Phys. 35, 730 (1957).

.A. Lofthus, J. Chem. Phvs. 25, 494 (1956).
P. G. Wilkinson, Can. J.'Phys. 34, 250 09 5 6 ).

“  \V. H. Fletcher and G. M. Begun, J. Chem. Phvs. 27, 579 
(1957).

“ E. Miescher, Can. J. Phys. 33, 355 (1955).
“  R. F. Barrow and E. Miescher, Proc. Phys. Soc. (London) 

70.A, 219 (1957).
G. Herzberg, Can. J. Phys. 31, 57 (1953).

“  G. Herzberg, Can. J. Phys. 30, 185 (1952).
“ A. E. Douglas and P. T. Rao, Can. J. Phys. 36, 565 (1958).
^ A. E. Douglas, Can. J. Phys. 33, 801 (1955).
“  G. Nilheden, .Arkiv Fysik 10, 19 (1956).
“  S. M. Naudé and T. j. Hugo, Can. J. Phys. 31, 1106 (1953).

S. M. Naudé and F. J. Hugo, Can. J. Phys. 32, 246 (1954). 
“  .A. Lagerqvist, N. E. L. Nilsson, and R. F. Barrow, Arkiv 

Fysik 12. 543 (1957).
^ C. N. McKinncv and K. K. Innes, J. Mol. Spectroscopy 3, 

235 (1959).
“  R. Onaka, J. Chem. Phys. 27, 374 (1957).

B. P. StoichetT, Can. J. Phys. 35, 730 (1957).
“  Y. Tanaka, Sci. Papers Inst. Phvs. Chem. Research (Tokyo) 

42, 49 (1944).
“  G. A. Kuipers, D. F. Smith, and .A. H. Neilson, J. Chem. 

Phys. 25. 275 (1956).
H. M. Mould, W. C. Price, and G. R. Wilkinson, Spectro

chim. .Acta. 16, 479 (1960).
“  R. Velasco, Can. J. Phys. 35, 1204 (1957).
5®W. Hayes, P. I). McC'arvill, and T. E. Neven, Proc. Phys. 

Soc. (London) 70A, (>04 (1957).
D. F. Smith, M. Tidwell, and D. V. P. Williams, Phys. Rev. 

79, 1007 (1950).
“  1). T. Smith, M. Tidwell, and I). V. P. Williams, Phys. Rev. 

77, 420 (19.50).
R. N. Dixon, Can. J. Phys. 37, 1171 (19.59).
T. L. Cottrell, The Strengths of Chemical Bonds (Butterworths 

Scientific Publications Company, Ltd., London, 1958), 2nd ed.
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Molecule State We Be cce
ZfWg
obs

aTgW,
calc a b Ref.

BF X  ‘2+ 1402.13 1.5107 0.0165 11.84 10.24 0.543 0.987 30

BO X  =2+ 1885.44 1.7803 0.01648 11.769 9.543 0.537 1.055
1260.70 1.4132 0.0196 11.157 12.490 0.577 1.130

"Br"Br X 1 2 / 323.2 0.08091 0.000275 1.07 0.780 0.591 0.925
169.71 0.0595 0.000625 1.913 2.1146 0.690 1.113

C2 x m u 1641.35 1.6326 0.01683 11.67 11.392 0.547 1.051
A m j 1788.22 1.7527 0.01608 16.44 10.744 0.529 0.851
B m , 1106.56 1.1922 0.0242 39.26 19.570 0.638 0.748
a 12/ 1855.63 1.8205 0.01832 14.08 12.528 0.545 1.001
5 (Hu 1608.33 1.6170 0.01720 12.14 11.584 0.550 . 1.039
d'2„+ 1829.57 1.8334 0.0204 13.97 13.995 0.559 1.066

CO A' ‘2+ 2169.829 1.9312 0.0175 13.295 13.197 0.542 1.061 9
A *n 1515.61 1.6116 0.02229 17.2505 15.27 0.585 1.000
a' 32+ 1230.65 1.345 0.0187 11.013 12.37 0.558 1.096
om + 1739.25 1.6810 0.0193 14.47 14.05 0.570 1.049

C0+ A =2+ 2214.24 1.9772 0.01896 15.164 14.44 0.552 1.065 10
A HI. 1562.06 1.5894 0.0194 13.532 13.48 0.571 1.063
B =2+ 1734.18 1.7999 0.0302 27.927 23.44 0.6165 0.9733

CP A =2+ 1239.67 0.7986 0.0059 6.86 6.36 0.566 1.03
A -n,- 1061.99 0.698 0.0077 6.035 9.59 0.622 1.354
B -t:~ 836.32 0.6829 0.0062 5.917 5.31 0.561 1.006

CS A 12+ 1285.1 0.820044 0.005922 6.46 6.42 0.562 1.062 11

h A >2,+ 214.52 0.03734 0.0001208 0.6127 0.600 0.636 1.054 12

ICI A *2+ 384.293 0.114154 0.000534 1.465 1.433 0.613 1.053
A 311. 209.75 0.08389 0.0003828 1.947 0.664 0.503 0.612
B 3JTo+ (242) 0.090 0.0029 13 21.6 0.758 1.374

10 A -n, 681.47 0.34026 0.002696 4.29 4.30 0.614 1.066 13
A TI, 514.57 0.27635 0.00273 5.52 4.37 0.634 0.945

Kc A 32,+ 92.64 0.05622 0.000219 0.354 0.224 0.459 0.832
B ‘Hu 75.00 0.04824 0.000235 0.3876 0.231 0.491 0.807

Liz A 3 2 / 351.435 0.67272 0.00704 2.592 2.287 0.425 0.994
A 3 2 / 255.456 0.49749 0.00541 1.574 1.726 0.429 1.366
B 30u 269.69 0.55723 0.00804 2.744 2.429 0.479 0.997

Nz A 3 2 / 2358.07 1.99874 0.01709 14.188 13.46 0.542 1.036 14,15
a 3n, 1693.70 1.6181 0.0183 13.825 13.46 0.569 1.050 14
B 311, 1735.42 1.6375 0.01794 15.198 13.71 0.570 1.035
c3ll„ 2047.09 1.8247 0.01868 28.446 15.52 0.572 1.0131

Nz+ A = 2 / 2207.2 1.926 0.01743 16.14 13.45 0.547 0.97 17

NO A 1904.03 1.7046 0.0178 13.97 13.91 0.567 1.062 18
A =2+ 2374.8 1.9972 0.01928 16.46 15.94 0.564 1.047 19
B 1216.6 1.330 0.019 15.88 12.68 0.585 0.948
B Tij 1036.96 1.076 0.0116 7.603 7.53 0.547 1.059
£32+ 2373.6 1.9863 0.0182 15.8(5) 14.89 0.556 1.030

0 , A 3 2 ,- 1580.36 1.44566 0.01579 12.0730 12.17 0.570 1.070
63 2 / 1432.687 1.400416 0.01817 13.9501 13.67 0.587 ‘ 1.053
a 3 A, 1509.3 1.4264 0.0171 12.(9) 13.05 0.581 1.071



D I A T O M I C  M O L E C U L E S .  I I I .  E X C I T E D  S T A T E S

T a b l e  IV.—Conlinued.

135

Molecule State We Be «« obs
XeUt
calc a b Ref.

0 / .V -n,
a TIu 
.4 -n„

1876.4
1035.69
900

1196.77

1.6722 
1.10466 
1.0617 
1.28729

0.01984
0.01575
0.01906
0.02206

16.53
10.39
13.4
17.09

16.37
10.88
12.61
16.36

0.588
0.589
0.608
0.615

1.060
1.084
1.032
1.041

Pi X i z /  
A > 2 /

780.89
475.24

0.30359
0.24166

0.001477
0.00165

2.820
2.633

2.73
2.40

0.579
0.589

1.046
1.014

23

S. X 725.68
434.0

0.2956
0.2219

0.00160
0.0018

2.852
2.75

2.888
2.112

0.588
0.614

1.107
1.076

SO X 'Z- 1123.7 0.70894 0.005622 6.116 6.40 0.579 ■ 1.091

Siz X 3 2 /
D H h
11 »Zu-

506.72
547.94
271.32

0.2376 
0.2596 
0.1699

0.00135
0.00155
0.00135

1.97
2.43
1.99

2.04
2.35
1.56

0.573
0.580
0.581

1.085
1.047
0.937

24

Six .Y =2+ 
B =2+

1151.68
1031.01

0.7310
0.7235

0.00567
0.01037

6.561
16.743

6.35
13.48

0.574
0.047

1.047
0.954

SiO -Y *2+ 
A m

1241.44
852.71

0.72729
0.63128

0.00508
0.00695

5.92
6.44

6.11
7.25

0.566
0.596

1.051
1.113

energies, th e  d isso c ia tio n  p r o d u cts  o f  th e  e x c ite d  s ta te s  
can then b e  d ed u ced . E q u a tio n  (1 8 )  a ssu m e s th a t  th e  
potential m a x im a  are n e g lig ib le . T h is  is  n o t  g en e ra lly  
true, b u t is a  rea so n a b le  first a p p ro x im a tio n  a n d  a p 
pears to  w ork v e iy  w e ll e x c e p t  for  cer ta in  h y d rid es. 
W here the m a x im u m  is n o t  n eg lig ib le , th e  e ffe c t  w ill 
be to m ake A .A .E .E . to o  large. T h e  d isso c ia tio n  p ro d 
ucts h a v e  been  d ed u ced  for  th e  v a r io u s  e x c ited  s ta te s  
and are g iv en  in co lu m n  9 o f  T a b le s  I - I I I .  In  gen era l 
no am b ig u ity  in  th e  p r o d u cts  is p o ss ib le  a s  a  resu lt o f 
the se lection  ru les a n d  w id e ly  sep a ra ted  e n e rg y  s ta te s .  
W hen D e i X )  is u n ce r ta in  a n d  th e  d isso c ia tio n  p r o d u cts  
are know n u n a m b ig u o u sly , th e  c a lc u la ted  D e *  ca n  be  
used to d ed u ce  D e { X ) . S in ce  th e  d isso c ia tio n  en erg ies  of 
m any d ia to m ic  m o lec u le s  are c o n tro v ersia l or  u n cer ta in , 
it is im p o r ta n t to  lo o k  c r it ic a lly  a t  th is  tech n iq u e . 
U sually , T e  an d  A A .E .E . w ill be  a c c u r a te ly  k n o w n . 
C onsequently  th e  u n c e r ta in ty  in  D e { X )  w ill b e  equa l 
to the u n cer ta in ty  in  D e *  a n d  in th e  p o te n tia l m a x im u m . 
T his m eans th a t  th e  u n c e r ta in ty  w ill b e  le a s t  w h en  D e *  

is sm allest. T h e  e ffe c t o f th e  p o te n tia l m a x im u m  w ill be  
to o v erestim a te  D e ( X ) .  T h is  tcchnicjue w ill b e  a p p lied  
to several ca ses o f co n sid era b le  in te re st.

I t  sh ould  be n o te d  th a t  a  a n d  b  h a v e  n ea r ly  th e  sa m e  
values resp ectiv e ly  for a ll e x c ited  s ta te s  o f  a ll m o le 
cules, w h ich  in turn  are th e  sa m e  a s  th o se  fo u n d  v a lid  
for the ground s ta te s  o f d ia to m ic  m o lecu les . T h e  
assigned v a lu es  o f a  a n d  o f  b  en a b le  o n e  to  c a lc u la te  
potential cu rves u s in g  th e  f iv e -p a ra m eter  fu n ctio n s  and  
experim ental v a lu e s  for k e ,  r« a n d  D e .  I f  v a lu e s  o f  D e  

are not a v a ila b le  p red ic ted  v a lu e s  m a y  b e  o b ta in e d  
from experim en ta l v a lu e s  o f  u s in g  E q . ( 4 a ) . T h is

m e th o d  o f c o m p u tin g  p o te n tia l cu rv es w ill be en larged  
u p o n  b e lo w .

SOME ADDITIONAL RELATIONS

A  com p a riso n  o f  D e ( S ) ,  d isso c ia tio n  en erg y  c a l
c u la ted  from  th e  sim p le  fu n ctio n , w ith  D e { C ) ,  d is
so c ia t io n  en erg y  c a lc u la ted  from  th e  five-p a ra m eter  
fu n c tio n  as ta b u la te d  in  T a b le  I  sh o w s th a t  th ese  tw o  
d ifferen t in tern u c lea r  p o te n tia l fu n ctio n s  g iv e  e sse n 
t ia lly  th e  sa m e resu lts  for  D e  v a lu e s  w here relia b le  d a ta  
is a v a ila b le . T h is  im p lies  th a t  an  a d d itio n a l in d e 
p e n d e n t r e la tio n  b e tw e en  th e  sp ec tro sco p ic  c o n sta n ts  
ca n  b e  o b ta in e d  b y  com p a rin g  th e  re la tio n s v a lid  for  
th e  tw o  fu n ctio n s .

B y  a ssu m in g  th a t

D .( ^ ) = D ,( C ) ,

a n d  co m p a rin g  E q . (5 b ) w ith  (1 6 b ) o n e  o b ta in s  

A = [ l + ( i ) F ? / 6=
or

(1 8 )D ,=  ( i ) W / [ l + ( i ) F ?

a n d  b y  r e su b stitu t in g  E q . (5 b )

C / 3 = l - h 2 [ 1 4 - ( i ) F ? / y ,

if o n e  u ses  E q . (1 4 )  w ith  E q . (1 6 b ) and  e lim in a te s  
« r , /2  =  A, o n e  o b ta in s

(1 9 )

F  =  û [ l  +  ( | ) F ] . (20)

E q u a tio n  (191 ca n  b e  u sed  to  c a lcu la te  v a lu e s  o f 
XeOOe from  ex p erim en ta l v a lu e s  o f a*, U e ,  r , and  b .  T h e  
k n ow n  v a lu e  o f  6 is  1 .065 w ith in  3% . A  nu m b er o f  th ese



136 L I P P I N C O T T ,  S T E E L E ,  A N D  C A L D W E L L

T a b l e  V. Calculated values for and potential function parameters a and b.

Molecule State We Be ote
XeUe
obs

XeCOe
calc a b Ref.

AlH
C*2+

1682.57
1575.3

6.3962
6.664

0.188
0.544

29.145
125.5

31.23
113.56

0.5192
0.6406

1.106
1.012

AuH X ’2" 
A  '2+

2305.01
1669.55

7.2401
6.0069

0.2136
0.249

43.12
55.06

44.57
48.18

0.530
0.565

1.084
0.993

Au'H X*2+ 
A ’2+ 
B  ’2+

1634.98
1195.24
1165.4

3.6415
3.036
2.961

0.07614
0.103
0.079

21.655
34.813
21.85

22.40
29.86
21.01

0.529
0.588
0.549

1.084
0.983
1.043

BaH X=2+ 
B  ’2

1172
1088
1231

3.3823
3.267
3.486

0.0655
0.070
0.074

16
15
17.5

14.13
14.58
16.43

0.466
0.479
0.489

0.996 
1.049 

. 1.030

BeH X=2+
A m

2058.6
2087.7

10.308
10.470

0.300
0.329

35.5
39.8

37.18
40.72

0.438
0.454

1.093
1.078

CH x m  
A ’A 
B ’2 -  
C ’2+

2861.6
2921.0 
2542.5
2824.1

14.457
14.912
12.887
14.629

0.534
0.670
0.485
0.744

64.3
90.4

373.8
105.8

66.281
68.849
70.843
95.199

0.484
0.520
0.487
0.536

1.1319
1.029
0.412
1.007

CsH X*2+
A '2+

890.7
204.0

2.709
1.126

0.057
-0 .0 1 8 5

12.6
- 5 .7

11.69
0.53

0.473 1.022

HCl X ’2+ 2989.74 10.5943 0.3042 52.05 55.78 0.502 1.052

H” Br X ’2+ 2649.22 8.4671 0.23226 44.077 46.70 0.514 1.085 34

HF X ‘2+ 4137.25 20.9456 0.7888 88.726 97.89 0.487 1.124

Bill .V >2+ 
B 'H

1405.65
215.5

7.5131
3..3S3

0.2132
0.986

23.200
42.4

24.852
54.29

0.424
0.636

1.1072 
1. 2(Y) 35

Li’H .vz*- 1055.12
177.28

4.2.538
1.903

0.09198
0.427

13.228
29.13

14.26
36.59

0.424
0.650

1.1908
1.196 35

Mali X ’2 1548.0 5.6841 0.1570 28.8 22.44 0.490 1.026 36

Mn’H X ’2 1102.5 2.8956 0.0514 13.9 12.19 0.470 0.991 36

OH x m ,
A =2+

3735.21
3180.56

18.871
17.358

0.7138
0.7868

82.81
94.93

88.838
92.071

0.487
0.522

1.1071
1.0649

calculations a te  rep o rted  in  T a b le s  TV a n d  V . T h e  
calculated v a lu e s  agree  w e ll w ith  th e  ex p er im en ta l  

values, th e  a v era g e  p ercen t error b e in g  a p p ro x i
m ately 5%  for n o n h y d r id es  a n d  10%  for h y d r id es  in 
general. A  p a r ticu la r ly  lik ea b le  fea tu re  o f  th e  XeCOg 

calculated from  (1 9 )  is th a t  th e  a g reem en t w ith  th e  
observed is b e tter  tita n  1%  for  th e  g rou n d  s ta te s  o f  
CS, O2, O2+, CO , 1 0 ,  a n d  N O  for  w h ich  th e  d a ta  is 
accurate an d  w ell e sta b lish ed . T h is  p r o m o tes  co n fid en ce  
in the v a lid ity  o f  th e  r e la tio n sh ip . T h e se  resu lts  in  
general are s lig h tly  b e tte r  th a n  o n e  o b ta in s  u s in g  th e  
Pekeris relation"** (M o rse  fu n c t io n ) ,  p a r ticu la r ly  for  
hydrogen c o n ta in in g  m o lecu les .

I t  is in terestin g  th a t  th e  re la tio n  d er iv ed  fro m  th e  
Morse fun ction  g iv in g  a ,  a s a  fu n c tio n  o f  ar/u, w ork s so  
well, w hile th e  r e la tio n  g iv in g  D , as a  fu n ctio n  o f

" C. L. Pekeris, Phys. Rev. 45. 98 (1934).

XeCOe (D«=WgY4a;(W«) is  so  poor, a s is th e  re la tion  
g iv in g  Z?e a s  a  fu n c tio n  o f  a*. T h is  is w e ll illu s tra ted  b y  
V arsh n F  in  p lo ts  o f  th e  exp erim en ta l q u a n tit ie s  G  v s  
A a n d  F  v s  A  for a  n u m b er o f  m o lecu les  fo llo w ed  b y  a  
co m p a riso n  w ith  cu rv es  ex p e c te d  from  v a r io u s p o 
te n tia l fu n ctio n s . T h e  cu rv es for  a  A lorse  fu n ctio n  
d e v ia te  g r e a t ly  from  th e  ex p erim en ta l p o in ts , b u t in  
su ch  a  w a y  th a t  a  p lo t  o f  th e  G  v ersu s  F  w o u ld  agree  
w ell w ith  th e  ex p er im en ta l r e la tio n sh ip . T h is  illu s 
tr a te s  th e  p o in t  th a t  a  p o te n tia l fu n c tio n  w h ich  re la tes  
so m e  sp ec tro sco p ic  q u a n tit ie s  w e ll m a y  re la te  o th e r s  
rather  p o o r ly .

E q u a tio n  (1 8 )  ca n  b e  u sed  to  c a lc u la te  v a lu e s  o f  D , 
from  ex p erim en ta l v a lu e s  o f  r*, a n d  a«. T h is  w o u ld  be  
p a r ticu la r ly  u se fu l w h en  o n e  h a s  n o  ex p erim en ta l  
d a ta  from  w h ich  to  o b ta in  a'cw, b u t  d o es h a v e  m icro 
w a v e  d a ta  g iv in g  or,. O ur c a lc u la tio n s  in d ica te  th a t  
E q . (1 8 )  w o rk s w e ll o n  m o st  m o lecu les . H o w e v er ,
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Molecule Stale We cm ' Be cm ’ Oe cm '
Xetoe 

calc cm“’
De 

calc ev
De 

obs ev Ref.

BrCl X '2+ ~430 0.152469 0.000745 1.658 2.68 2.31 37

BrF X*2+ 671 0.357143 0.005214 10.8 0.98 2.19 or 2.60 38

NH X » 2 - ~3125 16.688 0.646 75.8 3.26 ~ 3 .8 39
A *n. ~3034 16.709 0.744 85.9 2.69 ~ 1 .4

the value of D e  calculated for FBr does not agree with 
the experimental value, although the value of is 
reported to four significant figures. We have no ex
planation for this, I t  is perhaps significant that a  

evaluated using Eq. (19) is much larger than expected. 
Dissociation energies and anharmonicities have been 
evaluated for the ground states of N H  and BrCl (Table 
VIj. No anharmonicity values have been determined 
experimentally for these molecules. The dissociation 
energies are in accord with those quoted by Cottrell."*® 

Equation (20) can be used to calculate the parameter 
a .  Since values for a ^ x > e / ( i B ^ — F  vary from about 1 
to 2.5, c cannot be constant. However it is seen from the 
calculated values of a  given in Table IV, V, and V II 
that, except for elements in the first row of the periodic 
table, a  has a value near 0.56. These values of a  m ay be 
compared favorably with the values reported in I, 
calculated from Eq. (16) and experimental values for 
ae, x ^ e ,  D e  and r*. A more detailed analysis of a  shows 
that it is periodic within the periodic table. This will be 
discussed in a future publication.^ The parameter h  

may be conveniently evaluated from (19 ). For non
hydrides h  is a good constant with a value of 1.065. 
The deviations from this value are rarely greater than  
5% and it is tem pting to conclude that where the 
calculated value deviates considerably from this value 
the data (in the majority of cases, probably a^) is in 
error. The major discrepancies are for the A  ®IIp and 
B Mo states of Cg, A  M,-, and B  states of ICI and 
the X  *Zg+ and B  *IH states of A'g. There appears to be 
no reason why these states should be different from the 
others for which such calculations have been carried out. 
The average value for h  for the various electronic states 
of the isotopes of hydrogen is 1.158 with a mean devia
tion of 0.045. Since b  was taken as 1.065 in evaluating 
XéXe from Eq. (19) this explains why the calculated  
anharmonicities for hydrogen are high in general. The 
anharmonicities have been recalculated for 6= 1 .158  
and are reported in column 10 of Table VTI.

DISCUSSION

The results in Tables I  to V II show that the pro- 
po.sed internuclear potential functions, Eqs. (3) and 
((), can be used to correlate and predict spectroscopic 
quantities for excited states of diatom ic molecules as

“ D. Steele and E. R. Lippincott (to be published).

well as for the ground states. Where reliable data are 
available calculated D e i s )  and D e { c )  values agree 
rather well. Since small changes in a* values produce 
large changes in calculated D e i c )  values, the simple 
function appears to be more reliable for calculating 
dissociation energies. This is illustrated b y  some 
recent data on the ground state of Ng. Lofthus’s** data 
lowers X g U e  from that given by Herzberg® by 1.7%, 
changing Dg(j) from 9.45 to 9.62 ev, whereas a* changed 
by about —9% (from 0.0187 to 0.01171) changing 
D e { c )  from 10.21 to 8.91 ev. The coincidence of D e { s )  

and D e { c )  is further illustrated for ground states and 
excited states by calculations using recent data for 
CS," CO,® Og, Og+, 10 ,"  "N*'0,*® *=N*®0,*® which all 
give D e  agreeing within 2%. Improved data usually 
gives better correlations or predictions for the functions, 
and the values for D e { s )  and D e i c )  usually converge. 
Examples are P g (V % + ),^  NO (V® Z+)," H ,(% + ),"  
No(a * n j C O ( X  *2 +)® and A 10(V  ®Z+).

However the 5 * 2 /  states of *Hg, *H®H and %  
give very poor agreement between x ^ e  calculated and 
observed.®-®  ̂ This m ay be due to the highly ionic 
character for this state or to an incorrect analysis. It  
is noted that the relationships hold reasonably well for 
H F , HCl, HBr, and H I.

The calculated A A .E .E . for the % /  state of 
Brg and Ig are consistent only with the dissociation 
products being ~ P  ground-state atoms, but with one of 
the atoms excited to a /  value of one-half. This is in 
agreement with experimental findings and shows the 
sensitivity of the technique in favorable circumstances.

For m any of the hydrides, especially for excited 
states, the calculated dissociation energies are much 
higher than is consistent with the known or preferred 
dissociation products. This suggests that the potential 
maxima for these cases are large.

One attractive feature of the five-parameter function 
is the remarkable constancy of b  and to a lesser extent 
of a  for all states of all molecules. Values of b  and a  

are even more constant for the range of states of a given  
molecule. For hydrogen-containing molecules the values 
for a  are usually lower than average. Pliva has shown 
that values of b  and a  are transferable to bonds of poly
atomic molecules with some excellent results for spec
troscopic constants of simple polyatom ic molecules.®

It is interesting that the criteria that D e ( s )  = D e ( c )  

gives a relation between and a e  which is very
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T ab l e  VII. Calculated values for and potential function parameters a and b.

Molecule State Be
XeUe
obs

X^e
calc

XeOJe
calc

6=1.158 a 6 Ref.

Hi X ' 2 / 4400.39 60.8407 3.0177 120.815 145.66 126.71 0.344 1.192 31
B ' 2 / 1356.52 19.982 1.1077 22.857 49.55 43.06 0.352 1.762 32
C'Hu 2442.72 31.340 1.626 (67.0) 82.10 71.25 0.365 1.201
/'H g 2265.2 29.79 1.515 78.47 75.40 65.50 0.358 1.040
cHIu 2465.0 31.07 1.425 61.4 75.15 65.35 , 0.345 1.203
a% + 2664.83 34.216 1.671 71.65 85.52 74.31 0.355 1.184
g® 2/ 2195.8 27.30 1.515 65.80 77.47 67.10 0.385 1.171
d m » 2371.58 30.364 1.545 66.27 78.48 68.13 0.363 1.177

2336 29.40 1.58 (60) 80.44 69.73 0.376 1.268
wHlu 2322 29.93 1.3 62.9 68.56 59.72 0.331 1.122

M’H X '2,+ 3811.92 45.638 1.9500 90.711 108.86 94.68 0.347 ■ 1.066 31
C'Hu 2139.1 23.64 0.938 66.55 56.63 48.25 0.343 0.730
/'E g 1962.1 22.36 1.21 58.21 66.90 57.85 0.397 1.192
0 ’2g+ 2308.44 25.685 1.099 53.77 64.73 56.23 0.357 1.190
g : 2 / 1905.17 20.766 1.010 51.70 58.92 51.03 0.385 1.149
d ’Hu 2054.59 22.810 1.020 49.74 59.57 51.70 0.364 1.186

HI, X ' 2 / 3118.46 30.442 1.0623 64.10 72.69 63.04 0.347 1.16 31
C ’Hu 1735.85 15.665 0.5739 39.06 41.17 35.73 0.366 1.098
£ ' 2 / 1784.5 16.37 0.682 (48.1) 47.14 40.82 0.388 1.053
1 'n . 1600.1 14.739 0.526 39.42 37.36 32.45 0.358 1.032
d m * 1678.22 15.200 0.5520 32.94 39.56 33.60 0.391 1.268
fl®2g+ 1885.84 17.109 0.606 35.96 34.62 37.88 0.360 1.195
c ® 2 / 1556.64 13.856 0.541 34.51 38.76 33.58 0.382 1.140

‘H, X > 2 / 2553.8 20.3243 0.59222 43.872 49.38 42.94 0.347 1.143
a ’2 / 1541.57 11.4374 0.3258 24.47 28.79 25.01 0.352 1.173
d m * 1372.11 10.150 0.3050 22.135 26.68 23.15 0.367 1.190

similar to the Pekeris relation obtainable from the 
Morse function, but with slightly better results. In  
addition it offers a rapid method of calculating b  and 
a ,  the values of which are essentially the same as 
calculated without this criteria.

DISSOCIATION ENERGIES OF SOME SPECIFIC 
MOLECULES

De(Cg)

The dissociation energ}'  ̂ of carbon is uncertain. 
Cottrell lists it as 6.5 ev, but quotes a more recent 
examination of the evidence which gives 6.16 ev. 
Calculations from both the simple and five-parameter 
functions give a value near 5.6 ev. As explained in the 
introduction the dissociation energies calculated for the 
excited states can be used to deduce D e { X ) .  The 
A  Mg and B  Mg states cannot both arise from the 
separate atom configurations 2^P-j-2^F. Assuming that 
De{ X)  lies in the range 4 to 7 ev shows that the A  Mg 
arises from the ^P-(-*D configuration. De*  for the B  Mg 
state is calculated to be only 0.7 ev. Allowing a 50%  
error in this value, th is/necessitates that D e { X )  is 
less than 6.0 ev and, assuming no potential maximum  
for the upper state, more than 5.4 ev (see Table V III). 
This is in excellent agreement with the calculated value

of 5.6 ev. The dissociation energies of the .4 Mg state as 
evaluated from the three- and five-parameter functions 
are in poor agreement. This is in accord with the low 
value of b  calculated from Eq. (19). D« from the simple 
function is again in good agreement with the assigned 
value of D e { X ) ,  thus suggesting that the value of or, 
for this state is in error.

The splitting of the singlet and triplet states is un
certain. Hicks" deduced that the *2 g"+ state was 0.39 
ev above the X  M„ state. According to a private com
munication from D . A. Ram sey to E. Clementi and 
K. S. Pitzer," perturbations in the rotational spectrum  
of the Mg" state suggest that the *2g+ state lies 0.07 ev  
below the M „ state. The difference between these 
values is too small compared with the uncertainty in 
the D e *  of the singlet states for the present calculations 
to distinguish between them, though Ram sey’s value is 
favored. As shown in Table V H I D / A )  = 4 .9  ev is 
definitely too low and D / A )  = 6 .5  ev is suggested to 
be too high, in confirmation of the deductions from the 
triplet states.

" W. T. Hicks, Spectroscopy of High Temperature Systems 
(thesis) UCRL-3696 (Feb. 1957).

E. Clementi and K. S. Pitzer, J. Chem. Phys. 32, 656 (1960) ; 
E. Balik and D. A. Ramsey, ibid. 31, 1128 (1959).
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State
Te
ev

De
ev =  6.5

A .4*£-£ca lc

D /X )

=  5.6 =  4.9
Dissociation

products AA  • E ‘ E ’

x m u 0 6.5  Cott. 0 0 0 2 ®£+2 3£ 0.0
5.6 calc
4 .9 old.

A »Hg 2.39 4.7 (5) 0 .6 1.5 2.2 2 ^F+2 1.26
3 .5 (C) —0.6 0.3 1.0

B m , 4.97 0.7 - 0 . 8 0.1 0.7 2 ®£-t-2 0.0

a 'Z / -0 .0 7 6.0 —0.6 0.3 1.0 2^P + 2^P 0.0
0.39 - 0 .1 0 .8 1.5 2 '£4-2 '£

6 ‘n„ 0.97 5.2 - 0 .3 0.6 1.3 2 '£ - r 2 '£ 0.0
1.43 0.1 1.0 1.7 2 '£4-2 '£

C'Hg 4.18 5.0 2.7 3 .6 4.3' 2 '£4-2 '5 3.93
4.64 3.1 4.0 4 . 7) 2 '£4-2 '5 4.16

<cz„+ 5.29 5.9 4.7 5.6 6.3 ?
5.73 5.1 6.0 6.7 ?

DeiCO)

Tlie calculated dissociation energy favors the old 
value near 9 ev. However, the higher value of 11.1 ev  
now appears to be well established. The dissociation 
products of the excited states A  M, a  Mr, a '  M+, and 
CM " are readily identified using D /A ”) =  11.1 ev as 
2 ^ P - \ - T P .  The agreement between the calculated and 
observed A A .E .E . is very good indeed. However the 
data can also be explained, though much less satis
factorily using the low value of D t .  It would be expected  
that at least some of the excited states that have been 
studied arise from the 2*P atoms, thus it would seem  
that there is little doubt from this analysis that the 
high value is correct.

The spectroscopic data for the dissociation energy 
of S i  are consistent with any of the values 4.4, 3.6, or
3.3 ev. The individual values are favored by Gaydon, 
Herzberg and the N .B .S ., respectively. Two thermo
chemical approaches to 0 (82) have been summarized 
by Cottrell. The first involving the heat of formation of 
SO favors 3.6 ev for 0 (82) and 5.15 ev  for D (8 0 )  
(See below). The second approach involving the heat 
of formation of 8 -H leads to a preference for the highest 
value of D { S o ) .  However the data on which the latter 
is based does not appear to be too reliable. The cal
culated dissociation energies using both the simple and 
five-parameter functions strongly favor the high value,
4.4 ev. This is confirmed by calculations on the B  

state, the calculated dissociation energy indicating 
that the dissociation products are 3*D-|-3^P and that 
the ground state dissociation energy is about 4.5 ev.

D/SO)
A value of 5.15 ev is favored over 4.0 ev. Thermo

chemical data also favors the higher value (see Cottrell). 
Unfortunately the only data for excited states of this 
molecule, that for the B  M~ state, is uncertain and leads 
to very poor agreement between D e { s )  and D / c ) .

D(BF)

Gaydon" gives D e = 8 .5 ± 0 .5  ev whereas Herzberg 
suggests approximately 4.3 ev. The calculated value of 
D e i s )  is 3.1 ev and of D e i c )  = 2 . 4  ev suggesting strongly 
that the low value quoted by Herzberg is correct. The 
dissociation energy of the excited state A  *11 can be 
interpreted in terms of either value. The relative 
electronic energies of the singlet states are unfortun
ately unknown.

D/MnH)

Calculations on M nH and M nD indicate that the 
value quoted by Cottrell for D g  of 2.4 ev (very un
certain) is of the right order of magnitude. The cal
culated value is about 2.1 ev.

LIMITING FORMS OF POTENTIAL FUNCTIONS

A further discussion on the limiting forms of the 
five parameter function used for Eq. (1) is desirable 
since other information is available as to the form which 
an inter-nuclear potential function should assume as 
r-^00 and as r—4).

A. G. Gaydon, Dissociation Energies (Chapman and Hall, 
Ltd., London), 2nd ed.
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For example for the r—>0 lim it

(21)

where Z a  and Z& are the atomic numbers of atoms A  

and B ,  respectively, and E a t  is the energy of the state  
of the united atom formed.

Again, for and separated atom states without
quadrupole moments ( S  states) one would expect a 
limiting form

V = A / r ^  (22)

with » =  6 and A  is negative. On the other hand, for 
separated atomic states with quadrupoles one would 
expect n  =  5  and A  to be negative or positive."

It would be desirable to incorporate some or all of 
these conditions in the form of / ( r )  of Eq. (1) pro
vided that the proper relationships between the spec
troscopic quantities r„ ŵ . D e ,  and .r̂ Wg are retained. 
The relationships between these quantities used here 
can he retained if the form for/ ( r ) , on expansion to the 
second power in Ar, always has the form

fir) =  —  ib'^nre/2)^Ar/re) A-ibrnte/l) (A r /r /H  .

(23)

The correlation between the five spectroscopic param
eters is extremely sensitive to the form of / ( r )  and 
seemly minor but arbitrary changes in its form up to 
Ar®, or to Ar* in F (r ) , cause large deviations among the 
relations for the spectroscopic quantities with the 
result that they cannot be used to predict unknown 
spectroscopic quantities from known quantities.

The form of (23) suggests that one form f o r /( r )  
would be a potential composed of two parts, one at
tractive and the other repulsive with the repulsive 
term the square of the attractive one. The repulsive 
term would be important for r<r« but unimportant 
for r»rc, while the attractive term would be important 
for r > r e  but not for r « r ,.  Consideration of Eq. (1) 
and separated atom states without quadrupole mo
ments suggests that one limiting form for / / )  would 
he a Lennard-Jones 6-12 potential. Accordingly f i r )  

was initially chosen to satisfy this condition. For molec
ular states which dissociate to atomic states with  
quadrupoles one could use a (5-10) potential. Since the 
d/r® term would always be attractive, this suggests 
that for molecular states where the proposed function 
gives reliable correlation of spectroscopic quantities A  

must be negative for separated atom states with 
quadrupoles even though other considerations show  
that possibly A  could be positive.

On the other hand, one can choose f i r )  in other forms 
and still retain the terms given in (23) to Ar®. One 
particularly useful form is

f i f )  =  — (6®;//2r)^ArX e x p [— (6®;z/2re)-Ar]. (24)

This particular form has the advantage of showing 
that a repulsive term in f i r )  is not essential. It is also 
particularly easy to manipulate in calculations in
volving construction of potential curves and also seems 
to be more accurate than (7) when one makes a com
parison with the experimental curves as constructed 
by the method of Klein-Rydbcrg-Rees as modified by 
Vanderslice e l  a l P

Although the conditions on / ( r )  seems to be highly 
specific, there is such flexibility left for its choice that 
one cannot choose between various suggested forms 
without additional considerations, the most important 
being an expansion to higher powers of Ar followed by 
correlation and prediction of additional spectroscopic 
parameters such as the second anharmonicity, 
and the second-order vibration-rotation coupling 
constant, 7«. Calculation of these quantities will be 
reported at a later date.

In conclusion it would seem that the five spectro
scopic quantities, D«, avVe, r̂ , and or* do not give 
sufficient information concerning the limiting form of 
a potential function even though they can be ade
quately related provided that the function expands in a 
suitable manner up to the forth power of Ar.

CONSTRUCTION OF POTENTIAL CURVES

When experimental data are available for a suffi
ciently large number of vibrational levels for a given  
diatom ic molecule state the best method for construc
tion of an internuclear potential curve is to use the 
Klein-Rydberg-Rees" method as modified by Vander
slice e t  a l } ^  This method has the advantage that the 
resulting curv'e is based only on known experimental 
data for the vibrational levels and not on any assumed 
form for the potential function. This method has been 
applied to a number of diatomic molecules for both 
ground and excited states and for which the appropriate 
spectral data has been analyzed in detail."

However, if one wished to construct the potential 
curx e beyond the point for which there is information 
concerning the vibration levels these methods cannot 
be used and one must still use an empirical function. 
For this purpose most three-parameter functions are 
not sufficiently accurate. The Morse function is seri
ously off for values o i  R >  in that it predicts too much 
binding energy. The three-parameter function used 
here works reasonably well for values of R >  R e ,  

particularly for large R  but gives too much binding 
energy for R < R e .  In constructing empirical potential 
curves it would seem desirable to use a five-parameter 
function. One such function which can be readily used 
is the Hulbert-Hirschfelder function.”  This function

" I- 0  Hirschfeldcr, C. E. Curtiss, and R. B. Bird, Molccula. 
^ G a w  and Liquids (John Wilev & Sons Inc., New York

19o4).

A. L. G. Rees, Proc. Phys. Soc. (London) 59, 998 (1947). 
J. T. Vanderslice, E. A. Mason, \V. G. Maisch, and E. R. 

Lippincott, J. Mol. Spectros''opy 3, 17 (1959).
^'J. T. Vand'-rslice, E. A. Mason, and E. R. Lippincott, J. 

Chem Phvs. 30, 129 (1959) ; J. T. V anderslice, E. Mason, and 
V. G. Maisch, ibid. 31, 738 '1959,; 32, 515 (I960).

“  H. M. Hulbcrt and J. 0 . Hirschfeldcr, J. Chem. Phys. 9, 61 
(1941).
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has the convenience that its five parameters can readily 
be obtained from the five spectroscopic constants 
De,  R t ,  and 

The five-parameter function, Eq. (7a ), or the alter
native proposed form, Eq. (7b) resulting from the sub
stitution of Eq. (24) into Eq. (1 ), can be used equally 
well to construct potential curv^es from the appropriate 
spectroscopic constants. The latter form is superior to 
Eq. (7a) and yields potential curves agreeing well with 
experimental curves" " over the complete range of r. 
The proposed function has the additional advantage 
that the constants b  and a  are reasonably transferable

from molecule to molecule, and thus cuiwes can be con
structed from experimental values of k e ,  and D , 
without other data. An additional advantage is that if 
an experimental D e  is not available fiom  other informa
tion a reasonably accurate one m ay be computed from 
k e ,  T e and either or a e  and used in the construction 
of the potential curve.
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A method is presented for the construction of reliable inter
nuclear potential curves using a previously proposed function 
and observed values of equilibrium bond lengths and vibrational 
frequencies. The function has the form

F = n « { l - e x p [ — ( n A r V 2 r ) ] l  { l - f a / ( r ) }.

An explicit form is presented for the observed periodicity of 
the parameter a when referring to the ground states of diatomic 
molecules. This periodicity is shown to lead to relationships 
from which D,, a«, and can be calculated solely from w, and 
f(. An empirical relationship between the values of the parameter 
a in the ground and the excited states is presented from which

Dt, oie, and A’cCOe can be deduced for any nonionic excited state 
from and of that state. This latter relationship demonstrates 
that 03cr̂  is not constant for all states of any molecule but is de
pendent in a predictable manner on the other spectroscopic 
constants. These relationships enable potential curves to be con
structed solely from a knowledge of and r«. Calculated curves 
for the states of Ha and la and ground and excited states of 
Na agree extremely well with experimental curves, deviating by 
no more than 2% of the dissociation energy. The agreement is 
very good for large values of r for H a and la , which indicates that 
a general form exists for the interaction 6f bonding atoms at 
large distances.

Th e  construction of potential curves is of con
siderable value for the understanding of kinetics 

mechanisms, spectral phenomena, stellar structure, and 
many associated problems. In  principle, such curves 
may be calculated a b  i n i t i o  from the Schrodinger 
equation. However, in practice, reliable curves cannot 
be obtained at present for anything more com plicated  
than three-particle system s. T hey m ay be constructed  
for bound states of diatom ic molecules from a knowledge 
of the experimental energy levels of the system  by the 
method of Rydberg, Klein, and Rees as modified by  
Vanderslice and o th ers^ (h erea fter  referred to as the 
R.K.R.V. m ethod). This m ethod is a semiclassical one 
and consequently m ay give rise to errors for small 
changes in the bond lengths from the equilibrium  
values, that is, for small Ar. This has been checked^ by  
comparison of the R .K .R .V . curve of Ho m the region 
of Te with a calculated curve based on the D unham  
method which is known to be reliable in this range. 
The results agreed to considerably better than 0.1% . 
This indicates that the curves obtained in the former 
manner may be taken as correct.

Unfortunately the curves obtainable by this method  
may be deduced only over the energy range for which 
energy levels are given b y  the spectroscopic data. 
Complete potential curves (that is, for all values of the 
interaction energy less than D f )  are consequently  
known only for the ground states of Hv and L. In the 
vast majority of cases the experimental curves are 
known only for small internuclear displacements. A  
further disadvantage of the R .K .R .V . method is that 
spectroscopic constants, such as anharmonicity 
the vibrational-rotational coupling constant a*, and 
higher terms cannot be deduced from lim ited experi-

J J. T. Vanderslice, E. A. Mason, and E. R. Lippincott, J. Chem.
Phys. 30, 129 (1959).

.̂ J; T. Vanderslice, E. A. Mason, W. G. Maisch, and E. R. 
Uppincott, J. Chem. Phys. 33, 614 (1960).

J. T. Vanderslice, E. A. Mason, W. G. Maisch, and E. R. 
Lippincott, J. Mol. Spectroscopy 3, 17 (1959).

m ental data and hence the technique is of little value 
in predicting data. These considerations make empirical 
approaches to these problems of considerable value. In  
this paper it will be shown how an empirical approach 
can be used to obtain reliable potential curves for 
ground and excited states of diatomic molecules using 
very lim ited data, in particular, from the vibrational 
frequency cOe and the equilibrium bond length r̂ . This 
implies that the anharmonic corrections can be deduced 
from the same limited data. Rules and equations are 
developed for doing the latter, which are then used to 
reduce the necessary amount of data required to plot 
curves using a previously proposed potential function.^ 
M ost empirical approaches require sufficient data to 
determine the first-order correction terms from the 
harmonic oscillator model, that is, the anharmonicity 
x ^ e  and the vibrational rotational coupling constant 
cKg. Even when these are known the resulting curves are 
not usually of high accuracy.

The m ost successful approach to the potential 
problem is to assume a general analytical form for 
potential curves and to solve the Schrodinger equation  
using the general form for V ( r ) . Considerable simplifi
cation of this technique was effected by Dunham,^ who 
solved the Schrodinger equation for a general power 
series expansion of V ( r )  and related the coefficients of 
Ar" to the molecular constants. These relations m ay  
lead to useful correlations between the molecular 
constants for any given assumed form of F (r ) .  The 
earliest successful potential function was that of Morse,® 
which leads to a relation between w«, coeX g , and D e  from  
which either coeXg or D e  can be deduced from the other 
two constants with a reliability of about ± 2 0 % . M any

 ̂ (a) E. R. Lippincott and R. Schroeder, J. Chem. Phys. 2 3 , 
1131 (1955) ; J. Am. Chem. See. 78, 5171 (1956); J. Phys. Chem. 
6 1 , 921 (1957). (b) E. R. Lippincott and M. O. Dayhoff, Spectro- 
chim. Acta 16, 807 (1960); E. R. Lippincott, J. Chem. Phys. 2 6 , 
1678 (1957).

 ̂J. L. Dunham, Phys. Rev. 4 1 , 721 (1932).
® P. M. Morse, Phys. Rev. 3 4 , 57 (1929).
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other general forms have been suggested, some in
volving only three parameters, others more. Those 
involving more than three parameters are generally of 
very lim ited value for the prediction of spectroscopic 
parameters since so m any are necessary to define the 
function. One simple internuclear potential function  
which has been used very successfully in correlation and 
prediction studies^ is

V ( r )  = D g [ l  —exp( —w A rV 2 r)][l- l-a /(r )]. (1)

n  is given b y  n  =  k e T e / D e ,  where k e  is the force constant 
referred to zero displacement of the nuclei. In  its 
sim plest form a  is taken as zero. This leads to reliable 
relationships between Wg, Wg%g, and D e  for ground and 
excited states of diatom ic and polyatom ic molecules. 
The relevant equations are

jDg(ergs/molecule) =^g/[647rViucoeXe/3A— (2a)

and
=3/* (%/rg-|-1 / rĝ ) /  64T^Cju, (3a)

(Yg=0. (4a)

In terms of Varshni’s notation® (2a) and (4a) m ay be 
written

G = 3 [ 2 A + 1 ]  (2b)
and

F = 0 ,  (4b)

where F  =  a ^ e / ( ) B ^ ,  G  =  S x ^ e / B e ,  A  =  k e r e ^ / 2 D e .
However, Eq. (1) with a = 0  (hereafter designated  

S.F. or simple function) suffers from the disadvantages 
that it predicts «g equal to zero and that its limiting  
forms are unsatisfactory. On the other hand, it m ay  
be derived from a semiempirical delta-function model 
of chemical binding.^'’

W ith a 7^0 the internuclear potential function  
assumes a five-parameter form. To reproduce potential 
curves of bound molecular states the quantity f { r )  

m ust be chosen such that F (r ) =  co when r =  0 , and 
V { r )  = D e ,  when r = c o .  For large values of r , f { r )  was 
originally assumed to take the form of a Lennard-Jones 
(6- 12) attractive potential^ which is com patible with 
these conditions. The general form was

V { r ) =  Dg[ 1—exp ( — n t x F j l r )  ] |  1 — a (r«/r) ®

— 1 ^ )
(5a)

This leads to the following relations :

D e^O ief'^n feB e, (6)

« 6=  (6o&5eVcog) («rg/2)^ or F = a b A ^ ,  (7) 

XeiOe= ^B eZ \-\- \n re -\rab  ( iw g )  ( f a W —o6^) \ n r ^ ,  (8)

or
= ; - l-§ A - |-o W +  a6 )̂ A.

E. R. Lippincott and D. Steele, J. Chem. Phys. (to be pub
lished),

* Y. P. Varshni, Revs. Modern Phys. 29, 664 (1957).

Another proposed form for (1) which leads to the 
same relations between Wg, rg, «g, %gWg, and D e  (see 
below) is

V  (f) = D e {  1—ex p [— { n A r ^ / 2 r ) ~ \ ]

• { a { b h i / 2 r y A r  ex p [— { b h i / 2 r e ) ^ A r } \ . (5b)

This will be shown to be superior to (5 a ) . Eliminating 
a  from (7) and (8) and using the experimental values 
for the spectroscopic constants, b  is found to have a 
constant value of 1.065 ± 0 ,0 3  for all states of all 
molecules with the exception of hydrogen, for which 
it is 1.16.^ Equations (2) to (4) and (6) to (8) are
based on the much used assumption that is
negligible in comparison with unity.® This is not
strictly true for hydrogen and would appear to be a
plausible reason for the value of b  for this molecule 
being out of line with its value for other molecules. 
Combining Eqs. (6) ,  (7 ), and (8) allows D e  to be 
calculated from experimental values of k e ,  X e U e ,  «g, 
and b .  W here the data are reliable it has been shown 
that the dissociation energies calculated from the 
three- and five-parameter forms agree extremely well. 
This suggests an equivalence of the two forms. Com
paring (2b) with (8) and eliminating A using (2b) 
leads to

i G = l + 2 [ l - b i F } / 6 2 .  (9)

Substituting 6 =  1.065 in (9) results in a relationship 
between «g, w«, x ^ U e ,  and B e  only, which is very similar 
to the Pekeris relation (10)® obtained from the Morse 
function.

i G = ( l + F ) ^  ( 10)

Equation (9) is slightly superior to Eq. (10), par
ticularly for hydrogen-containing molecules, and allows 
XgCOg to be calculated w ith an average error of approxi
m ately 5% . For the ground states of CS, O2, O2+, CO,
10 , and NO  for which the data are accurate and well 
established, the error is less than 1%. Solving (2b), 
(7 ), and (9) for a  in terms of F  one obtains

a = F / ( l + | F ) .  (11)

This allows the parameter a  to be conveniently and 
rapidly evaluated from ««, Wg, and B e  only. The results 
of such calculations show that for the ground states of 
homonuclear diatom ic molecules a  is periodic within 
the periodic table, rising from 0.344 for Hg to 0.636 fof

® C. L. Pekeris, Phys. Rev. 45, 98 (1934).
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T a b l e  I. Calculation of ground-state data from periodic a rule, (a) homonuclear diatomics.®

2067

Mol. a calc
03e

(cm“0 (A)
ae calc 
(cm-i)

ae obs 
(cm-1)

XeOle calc 
(cm-')

XeU e obs 
(cm-1)

De calc 
(ev)

De Obsb 
(ev)

Lb 0.475 351.43 2.6725 0.00903 0.00704 ■ 2.946 2.592 1.065 1 .10± 0.05

Naz 0.495 159.23 3.0786 0.00117 0.00079 0.761 0.726 0.837 0 .75± 0 .03

X: 0.515 92.64 3.923 0.000296 0.000219 0.314 0.354 0.681 0.520

B2 0.515 1051.3 1.589 0.0121 0.014 6.770 9 .4 4.066 3 .0 ± 0 .5

C2®n 0.535 1641.35 1.3117 0.0157 0.01683 10.454 11.67 6.365 '■̂ 5̂ 6 ^ ■ /

C2̂ Z 0.535 1855.63 1.2422 0.0173 0.01832 11.656 14.08 7.297 '"̂ 5 6 ù f  t

SÎ2 0.555 506.72= 2.252» 0.00121 0.00135» 1.762 1.97» 3.564 3.2»

N2 0.555 2358.074 1.09754 0.0184 0.017094 14.840 ' 14.1884 9.175 9.9024»

P2 0.575 780.89' 1.8931' 0.00145 0.001477' 2.657 2.820' 5.584 . 5.08'

O2 0.575 1580.36 1.2074 0.0162 0.01579 12.625 12.0730 4.804 5.213

S2 0.595 725.68 1.889 0.00168 0.00160 3.094 2.852 4.114 4 .4

SC2 0.605 391.77 2.157 0.000313 0.00027 1.144 1.06 3.536 2 .8 ± 0 .1

TC2 0.615 251. 2.59 0.000099 0.502 0.55 3.008 2 .3 ± 0 .2

F2 0.595 891.9 1.435 0.01234 9.280 2.131 1.6

CI2 0.615 564.9 1.988 0.00168 0.0017 3.109 4 .0 2.460 2.51

Bf2 0.635 323.2 2.2836 0.00037 0.000275 1.265 1.07 1.931 1.971

I2 0.655 214.52 2.6666 0.000141 0.0001208 0.766 0.6127 1.423 1.556

® Unless additional references are listed the spectroscopic constants have been taken from G. Herzberg’s Spectra of Diatomic Molecules (D . Van N ostrand Com
pany, Inc., Princeton, N ew  Jersey, 1950), pp. 502-581.

 ̂Unless additional references are listed  the observed dissociation energies are taken from a tabulation by A. G. Gaydon, Dissociation Energies (Chapman and 
Hall, Ltd., London, 1953), 2nd ed.

® A. E. Douglas, Can. J . Phys. 33, 801 (1955).
® A. Loftbus, Can. J. Phys. 34, 780 (1956).
'Î B. P. StoicbeS, Can. J. Phys. 35, 730 (1957).
^A. E. Douglas and P. T . Rao, Can. J. Phys. 36, 565 (1958).

L. For heteronuclear molecules the a  values are given  
satisfactorily by the mean value of the a ’s of the con
stituent atoms with the sole exception of hydrides for 
which a(H ) is best taken as 0.376. Since the a  values 
for the second column of the periodic table are un
known and those for the first column do not appear to 
be too reliable, it is not possible to give an unequivocal 
empirical form for a  in terms of the position of the 
element within the periodic table. The present data are 
satisfactorily represented by

a { x )  =  0.335+0.0805+0.02[77g+% r], ( 12)

where a { x )  is the a  value for the ground state, 8  is 
equal to unity for all molecules except hydrogen 
(hydrides) for which it is zero, and U c  and U r  are the 
column and row numbers of the elem ent in the periodic 
table.

The above relationships allow D e ,  XgOOe, and a e  to be 
derived for the ground states of all diatom ic molecules, 
apart from those involving transition atom s, solely  
from a knowledge of Wg and fg. The appropriate equation  
for D e  is

The results of some such calculations are tabulated in 
Tables I - I I I , where they are compared with the experi
m ental quantities. The average percent deviations are 
10, 8, and 13 % for a*, %gWg, and D e ,  respectively.

EXCITED STATES

The empirical equation (12) is valid only for the 
ground states of diatomic molecules. To extend these 
correlations to excited states it is necessary to find a 
relationship between Wg, rg, and a  of the ground states 
and the corresponding parameters of the excited states. 
Birge^® and Mecke^^ have shown that is a constant 
for the different electronic states of one and the same 
molecule. This suggests relationships of the form

4 f 1----------------
5[ w(%)=r(%)!'

l--a (.v ) (14)

which were tried and found very successful with æ =  1 
and y  =  2 .  The result that the variations in a  can be 
correlated with variations in WgTg® indicates that, 
although the constancy of Wg7"ĝ is a good approximation,

D g =  (&62)&grg2(l—ia )2 . (13)
1» R. T. Birge, Phys. Rev. 25, 240 (1925). 
" R. Mecke, Z. Physik 31, 709 (1925).
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T a b l e  II. Calculation of ground state data from periodic a rule, (b) heteronuclear.*

Mol. a calc
We

(cm-')
fe
(A)

«e calc 
(cm-')

« e  obs 
(cm-')

XeCjle calc 
(cm-')

XeU e obs
(cm-')

De calc 
(ev)

De obs*> 
(ev)

BO 0.545 1885.44 1.2049 0.0172 0.01648 12.351 11.769 7.132 7 .6 ± 0 .4

BN 0.535 1514.6 1.281 0.0178 0.025 10.666 12.3 5.310 4.0=1=0.5

CO 0.555 2169.83» 1.1282» 0.0187 0.0175» 14.342 13.295» 8.038 11.245»

CP 0.555 1239.67 1.5621 0.00559 0.00597 5.924 6.86 6.345 6± 1

CS 0.565 1285.14 1.53444 0.00604 0.006244 6.593 6 .5 4 6.106 7.2=1=1.04

ICI 0.635 384.293 2.3207 0.000626 0.000534 1.8155 1.501 1.943 2.178

10 0.615 681.47» 1.8679» 0.00271 0.002696» 4.333 4.29» 2.567 1.9=1=0.2»

NO 0.565 1904.03' 1.1508' 0.0176 0.0178' 13.701 13.97' 6.452 6.609'

PbS 0.605 428.14 2.3948 0.000391 0.000873 1.222 1.201 3.610 3.25=1=0.3

PN 0.565 1337.24 1.4910 0.00533 0.00557 6.313 6.983 6.900 6 .I=t0.8

PO 0.575 1230.64 1.4457 0.00578 0.0055 6.654 6.52 5.509 5.4

SIN 0.555 1151.68 1.5718 0.00504 0.00567 5.421 6.560 5.983 4.5=1=0.4

SiO 0.565 1241.44 1.509 0.00492 0.00508 5.846 5.92 6.428 8.0=1:0.3

SrO 0.565 653.5 1.921 0.00202 0.0020 2.724 4 .0 3.837 5.0 or 3.6

SO 0.585 1123.73 1.4933 0.00584 0.00562 6.754 6.116 4.523 5.22

“ See reference a. Table I.
See reference b. Table I.

® D . H . Rank, A. H . Guenther, G. D . Saksena, T . N . Shearer, and T . A. W iggins, J. Opt. Soc. Am. 47, 686 (1957). 
4 A. Lagerquist et al. Arkiv. Fysik 14, 387 (1959).
* R. A. Durie, F. Legay, and D . A. Ram sey, Can. J. Phys. 38, 444 (1960).
' W. H . Fletcher and G. M . Begun, J. Chem. Phys. 27, 579 (1957).

small changes in this quantity can be sim ply related to 
changes in other molecular vibration-rotation parame
ters. The wide range of vibrational frequencies and bond  
lengths for hydrogen make it a very sensitive m olecule 
for these correlations, and it was found that cogrĝ  is 
not nearly constant and using these powers of We and 
r« in (14) does not reproduce the a’s of excited states.

however, yields good correlations. Apart from 
hydrogen, can be used with little error. Equation 
(13) in conjunction with (14) does not always predict 
the molecular parameters with high accuracy, par
ticularly D e ,  but serves to indicate the approximate 
value of the dissociation energy, from which the dis
sociation products m ay be deduced and hence an

T a b l e  III. Calculation of ground state data from periodic a rule, (c) hydrides.®

Mol. a calc
We

(cm-')
fe

(A)
« e  calc 
(cm-')

ae obs 
(cm-')

XeU e calc 
(cm-')

XfWe obs
(cm-')

De calc 
(ev)

De Obsb 
(ev)

AlH 0.455 1682.57 1.64592 0.154 0.188 25.14 29.145 2.89 3 .0

BaH 0.475 1172 2.2318 0.068 0.066 14.82 16 2.36 1.8=1=0.1

BeH 0.435 2058.6 1.3431 0.295 0.300 36.60 35.5 3.01 2.4=1=0.3

CH 0.455 2861.6 1.1198 0.462 0.534 56.83 64.3 3.70 3.66®

CsH 0.465 890.7 2.494 0.055 0.057 11.23 12.6 1.81 1.8=1=0.3

HCl 0.495 2989.74 1.2744 0.292 0.304 52.17 52.05 4.31 4.38®

HBr 0.505 2649.22» 1 .41468» 0.222 0.232» 42.14 44.077® 3.97 3.93»

HF 0.485 4137.25 0.91717 0.784 0.789 97.19 88.726 4.46 6.114®

LiH 0.425 1405.654 1.595354 0.218 0.2134 25.43 23.204 2.02 2.5154

OH 0.475 3735.21 0.9706 0.669 0.714 82.70 82.81 4.29 4.624»

•  See reference a, Table I.
** See reference b, Table I.
® H. M . M ould, W. C. Price, G. R. W ilkinson, Spectrocbim. Acta. 16, 479 (1960). 
4 R. Velasco, Can. J . Phys. 35, 1204 (1957).
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T a b l e  IV. Calculation of excited state data from empirical a rules.®
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Mol. State We (cm-') r, (A) a calc
a  calc 
(cm-')

a  obs 
(cm-')

XeU>e calc 
(cm-')

XeUe obs 
(cm-')

De calc 
(ev)

Dt obsb 
(ev)

Dissociation
products

H2 e m u 2465.0 1.0376 0.316 1.189 1.425 66.42 61.4 2.97 3.03 2® P+1*5

a*Z,+ 2664.8 0.9887 0.319 1.450 1.671 77.28 71.65 3.12 3.01 2 2.S+1 25

2195.8 1.1069 0.317 0.791 1.515 50.84 65.80 2.67 3.42 3 *P+1 25

2395.2 1.045 0.324 1.238 1.26 67.22 64.2 2.76 2.83 3 2 P + 1 25

c'n„ 2442.72 1.0331 0.324 1.501 1.626 77.25 67.03 2.80 2.49 2 2P +12S

d m u 2371.58 1.0496 0.325 1.218 1.545 66.24 66.27 2.71 2.81 3 2 p + l 25

CH A *A 2921.0 1.1026 0.459 0.781 0.670 102.65 68.849 3.65 2.05 2 'D + l 25

2824.1 1.1132 0.465 0.668 0.744 83.34 95.199 3.36 2.39 . 2 '5 + 1  25

Li: A 'Su+ 255.46 3.108 0.458 0.00442 0.00541 1.439 1.574 0.84 1.2 2 2 5 + 2  2+

B ‘n„ 269.69 2.936 0.487 0.0127 0.00804 4.24 2.744 0.70 0 .4 2 2 5 + 2  2p

C: A m , 1788.2 1.2660 0.545 0.0264 0.01608 21.09 16.44 6.52 4.5 2 2P+2 'D

1106.6 1.5350 0.579 0.0417 0.0242 48.00 39.26 2.76 0.7 2 *P+2 »P

1855.6 1.2422 0.544 0.0204 0.01832 14.40 14.08 6.67 5.6 2 2P +2 ®P

bm u 1608.3 1.3180 0.554 0.0195 0.01720 13.66 12.14 5.32 4 .6 2 ®P+2 2P

c'Hg 1809.1 1.2730 0.539 0.049 0.0180 20.14 15.81 7.06 5.3 2 'D + 2  '5

CO A m 1515.6 1.2351 0.563 0.0248 0.02229 17.83 17.2505 4.40 3.16 2 «P+2 »P

a' 1230.7 1.3518 0.574 0.0143 0.0187 8.67 11.013 3.16 4.30 2 *P+2 «P

o®n+ 1739.3 1.2093 0.537 0.0195 0.0193 14.20 14.47 6.84 5.18 2 «P+2 2P

CS A 'n 1072.3 1.5732 0.577 0.00996 0.005922 11.46 6.46 4.02 2.4 2 »P+2 «P

N: A ®2„+ 1460.60 1.293 0.591 0.0187 0.01798 13.85 13.851 3.55 3.71 2 *5+2 *5

a m . 1734.42 1.212 0.578 0.0196 0.01794 14.94 15.198 4.97 4.90 2 *5+2 2D

»A„ 1490 1.28 0.590 0.00959 •  • • 6.116 * • * 3.66 4.74 2 *5+2 2D

1693.7» 1.2197» 0.581 0.0164 0.0183» 11.60 13.83» 4.67 6.07» 2 2D+2 2D

c'2u- 15304 1.2704 0.587 0.0139 0.01644 9.497 12.04 3.92 5.924 2 2D+2 2D

y ^ u - 1522 1.276 0.587 0.0152 10.565 12.5 3.93 5.36 2 *5+2 2p

IV 'Au 1548 1.263 0.587 0.0170 • • • 12.34 8± 1 3.94 5.53 2 2D+2 2D

c®n„ 2047.09 1.148 0.563 0.0238 0.01868 20.26 28.446 4.09 4.92 2 2p+2 2D

£ % + 2184.5 1.12 0.556 0.0183 • * • 14.098 # 8.12 8.33 2 *5+ 3 j *P

FHu] 2035.0 1.15 0.562 0.0161 11.879 7.08 8.64 2 *5+x/>* *P

D 2 / ] 2215.0 1.12 0.553 0.0188 14.880 • .  • 8.57 8.02 2 *5+3s *P

Dn«] 1950.0 1.18 0.562 0.0166 12.661 •  • • 6.84 7.4 2 *5+3x *P

2217.0 1.12 0.553 0.0205 » • * 16.598 19 8.58 7.27 2 *5+3s *P

o'n„ 2020.0 1.19 0.550 0.0168 • • • 13.948 32.3 8.19 7.09 2 *5+3x *P

e'2„+ 2180.0 1.12 0.557 0.0171 12.880 • • • 8.04 8.40 2 *5 + 4 f *P

*'2g- 1910.04 1.1684 0.571 0.0160 0.02254 11.888 20 .74 5.96 7.414 2 *5+3^ *P

ym ç 1708.0» 1.16» 0.597 0.0197 12.70 3.69 5.65 2 *5+3x *P
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Table IV {continued)

MoL State We (cm ') r.(A ) a calc
a calc 
(cm~')

a obs 
(cm-i)

%eWe calc 
(cm-')

rCeWe obs 
(cm-')

D, calc 
(ev)

De obs*’ Dissociation 
(ev) products

NO A  *2+ 2374.8 . 1.0637 0.541 0.0211 0.01928 18.05 16.46 10.4 7 .6 2® D +2'5

1036.96 1.448 0.606 0.0121 0.0116 7.990 7.603 2.1 3.3 2®D+2*P

2373.6» 1.0661» 0.540 0.0199 0.0182» 16.77 15.85» 10.5 8.2» 2 *3+3 *5

D2S+ 2323.90' 1.0620' 0.548 0.0256 23.38 23' 9 .4 5.5' 2®D+2'D

0.0166 12.84 or 10.3 or 3 *3+2*5

B 'A 1216.6 1.303 , 0.612 0.0196 0.019 13.26 15.88 2.2 2.7  2*P + 2»P

0: a 'A g 1509.3 1.2155 0.574 0.0171 0.0171 13.01 12.9 4.48 4.24 2»P +2»P

6 % + 1432.69 1.2267 0.582 0.0183 0.01817 13.84 13.9501 3.55 3.58 2 ®P+2»P

B 'Z .- 700.36 1.604 0.629 0.0164 0.011 11.63 8.002 0.96 1.01 2 * P + 2 'D

650.49* 1.597* 0.643 0.0211 0.02055* 15.051 17.036* 0.69 0.67* 2»P + 2*P

0.+ 1035.69 1.'3813 0.610 0.0146 0.01575 9.812 10.39 1.93 2.64 2 *P+2 *3

A  2n„ 900 1.4089 0.629 0.0173 0.01906 10.986 13.4 1.23 1.78 2 *P+2 *3

6 % - 1196.77 1.2795 0.608 0.0194 0.02206 13.574 17.09 2.25 2.54 2 'D +2 *3

10 A 514.57 ' 2.0723 0.656 0.00306 0.00273 5.228 5.52 1.09 1.2 5 zp + 2  'D

X: 75.00 4.235 0.571 0.000495 0'000219 0.6153 0.354 0.336 0.22 4®P+4®3

S: B®s„- 434.0 2.180 0.637 0.00181 0.0018 2.826 2.75 1.24 1.6 3 * P + 3 'D

Si: 271.32 2.663 0.633 0.00148 0.00135 1.772 1.99 0.67 1.0 3 * P + 3 'D

I: 128.0 3.016 0.687 0.000157 0.00017 0.6886 0.834 0.39 0.56 5 *P|+5

“ See reference a, Table I.
See reference b. Table I.

° A. Loftbus, Can. J. Pbys. 34, 780 (1956).
4 A. Loftbus, J. Cbem. Pbys. 25, 494 (1956).
® E . M iescber, Can. J. Pbys. 33, 355 (1955).
' R. F. Barrows and E. Miescber, Proc. Pbys. Soc. (London) 70A, 219 (1957). 
‘ G. Herzberg, Can. J. Pbys. 31, 57 (1953).

accurate value of D e  determined. The corrected D e  

can then be used to determine an improved a ,  then «g 
and %gWg. Calculated values of D e ,  and x ^ e  are listed  
along with the observed values in Table IV . W hen the 
dissociation products are ionic, ( 1) is not valid and 
consequently none of the derived formulas are appli
cable. Generally, however, the ionic states can be 
recognized b y  their very low vibrational frequencies or 
negative anharmonicities. N o known potential function  
is applicable to such states.

ALTERNATIVE FORMS FOR THE FIVE-PARAMETER 
FUNCTION

Expansion of the part of (5) as far as the .
second power of A r  leads to

l + a f { r )  = l — a
h - n r ^ A r«Ar / b ~ n r A (  A r \

(15)

Higher powers of Ar/rg do not affect the relations

between D e ,  B e ,  «g, and XgCOg. The function (5a), as 
has been previously pointed out,^ is not the only func
tion which will yield the above expansion and hence 
lead to Eqs. (6) to (8) .  Some of the alternative forms 
for l+ a / ( r )  are listed below

l-j-a /(r ) =  1—a (6®w/2r)^Ar ex p [— { b h i J l r ' ) ~ ^ A r  (16a) 

=  1—a(5®M/2r) ̂ Ar ex p [— { I F n / l r ^  J^Ar (16b) 

=  l  —  a { ¥ n / 2 r ) ^ A r { r e / r ) ^  ex p [— { ¥ n / 2 r ) ]̂ Ar.

(16c)
Others such as

l+ u / ( r )  = \ — a { ¥ n / 2 r Y A r

X  {1—lo g g [l- f  (6®w/2r)^Ar]l

do not go to the correct lim its and need be considered 
no further. The test of the valid ity  of the functions 
(16a) to (16c) is their ability to reproduce known
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F ig .  1. (a) Potential energy curve of X  state of hydrogen, 
(b) V (r) curve for X  state of Hi at large Ar.
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(b)

potential curves and to allow higher-order vibration- 
rotation energy terms to be predicted. T he latter will 
be discussed in a future publication. In  the present 
paper the capability of the proposed functions to  
reproduce experimental curves, as given b y  the 
R.K.R.V. method, will be examined, and then formulas 
given in the previous section will be applied to 
constructing curves from lim ited data.

CONSTRUCTION OF POTENTIAL CURVES

Experimental curves are known for a considerable 
range of bond lengths for the following:

and B  states of X  ^H,, B  m  of NO"; 
X  12+ of H F"; X  i2 „+, A  »2„+, B  % ,  a  %  states of 
W ;  X m i ,  and A  ^2+ states of OH"; X % +  state of 
Hz" and X  i2 g+ state of /z ."  The m ost com plete curves 
are for the latter two molecules and consequently were

J. T. Vanderslice, E. A. Mason, and W. G. Maisch, J. Chem. 
Phys. 32, 515 (1960).

" J. T. Vanderslice, E. A. Mason, and W. G. Maisch, J. Chem. 
Phys. 31, 738 (1959).

" R. J. Fallon, J. T. Vanderslice, and E. A. Mason, J. Chem. 
Phys. 32, 698 (1960); 33, 944 (1960).

“ R. J. Fallon, I. Tobias, and J. T, Vanderslice, J. Chem. 
Phys. 34, 167 (1961).

IB R. D. Verma, J. Chem. Phys. 32, 738 (1960).
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Fig. 2. Potential energy 
curve of X  state of Ij.

used first, along with that of the X  state of Na, to 
test the proposed functions. V { r )  as given b y (5a) 
consistently gives potentials which are far too small 
for negative values of A r  and values somewhat too high 
for intermediate positive values of A r .  This is shown 
for Na in Table V, where the potentials as given by  
(5a ), (16a), and (16b) are compared with experi
m ental values.^ Equations (16a) and (16b) both yield  
potentials for the ground state of Na which are never 
in error b y more than 2 % over the range of known 
values. Proceeding to Ha the potential curve of the

T a b l e  V. Potential energy of X  state of Na.

Ar

7«=1

F(5a)

.0976 A 

F (16a)

wj =  2358.07 cm ^

F (16b) F[R.K.R.V.]

—0.3 5.912 ev 14.708 ev 13.557 ev

- 0 .2 2.590 4.907 4.792 4.96 ev

- 0 .1 0.675 0.931 0.929 0.935

0.1 0.572 0.560 0.568 0.57

0.2 1.895 1.794 1.810 1.77

0.4 5.278 4.542 4.716 4.59

0.6 6.559 6.996

1.0 9.589 8.219 9.073

2.0 9.311 9.861

ground state has already been evaluated using (5)® an- 
the results were similar to those of Na. Clearly this 
function need no longer be considered. For large values 
of Ar, (16b) is much superior to (16a) (see Table VI). 
A comparison of observed curves with that calculated 
using (16b) is shown in Figs. 1 and 2. Good agreement 
for large values of Ar is also obtained for the X  

state of iodine usmg (16b), though the potential curve 
is 2 to 3 % low for values of Ar, for which V  (r) 
(Table V I I ) . I t  should be noted that Verm a’s curve for 
f  ̂ >84 is not com pletely reliable as it is based on an 
extrapolation procedure for estim ating rmin. This was 
necessary due to lack of data on B y  and a ^ .  Also Verma’s 
Fqs. (17) and (18) are in e r r o r T h e se  results and the 
sim plicity of (1 6 b ), as far as computing curves are con
cerned, have led the authors to adopt this form for the 
five-parameter function until more reasonably com
plete experimental potential curves are available on 
which to test the functions. A detailed comparison of 
the simple function, the complex function as defined by 
(16b) and functions proposed b y other authors is now 
in progress.

CONSTRUCTION OF POTENTIAL CURVES FROM 
LIMITED DATA

As has already been shown, the parameter a  can be 
estim ated for any bound nonionic state of any diatomic 
molecule for which cog and r g  are known. From this, an 
approximate value for the dissociation energy can be
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Table VI. Potential energy curve of X  ̂ 2,+ state of Hj.
o '

V  V  [Dunham 3
Af V  (16a) V  (16b) [R.K.R.V.] and Lynn]

- 0 .3  3.4585 ev 3.2066 ev 3.50 ev o
3

- 0 .2  1.1437 1.1250 1.13

-0 .1 5  0.5654 0.5620 0.595

-0 .1  0.2232 0.2229 0.202

0.1 0.1480 0.1481 0.147

0.2 0.4895 0.4928 0.496
o

0.3 0.9165 0.9271 0.905 0

0.4 1.3679 1.3957 1.373

0.6 2.2150 2.3022 2.260

1.0 3.3854 3.6093 3.622 Ô

1.2544 3.8093 4.0877 4.1309

1.6331 4.1596 4.4665 4.5217 CS
2.0 4.3299 4.6267 4.670 3

2.5418 4.4609 4.7136 4.7289

3.49 4.5575 4.7430 4.744 ev Q
4.55 4.6193 4.47594 4.74595

% 3
°

D«=4.7462 ev a)« =  4400.39 cm * r« = 0.74173 A Ê
É.in
"o d

obtained. Assuming that the dissociation energy of the 1

ground state D g { x )  and the electronic excitation energy t
g

T g  are known, the atom ic excitation energy A' of the
dissociation products of the excited state is then given ■BC

d
1

by the relation.
cS

T g - ^ D g * = D g ( x ) + A ' .  (17) a
This relation has been discussed in reference 7. Com-

> d
1

<
Table VII. Potential energy curve of X  2̂̂ + state of L. H

Ar V  (16b) V  obs
e

- 0 .3 0.7987 ev 0.759 ev
- 0 .2 0.3012 0.291 3
- 0 .1 0.0633 0.061 Q

0.1 0.0460 0.044
0.2 0.1562 0.160 I s
0.4 0.4653 0.484 s i
0.6 0.7810 0.811

.2 Ao
1.0 1.2128 1.242
2 .0 ' 1.4979 1.510 1
2.895 1.5438 1.5406

3.342 1.5512 1.5468
3.854 1.5546 1.5508
4.155 1.5556 1.5524

2
2in

D,= 1.5570 ev to, =  214.518 cm * r«=2.668 A
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parison of the calculated A' with the possible atom ic 
excitation energies of the dissociation products will 
usually allow the states of the dissociated atoms to be 
determined unambiguously. Using the corrected value 
of A', a more accurate value of the dissociation energy 
of the excited state can then be deduced. Since 6 is a 
known constant no further information is necessary to 
construct the potential curve using (5 b ) . The parameter 
n  is computed from n  =  k e r e / D e .

The published data on have been analyzed in
this manner and potential curves constructed for all 
known states which do not dissociate to ionic products

" R. S. Mulliken, Laboratory of Molecular Structure and 
Spectra, University of Chicago, Tech. Rept., 1956, p. 189.

“ G. H. Dieke and D. F. Heath, J. Chem. Phys. 3 3 , 432 (I960).
" G. H. Dieke and D. F. Heath, Johns Hopkins Spectroscopic 

Rept. No. 17, Baltimore, Maryland (1959).

(see Table V III and Fig. 3 ) . An inherent assumption 
in this approach is that the states concerned retain the 
same character over aU range of bond lengths, that is, 
that they are not seriously disturbed b y other states 
over any given range of bond lengths. N ot in all cases 
could the dissociation products of Ng be unambiguously 
determined on account of the large number of atomic 
excitation energies near to 12 ev. In  the majority of 
such cases the products as assigned b y  Mulliken^^ were 
accepted as correct. Only two states deserve comment. 
The dissociation energy of the co ^A„ state as derived 
from the empirical a  rules is 3.94 ev, whereas that 
derived from the simple potential function using the 
observed anharmonicity of cm~^ is 7.5 ev. «« is 
known to a much higher precision than for this 
state. Calculating from a e  b y  (9) leads to a value
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of 11.92 cm“  ̂ for and 4.91 ev for This is in 
excellent agreement with the dissociation energy based 
on the dissociation products being 2^D +2-D .

The state arising from ground state atom s is 
suggested^" to have a bond length of about 1.6 A and a 
vibrational frequency of ~ 1 2  cm~h These values lead 
to an impossibly low dissociation energy. Equating (13) 
and (14) and using the known and the above value 
for f e  leads to Wg=469 cm~h Clearly more reliable data 
are needed before an accurate curve can be constructed 
by this method.

The calculated potential curves agree well with the 
R.K.R.V. curves where these are available. For ex
ample, Eq. ( 16b) gives values of V (r) which are rarely 
more than 2 % in error for the ground states of I,, Hg, 
and Ng. The discrepancy is somewhat larger for the 
C state. This is of interest as this state is strongly  
disturbed by another ®IIu state, suggesting that the 
discrepancy is a consequence of this perturbation.

CONCLUSION

On the basis of the observed dependence of a  on the 
position of the element in the periodic table for the 
function (1) in the form (5a) or (5b ), the first-order 
anharmonic corrections to the potential and a e  

have been calculated from the vibrational frequencies 
and bond lengths. This allows the potential curves for 
the ground states to be evaluated. The potential func
tion as defined by (5b ), in conjunction with the 
simplification resulting from the above, lead to sur
prisingly accurate potential curves for ground states 
and excited states. Since in general the anharmonicity 
and/or the vibrational-rotational coupling constant are

“ C. M. Herzfeld and H. P. Broida, Phys. Rev. 101, 606 (1956).

not weU known— if known at all— this technique should 
be of considerable value when other information is not 
available and a knowledge of potential curves is 
desirable.

Such curves are not readily calculated from first 
principles. The difficulty of calculating potential curves 
is well illustrated b y  the recent work of Kolos and 
Roothaan.2^ Using 50-term wave functions and a S.C.F. 
procedure, the potential curve was calculated for values 
of r  from 0.423 to 2.22 A. For small internuclear dis
placements from equilibrium the calculated curve 
agrees extrem ely well with the experimental. However, 
for r >  1.6 A  the calculated curve deviates seriously from 
the R .K .R .V . curve (see Fig. 1). This is because the 
wave functions are a power series in r ,  and cannot 
behave properly for large values of r .

The excellent agreement between the calculated and 
experimental curves as defined by the R .K .R .V . 
m ethod especially for hydrogen and iodine, even for 
large internuclear separations is indicative of the 
nature of the interatomic forces. The dissociation  
products for Ig are 5^P|-l-5^Pj while for Hg they are 
1^5'+U'S'. I t  is interesting that this agreement appears 
to hold for the states of separated atoms which have 
and do not have quadrupole moments since the long- 
range interaction potential is often believed to be 
different for the two cases. An improved R .K .R .V . 
curve for Ig at large internuclear separations would be 
of considerable value in this connection.
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INTRODUCTION

A  KNOW LEDGE of internuclear potential curves 
is of fundamental importance in a wide variety  

of fields ranging from gas kinetics to stellar structure. 
In particular, the recent increased interest in astro- 
physical problems has emphasized the need for accurate 
potential curves governing the interaction of two atoms 
in either their ground or excited states, i.e., the potential 
curves for the different electronic states of diatomic 
molecules. The interaction potential arises, for various 
nuclear separations, from the change in interaction  
of all the charged particles in the system  from those 
existing at infinite separations of one or more of the 
atoms from the remainder of the system . For a diatomic 
system, the energy levels are determined from^

(1)

where i î„  and i î .  depend, respectively, on nuclear
coordinates alone, and electronic coordinates alone and 
are given by

r , , . ,  (2)

(3)

where F„„, and Fee are the internuclear, nuclear- 
electron, and electron-electron-potential operators, 
respectively.

If the Born-Oppenheimer approximation is valid  
' ^ = P n 4 ' e  and

Ê e p e  =  E e p e ,  (4)
then,

=  (5)

Here, depends only on the nuclear coordinates. E e  is 
the electronic energy which is a function of the inter
nuclear distance r. According to Eq. (5), the potential- 
energy term appearing in the H am iltonian for the 
nuclear motion is just the sum of E e  and Fnn. The
problem of solving Eq. (4) for E e  is a highly complex

nm research was supported in part by the Army Research 
tuœ, U, S. Army, and in part by the Office of Naval Research. 

TT address: University College of Swansea, Wales,
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one, incapable of exact solution at the present stage 
of m athem atical advancem ent, except for the simple, 
triparticle system s E ^ ,  etc. The difificulties are well 
exemplified by the calculations of Kolos and Roothaan® 
on the and states of the hydrogen molecule.
To calculate E e  for the state by a self-consistent- 
field procedure, 40- and 50-term w ave functions were 
used. Excellent agreement with curves from experi
m ental data was obtained at small displacements of 
the nuclei from the equilibrium position r«. However, 
at bondlengths greater than 1.0 A, deviations occurred 
despite the com plexity of the wave function used.® The 
reason, in this case, is that the wave functions are of 
the polynom ial type which requires more and more 
terms, for increasing r ,  to approach the correct asym p
totic form. Their results on the state are not in
as good agreement with the curve obtained from  
experimental data as in the case of the state, but
here only a 34-term wave function was used. Actually, 
the Kolos and Roothaan curves are in remarkably good 
agreement with the curves based on experimental 
data near r = t e  and offer some hope that accurate 
calculated curves will soon be forthcoming for simple 
system s.

As the number of particles increases, however, the 
difificulties m ount extrem ely quickly. A t present, there 
does not seem to be much hope of obtaining accurate 
curves except for the simplest of system s. Furthermore, 
as the interacting atoms become more complicated, the 
number of electronic states arising from their interaction  
increases rapidly, thus compounding the difficulties.

Clearly, alternative procedures for obtaining potential 
curves are desirable, indeed essential at the present 
time. Potential curves for diatom ic system s fall m ainly  
into two categories, ones with appreciable minima 
(bound states) and ones wffiich exhibit a very shallow  
minimum or none at all (repulsive states) ; we are 
concerned with the former. Three general methods 
exist for obtaining curves for the bound states of 
diatomic molecules. The first and perhaps m ost satis

J. Walter, and G. E. Kimball, Quantum Chemistry 
Uohn Wiley & Sons, Inc., New York, 1944), p. 190-192.

* W. Kolos and C. C. J. Roothan, Revs. Modern Phys. 32, 219
(1960).

®I. Tobias and J. T. Vanderslice, J. Chem. Phys. 35, 1852
(1961).
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factory of these is the calculation of the curve from the 
experimental energy levels using the m ethod of Rydberg, 
Klein, and Rees (RKR).^“® This is a W KB method  
where one starts with the observed-energy levels E  

and from these calculates the maximum and minimum  
points of the vibration. Since this is a W KB method, 
one m ight expect this to be som ewhat in error near r̂ . 
However, the results near the minimum agree with  
the curve calculated by the Dunham  procedure which 
is known to be accurate in this region.® Indeed, Jarmain® 
has shown that the two are equivalent for the lower- 
vibrational-energy levels. One major disadvantage of 
the R K R  method is that the potential curve can be 
constructed only in the region for which sufficient 
spectroscopic data exist. For this reason, other reliable 
techniques m ust be found.

The second general m ethod is due to Dunham.® H e 
used the W KB method to show that the energy levels 
have the form

(6)

where I  and j  are summation indices and v  and J  are 
the vibrational and rotational numbers, respectively, 
and where the Y u  are coefficients which can be deter
mined from the experimental rotational and vibrational 
levels. Here, the energy zero is taken at the minimum  
of the potential curve. If the potential is assumed to be 
of the form

/A r \2 r  /A r \  /Ar\® /Ar\® q
+ = { - )  +••• j

r  Ar /Ar\® /Ar\® 1+BeJ(/+l) 1 — 2 h3̂—/ ~~̂\—y ̂  J’
where A r = r —fe, then the a ,’s can be related to the 
F i/s . Since the F ;/s  are determined from the experi
mental data, the potential function based on this 
data can be determined from Eq. (7). The m ost serious 
drawback of the .Dunham  m ethod is that it  diverges 
as the energy approaches the dissociation lim it and, 
hence, m ust be used with care at the higher-vibrational 
levels.

The third general m ethod is based on empirical 
potential functions. The assumption is made that all 
bonding-potential curves can be fitted to a certain form  
of algebraic expression when the parameters in the 
expression are evaluated from the known spectroscopic 
constants. Num erous attem pts to find suitable functions 
have been made. The parameters of these proposed

*R. Rydberg, Z. Physik 73, 376 (1931); 80, 514 (1933).
® O. Klein, Z. Physik 76, 221 (1932).
® A. L. G. Rees, Proc. Phys. Soc. (London) 59, 998 (1947).
® J. T. Vanderslice, E. A. Mason, W. G. Maisch, and E. R. 

Lippincott, J. Mol. Spectroscopy 3, 17 (1959); 5, 83 (1960).
® W. R. Jarmain, Can. J. Phys. 38, 217 (1960).
* J. L. Dunham, Phys. Rev. 41, 713, 721 (1932).

functions can be related to the spectroscopic constants 
and also to the dissociation energy. For example, tlie 
vibrational frequency co« and the dissociation energy 
D e  are given by the classical expressions

V "  ( f e )  = k e  =  47T®C®W 

V { r e )  —  V ( ^ ) = D e  (8)

and these enable one to determine two parameters in the 
assumed-potential expression. B y  solving the Schro
dinger equation with the assumed form for F(r), the 
other parameters in the expression can be related to the 
higher-order spectroscopic constants. The whole pro
cedure of relating the parameters in the assumed- 
potential expression is greatly simplified by expanding 
the assumed potential and putting it in the form given 
by Eq. (7). Then, the parameters are given directly in 
terms of the Y i / s  as determined by the Dunham 
method.® However, since the fit of all potential curves 
to  a given algebraic expression m ust be considered as 
approximate, the only useful parameters are the 
harmonic and the first-order correction terms. This 
lim its the number of paramters in the function to five 
for them  to be determinate. Therefore, if the potential 
function contains fewer than five parameters, internal 
relationships among the spectroscopic constants exist.

The performance of a given function in correlation of 
these spectroscopic constants m ay be used as a first 
criterion for reliability of the function. Varshni^® has ex
amined a selection of the better known three-parameter 
functions on this basis, expressing the results graphically 
b y plotting G =  { ^ e X e / B f )  and F =  { p t ^ e / ( > B f )  against 
A = { k e r f / 2 D e )  and comparing with the experimental 
plots.

A far more stringent test of an empirical potential 
function lies in the comparison of the V (r) vs r  depend
ence with the curves for the different states of different 
molecules as determined from either the R K R  or the 
Dunham  m ethod. The only published work known to 
the authors in which this has been done is the original 
work of Rydberg^ and the work of Vanderslice e t  a l .  on 
the ground state of the hydrogen molecule.®

In view  of the considerable importance o f  the 
empirical functions in supplementing curves ob tained  
from the R K R  and Dunham  m ethods, and in view of 
the fact that for m any highly excited states of diatom ic 
molecules, it  is the only w ay at present of ob ta in ing  
anywhere near reliable potential curves, a sy s tem a tic  
and thorough comparison of a number of the better- 
known and more widely used functions is believed to 
be useful. Two criteria exist for testing the validity of 
a given expression, as indicated in  the foregoing. The 
first is the testing of internal correlations resulting from 
the use of less than five parameters in a function , 
Although Varshni^® has carried out fairly extensive 
comparisons of this nature, a quantitative reassessment 
in terms of average percent deviation is felt to be a

“ Y. P. Varshni, Revs. Modern Phys. 29, 664 (1957).
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very useful addition to the problem. This is a strict 
test of the valid ity of the function close to the equi
librium configuration, but good results here do not 
necessarily mean that the function accurately represents 
the potential at small or large internuclear distances.

The second criterion is a comparison of the calculated 
curves with those given by the R K R  method. Although  
the basic procedure, as enunciated by Rydberg,^ was 
published in 1931, no extensive comparisons have been 
made. The quantity of experimental data now available 
is considerable, thus allowing for such comparisons. 
This is a more thorough and satisfying test of the 
long-range valid ity of the function.

The choice of ground states and excited states of 
diatomic molecules for which a test of this second 
criterion m ay be carried out is of necessity lim ited to 
molecules to which the R K R  method has been applied. 
The following 19 examples are used in this comparative 
study. These are; the state of H g / the
state of Ig the X^2 p+, yl®2 „+, a P E g ,  and states 
of Ng d® the X®2 g-, J9®2u-, and ^®2 „+ states of Og/® 
the X*2 +, d ? A ,  A ^ U ,  e®2 ~, and a'®2 + states of CO 
the X®II) and B ~ T 1  states of NO/® the X®n< and ^®2+ 
states of OH and the X^2+ states of HF.^®

EMPIRICAL FUNCTIONS FOR 
COMPARATIVE STUDY

Since Varshni^® has given a discussion of the different 
empirical potential functions as well as of the criteria 
which should be satisfied by the functions, we emphasize 
only a few salient points.

Most of the proposed potential functions have been 
given in closed analytical form and m ake use of three 
parameters. Four- and five- parameter functions have 
also been proposed which usually are extensions of 
known three-parameter functions. All parameters m ust 
be evaluated in terms of known spectroscopic constants. 
Three-parameter functions can be evaluated by the 
quantities : equilibrium-bond length vibrational 
frequency for zero displacement of the nuclei and 
bond-dissociation energy from the bottom  of the 
potential curve D e .  The first tŵ o of these quantities 
are usually known if the state in question has been 
studied experimentally whereas the third D e  m ay or 
may not be well known, in which case a three-parameter 
function cannot be used to construct the potential curve 
unless a reasonably reliable m ethod is available for 
predicting D e  from interrelations among the spectro

" R. D. Verma, J. Chem. Phys. 32, 738 (1960).
“ J- T. Vanderslice, E. A. Mason, and E. R. Lippincott, J. 

Chem. Phys. 30, 129 (1959).
“ J- T. Vanderslice, E. A. Mason, and W. G. Maisch, T. Chem. 

Phys. 32, 515 (I960); 33, 614 (1960).
“ I. Tobias, R. J. Fallon, and J. T. Vanderslice, J. Chem. Phys.

33,1638 (1960).
“ J- T. Vanderslice, E. A. Mason, and W. G. Maisch, J. Chem. 

Phys. 31, 738 (1959).
„ R-J- Fallon, I. Tobias, and J. T. Vanderslice, J. Chem. Phys. 
o4, 167 (1961).

" R- J- Fallon, J. T. Vanderslice, and E. A. Mason, J. Chem. 
Phys.L32, 698 (1960); 33, 944 (1960).

scopic constants. This has been done with varying  
degrees of success for some of the proposed functions.

Five-parameter functions m ust be evaluated with the 
aid of two additional spectroscopic quantities. They  
usually are taken as the vibrational anharmonicity 
W g X e  and the vibrational rotational-coupling constant 
a e .  These quantities are usually not as well known for a 
given state as f e  and and, unless a state has been  
extensively studied spectroscopically, they m ay be 
unknown or known only with rather doubtful accuracy.

For three-parameter functions, conditions (8) along 
with

((fF/dr)r.=0 (9)

are used with and D e  to compute the three
parameters. The higher derivatives (d®F/dr®)r, and 
{ P V I d i A ) T ^  can then be used to predict or correlate the 
quantities and a e .  For five-parameter functions, the 
higher derivatives m ust be used along with and a* 
to compute the parameters of the function.

In  order to demonstrate the relation of the various 
spectroscopic constants used in describing the observed 
energy levels of a nonrigid, rotating, anharmonic 
oscillator to the parameters of any empirical function  
which m ay be expanded in a power series in (r—r«), 
it  is sufficient to use the m ethod of Dunham.® If 
is sufficiently small, which is the usual case, with the 
possible exception of hydrides, the F^/s in Eq, (6) are 
related to the experimentally determined, molecular 
constants as follows :

Fio =  COe F g o =— Fao^We^e F40 =  W«2«

Y  0 1 =  B e  F i i = —«e F g i= 7 s  . (10)

Y  0 2 = — D e  Y n  =  ̂ e

Y o z = H e

Here, the experimentally determined, molecular levels 
are given by

-Ep7- =  a>e(z)-|-|) — We.Te(î)-|-5)®-|-C0ey e(î;-|-|)®
-|-W gZg(% i-{-^)'*-|- '  • • - J - B g / ( / - | - l )  — D g / ® ( / - ( - l ) ®

+ H „ 7 ® (/+ 1 )® + --- ,  (11)

with =  Q:e(î;-|-|)-f7 e(î'+§)® and B e = h / 8 T r u r e ^ .

D unham ’s method shows that

Wg®=4uoBg or D e = a o / à (12)

U e X e =  (B g/2)[3(ag—5ai®/4)]
or G =12(flg -5a i® /4) (13)

0 1 e y e =  (Bg®/2cOg) [10U4— 35^1^3— 17 (flg®/2)
+  (225ai® flg/4)-705aiV 32] (14)

—0!e= (Bg®/c0g)[6 ( H - a i ) ]  or F = l - Y a i (15)

7 e =  (6 B g ® / Wg®) []5 -t- l O a i — 3 a g -{ -5 a 3 —  1 3 a iO g

+  15(ai®+ai®)/2] (16)

Dg=(4^g®/w.®), (17)
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T a b l e  II. Molecular constants used in calculations.*

Molecule State u, (cm 1) r. (^) Be (cm 1) utXt (cm u at (cm U D» (ev)

H2 X iS / 4400.39 0.74173 60.8407 120.815 3.0177 4.7467
I2 214.518 2.668 0.03734 0.6127 1.208X10-4 1.5571
N; 2358.07 1.0976 1.9987 14.188 0.0171 9.902

1460.60 1.2867 1.4545 13.851 0.01798 3.690
1693.7 1.2197 1.6181 13.825 0.0183 6.07

B m , 1735.42 1.2128 1.6375 15.198 0.01794 4.90
O2 1580.36 1.20740 1.44566 12.0730 0.01579 5.2129

700.36 1.604 0.819 8.0023 0.011 1.005
801.0 1.5183 0.9142 13.81 0.0165 0.8239

CO 2169.829 1.12822 1.9312 13.295 0.0175 11.245
#A 1137.79 1.3770 1.296 7.624 0.0171 3.516
A m 1515.61 1.2351 1.6116 17.2505 0.02229 3.175
e^S- 1093.99 1.3933 1.2663 9.578 0.0179 3.147
a'3S+ 1230.65 1.3518 1.3453 11.0130 0.01872 4.324

NO 1904.03 1.1590 1.6809 13.97 0.0174 6.609
B m 1036.96 1.4176 1.1226 7.603 0.0121 ' 3.29

OH x m i 3734.09 0.9705 18.867 82.665 0.708 4.624
44%+ 3203.28 1.0117 17.358 113.85 0.7868 2.53

HF 4137.25 0.91717 20.946 88.726 0.7888 6.114

» These constants are consistent w ith  th e data used in  the calculation of the experim ental-potential curves by the R K R  m ethod. T h e references to  the  
original data are g iven  in  references (7), (1 1 )-(1 7 ).

where, following V a r s h n i ,w e  define

F  — G=8(j}eXe/Be (18)

and ù i = k e r ^ l 2 D e .  Additional relations are available 
relating higher-order terms.

By expanding any proposed function in a power 
series of the form of (7), one has a convenient method  
of relating the parameters of the function to the known, 
spectroscopic constants. Also, it  is convenient to  
use Eqs. (12) to  (17) to evaluate any additional 
spectroscopic quantities not used in determining the 
parameters.

We have chosen nine empirical functions for this 
comparative study of internuclear potentials. Each  
function is evaluated for its ability to reproduce the 
potential curve as determined by the R K R  m ethod and 
for its ability to predict WgAig and a e  or other spectro
scopic quantities such as bond-dissociation energy. 
After careful consideration of all proposed functions 
known to us, we have selected the following for con
sideration: Morse^®; Hulburt-Hirschfelder^® ; Rosen- 
Morse^°; Rydberg^; Poschl-Teller^^; Linnett^^; Frost- 
Musulin^®; Varshni^®; and Lippincott.^'^^® Several

‘“P. M. Morse, Phys Rev. 34, 57 (1929).
" H. M. Hulburt and J. 0 . Hirschfelder, J. Chem. Phys. 9, 

61 (1941).
*N. Rosen and P. M. Morse, Phys. Rev. 42, 210 (1932).

G. Poschl and E. TeUer, Z. Physik 83, 143 (1933).
(1942)^' Faraday Soc. 36, 1123 (1940); 38, 1

“ A. A. Frost and B. Musulin, J. Chem. Phys. 22, 1017 (1954); 
J. Am. Chem. Soc. 76, 2045 (1954).

E. R. Lippincott, J. Chem. Phys. 21, 2070 (1953).
R. Lippincott and R. Schroeder, J. Chem. Phys. 23, 1131 
L)Am. Chem. Soc. 78, 5171 (1956); J. Phys. Chem. 61,

„ “ E. R. Lippincott and M. 0 . Dayhoff, Spectrochim. Acta 16, 
807 (1960); E. R. Lippincott, J. Chem. Phys. 26, 1678 (1957).

’ E. R. Lippincott, D. Steele, and P. Caldwell, J. Chem. Phys. 
35, 123 (1961).

Steele and E. R. Lippincott, J. Chem. Phys. 35, 2065
(1961).

factors affected this selection, including : known  
performance, form of the function, abihty to correlate 
spectroscopic quantities, number of parameters, etc. 
The selection covers a suhaciently wide range of types  
so as to make an effective comparative study of 
empirical potential functions.

Table I  summarizes the necessary information on 
these potential functions. The relations between the  
parameters and the spectroscopic constants were 
obtained from Eqs. (8) and (9). The predicted expres
sions for a e  and o o g X e  for each potential function were 
obtained from Eqs. (12) to (17). The results in Table I  
agree with those of Varshni^" except for the Linnett 
and Lippincott functions.®®

Varshni^® has proposed a number of functions for 
consideration as empirical internuclear potentials. We 
have used his I II  function in the comparison study here 
since it appears to be the best over-all function of 
those he proposed.^®

The spectroscopic data needed for the evaluation of 
the parameters of the potential curves are given in 
Table II.

RESULTS

The results of this comparative study are shown in 
Tables I I I  to X X IV . Tables I II  to X X I  show the 
comparison between tlie R K R  and various empirical 
potential curves for all tlie molecular states considered. 
Tables X X I I  and X X I I I  give a comparison between  
the calculated and observed values of U e X e  and 
for the various functions. Table X X IV  gives a summary 
of the results showing the average percent errors from  
the experimental values for and a , and the average 
percent error for the quantity (| F — FRKRl)/L>e for

" Varshni’s expressions for a* in the case of the Linnett and 
Lippincott functions differ from the ones given above. Varshni 
(private communication) agrees that the above expressions are 
the correct ones. [See also Revs. Modern Phys. 31, 839 (1959)1.
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T a b l e  III. Results of potential-curve calculations for state of Hz.*

f  (A) RKR (ev) Morse
Hulburt-

Hirschfelder Rydberg
Poschl-
TeUer Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

0.4109 4.729 3.868 4.652 3.680 4.854 6.918 5.787 3.189 4.187 4.946
0.4319 3.880 3.243 3.823 3.097 3.950 4.745 4.629 2.721 3.498 4.038
0.4597 2.935 2.533 2.913 2.435 2.982 3.930 3.421 2.172 2.716 3.054
0.5088 1.730 1.558 1.724 1.508 1.745 2.154 1.938 1.384 1.648 1.790
0.6337 0.269 0.259 0.268 0.256 0.269 0.291 0.279 0.248 0.264 0.272
0.8833 0.269 0.275 0.270 0.279 0.269 0.250 0.261 0.287 0.273 0.264
1.2186 1.730 1.734 1.724 1.790 1.687 1.450 1.608 1.869 1.757 1.608
1.5148 2.935 2.870 2.902 2.975 2.815 2.395 2.721 3.084 2.959 2.667
1.8524 3.880 3.715 3.782 3.838 3.672 3.183 3.628 3.924 3.846 3.500
2.3748 4.522 4.358 4.413 4.454 4.339 3.931 4.371 4.489 4.467 4.205
2.2835 4.729 4.679 4.690 4.712 - 4.676 4.491 4.712 4.714 4.714 4.626
4.23 4.745 4.736 4.737 4.743 4.735 4.673 4.745 4.743 4.743 4.722
6.35 4.747 4.747 4.747 4.747 4.747 4.744 4.747 4.747 4.747 4.747

* T h e energies given in T ables I I I -X X I  are in  ev .

T a b l e  IV. Results of potential- curve calculations for state of Iz.

Hulburt- Poschl- Rosen- Frost-
r (A) RKR (ev) Morse Hirschfelder Rydberg Teller Linnett Varshni Morse Lippincott Musulin

2.288 1.500-1.556 1.637 1.521 1.548 1.634 1.285 1.458 1.603 1.451 1.593
2.292 1.493 1.589 1.475 1.504 1.587 1.251 1.417 1.561 1.412 1.545
2.309 1.245 1.399 1.297 1.328 1.398 1.114 1.256 1.372 1.255 1.363
2.336 0.977 1.131 1.048 1.080 1.130 0.919 1.027 1.107 1.029 1.105
2.423 0.465 0.517 0.482 0.500 0.517 0.446 0.483 0.503 0.487 0.507
3.056 0.465 0.411 0.452 0.422 0.411 0.506 0.436 0.404 0.445 0.417
3.389 0.977 0.848 0.951 0.879 0.848 1.204 0.914 0.840 0.945 0.866
3.671 1.245 1.111 1.231 1.151 1.111 1.732 1.194 1.104 1.216 1.135
4.448 1.493 1.445 1.501 1.475 1.445 2.598 1.502 1.438 1.474 1.464
6.522 1.551 1.555 1.555 1.556 1.555 2.602 1.557 1.55 1.555 1.556
8.814 1.556 1.557 1.557 1.557 1.557 2.106 1.557 1.55 1.557 1.557

T a b l e  V. Results of potential-curve calculations for state of Nz.

r (A) RKR (ev) Morse
Hulburt- 

Hirschf elder Rydberg
Posclil-
Teller Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

0.896 5.021 5.128 4.925 4.926 5.166 5.181 4.801 4.950 4.854 5.207
0.919 3.865 3.764 3.624 3.634 3.784 3.791 3.551 3.673 3.597 3.809
0.942 2.618 2.673 2.582 2.595 2.685 2.684 2.543 2.618 2.576 2.704
0.983 1.280 1.290 1.256 1.263 1.294 1.289 1.244 1.272 1.258 1.302
1.027 0.435 0.433 0.426 • 0.427 0.434 0.431 0.424 0.432 0.426 0.429
1.185 0.435 0.434 0.443 0.439 0.435 0.436 0.445 0.432 0.444 0.430
1.261 1.280 1.252 1.297 1.277 1.251 1.267 1.305 1.267 1.303 1.245
1.358 2.618 2.510 2.639 2.580 2.507 2.573 2.662 2.559 2.678 2.503
1.447 3.865 3.675 :L893 3.795 3.671 3.811 3.941 3.740 3.988 3.668
1.528 5.021 4.656 4.949 4.820 4.651 4.883 5.025 4.742 5.102 4.653

T a b l e  VI. Results of potential-curve calculations for the A '̂Eu'  ̂ state of Nz.

f  (A) RKR (ev) Morse
Hulburt- 

Hirschf elder Rydberg
Poschl-
Teller Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

1.046 2.257 3.181 2.968 3.023 3.194 2.973 2.878 3.066 2.910 3.178
1.089 1.564 1.886 1.772 1.813 1.892 1.780 1.741 1.838 1.771 1.884
1.145 0.780 0.822 0.783 0.800 0.824 0.784 0.778 0.804 0.791 0.821
1.203 0.268 0.243 0.236 0.239 0.244 0.235 0.236 0.233 0.238 0.242
1.405 0.268 0.281 0.291 0.285 0.280 0.291 0.291 0.286 0.290 0.279
1.503 0.780 0.733 0.778 0.752 0.733 0.784 0.775 0.745 0.779 0.736
1.633 1.564 1.379 1.486 1.424 1.378 1.533 1.483 1.399 1.507 1.389
1.756 2.257 1.924 2.082 1.994 1.923 2.210 2.086 1.950 2.129 1.942
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TABLE VII. Results of potential-curve calculations for â IIg state of Nz.
= = — -----

Hulburt- Poschl- Rosen- Frost-
f (A) RKR (ev) Morse Hirschfelder Rydberg Teller Linnett Varshni Morse Lippincott Musulin

1.013 2.686 2.69 2.70 2.59 2.70 2.69 2.52 2.61 2.55 2.72
1.036 2.016 2.00 2.00 1.93 2.00 1.99 1.89 1.95 1.91 2.02
1.077 1.103 1.08 1.08 1.06 1.09 1.08 1.04 1.07 1.05 1.09
1.139 0.311 0.30 0.29 0.29 0.30 0.30 0.29 0.30 0.29 0.30
1.325 0.311 0.32 0.32 0.32 0.32 0.32 0.33 0.33 0.33 0.32
1.445 1.103 1.10 1.11 1.13 1.10 1.13 1.16 1.13 1.16 1.10
1.564 2.016 1.99 2.01 2.05 1.99 2.07 2.13 2.03 2.15 1.99
1.655 2.686 2.63 2.67 2.72 2.63 2.77 2.84 2.69 2.88 2.63

T a b l e  VTII. Results of potential-curve calculations for state of Nz.

Hulburt- Poscbl- Rosen- Frost-
r(A) RKR (ev) Morse Hirschfelder Rydberg TeUer Linnett Varshni Morse Lippincott Musulin

0.983 3.500 4.05 3.65 3.85 4.07 3.84 3.67 3.89 3.72 4.06
1.006 2.738 3.05 2.78 2.92 3.06 2.91 2.80 2.94 2.85 3.05
1.037 1.880 2.01 1.85 1.94 2.01 1.92 1.87 1.95 1.90 2.00
1.082 0.932 0.97 0.92 0.95 0.97 0.94 0.92 0.95 0.94 0.97
1.132 0.319 0.32 0.31 0.31 0.32 0.32 0.31 0.32 0.31 0.32
1.316 0.319 0.31 0.32 0.32 0.31 0.32 0.32 0.32 0.32 0.31
1.409 0.932 0.88 0.93 0.90 0.88 0.93 0.93 0.90 0.93 0.88
1.531 1.880 1.71 1.84 1.77 1.71 1.87 1.84 1.74 1.87 1.72
1.644 2.738 2.42 2.61 2.51 2.42 2.73 2.62 2.46 2.67 2.44
1.760 3.500 3.02 3.25 3.14 3.02 3.49 3.28 3.06 3.34 3.05

T a b l e  IX. Results of potential-curve calculations for X ' ^ f  state of Oz.

Hulburt- Poschl- Rosen- Frost-
r(A) RKR (ev) Morse Hirschf elder Rydberg TeUer Linnett Varshni Morse Lippincott Musulin

0.979 3.551 3.623 3.590 3.461 3.642 3.570 3.330 3.483 3.371 3.656
1.022 2.063 2.108 2.076 2.034 2.114 2.085 1.972 2.037 2.004 2.121
1.067 1.034 1.063 1.046 1.037 1.066 1.067 1.013 1.037 1.028 1.068
1.158 0.098 0.108 0.101 0.102 0.102 0.119 0.101 0.094 0.102 0.104
1.262 0.098 0.095 0.096 0.096 0.094 0.110 0.095 0.094 0.096 0.095
1.422 1.034 0.983 1.021 1.007 0.982 1.035 1.036 0.994 1.039 0.984
1.556 2.063 1.900 2.001 1.961 1.898 2.040 2.040 1.929 2.067 1.905
1.662 2.844 2.561 2.711 2.652 2.559 2.800 2.771 2.600 2.820 2.573
1.768 3.551 3.125 3.310 3.240 3.123 3.476 3.392 3.171 3.447 3.143

T a b l e  X. Results of potential-curve calculations for state of Oz.

Hulburt- Poschl- Rosen- Frost-
r(A) RKR (ev) Morse Hirscbfelder Rydberg Teller Linnett Varshni Morse Lippincott Musulin

1.334 0.956 1.132 0.942 1.069 1.133 0.946 1.003 1.129 1.005 1.110
1.356 0.749 0.895 0.745 0.850 0.894 0.759 0.802 0.893 0.808 0.879
1.405 0.441 0.499 0.423 0.480 0.498 0.436 0.459 0.503 0.465 0.491
1.531 0.043 0.047 0.044 0.046 0.047 0.046 0.046 0.053 0.046 0.046
1.683 0.043 0.037 0.039 0.037 0.037 0.039 0.037 0.041 0.037 0.036
1.962 0.441 0.382 0.460 0.395 0.382 0.467 0.411 0.389 0.421 0.387
2.232 0.749 0.666 0.798 0.691 0.666 0.908 0.720 0.674 0.735 0.679
2.865 0.956 0.938 0.995 0.956 0.938 1.439 0.975 0.945 0.957 1.005

all points considered for all states of all molecules for in this same quantity. However, no one function is
each function, along with the same quantity for values 
ofr>fg.

Some functions show an average performance which 
is distinctly superior to others. The five-parameter 
Hulburt-Hirschfelder gives an average error of about 
1-5% in (IV —VRER|)/Z)g, while the better three- 
parameter functions give average errors of 2% to 3%

best for all molecular states considered, nor can we 
predict a  p r i o r i  which function will give the more 
correct potential for a restricted range of r. Furthermore, 
it  is easy to see from Tables I I I  to X X I  that no one 
function gives consistent positive or negative deviations 
from the experimental curves for a given value of r/r*.

The empirical potentials give better average
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T a b l e  XI. Results of potential-curve calculations for state of Oz.

r (A) RKR (ev) Morse
Hulburt-

Hirschfelder Rydberg
Poschl-
Teller Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

1.300 0.783 0.985 0.824 0.929 0.987 0.751 0.872 0.972 0.863 0.954
1.318 0.629 0.775 0.650 ' 0.735 0.777 0.604 0.695 0.763 0.692 0.753
1.350 0.409 0.485 0.413 0.465 0.487 0.394 0.445 0.479 0.446 0.474
1.410 0.145 0.158 0.141 0.154 0.158 0.139 0.150 0.153 0.151 0.156
1.668 0.145 0.130 0.146 0.133 0.131 0.153 0.136 0.130 0.138 0.132
1.823 0.409 0.341 0.404 0.353 0.341 0.462 0.366 0.337 0.378 0.348
1.984 0.629 0.518 0.612 0.538 0.518 0.790 0.559 0.513 0.575 0.530
2.247 0.783 0.690 0.770 0.711 0.690 1.206 0.732 0.688 0.728 0.704

T a b l e  XII. Results of potential-■curve calculations for state of CO.

Hulburt- Poschl- Rosen- F rost-
r (A) RKR (ev) Morse Hirschfelder Rydberg TeUer Linnett Varshni Morse Lippincott Musulin

0.901 5.428 5.283 5.480 5.086 5.357 5.611 5.059 5.048 5.052 5.439
0.923 4.211 4.081 4.211 3.945 4.127 4.291 3.921 3.930 3.927 4.181
0.952 2.878 2„802 2.873 2.723 2.827 2.913 2.706 2.718 2.716 2.856
0.997 1.430 1.392 1.416 1.364 1.401 1.429 1.356 1.369 1.362 1.411
1.054 0.400 0.389 0.392 0.384 0.390 0.393 0.383 0.392 0.384 0.395
1.220 0.400 0.407 0.404 0.411 0.405 0.402 0.414 0.413 0.413 0.408
1.322 1.430 1.452 1.437 1.482 1.448 1.431 1.505 1.481 1.507 1.440
1.438 2.878 2.916 2.881 2.998 2.907 2.883 3.074 2486 3.096 2.889
1.544 4.211 4.258 4.207 4.398 4.246 4.227 4.539 4.372 4.595 4.218
1.649 5.428 5.475 5.416 5.671 5.461 5.469 5.880 5.627 5.967 5.424

T a b l e  XIII. Results of potential-curve calculations for the (PA state of CO.

f (A) RKR (ev) Morse
Hulburt-

Hirschfelder Rydberg
Poschl-
Teller Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

1.097 2.367 2.411 2.715 2.305 2.430 2.443 2.239 2.308 2.265 2.452
1.119 2.000 1.944 2.141 1.865 1.956 1.962 1.815 1.869 1.840 1.973
1.151 1.475 1.385 1.484 1.336 1.391 1.392 1.304 1.343 1.325 1.400
1.204 0.744 0.718 0.744 0.699 0.720 0.720 0.686 0.705 0.697 0.722
1.277 0.209 0.203 0.205 0.201 0.204 0.203 0.198 0.204 0.201 0.204
1.506 0.209 0.207 0.210 0.210 0.207 0.209 0.213 0.213 0.211 0.207
1.657 0.744 0.722 0.754 0.740 0.720 0.738 0.761 0.738 0.764 0.719
1.837 1.475 1.391 1.497 1.437 1.389 1.450 1.484 1.422 1.514 1.388
1.991 2.000 1.893 2.064 1.962 1.891 2.006 2.049 1.934 2.082 1.894
2.122 2.367 2.246 2.455 2.328 2.244 2.411 2.435 2.299 2.470 2.249

T a b l e  XIV. Results of potential-curve calculations for state of CO.

r (A) RKR (ev) Morse
Hulburt-

Hirschfelder Rydberg
Poschl- 
Teller ' Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

1.003 2.742 3.276 2.939 3.101 3.285 2.952 2.927 3.227 2.950 3.257
1.021 2.275 2.625 2.369 2.497 2.630 2.384 2.370 2.593 2.399 1608
1.050 1.591 1.782 1.627 1.709 1.784 1.636 1.635 1.764 1.662 1.773
1.085 0.967 1.045 0.970 1.012 1.045 0.972 0.977 1.041 0.994 1.043
1.148 0.276 0.288 0.276 0.283 0.289 0.275 0.277 0.286 0.280 0.289
1.348 0.276 0.265 0.277 0.269 0.266 0.279 0.275 0.258 0.274 0.266
1.484 0.967 . 0.887 0.966 0.913 0.888 0.988 0.946 0.884 0.957 0.895
1.599 1.591 1.412 1.537 1.461 1.412 1.642 1.525 1.415 1.558 1.428
1.744 2.275 1.957 2.124 2.029 1.956 2.383 2.123 1.967 2.165 1.982
1.867 2.742 2.303 2.475 2.385 2.303 2.894 2.490 2.314 2.515 2.333

percentage deviations from the R K R  curves for r > f e ,  

as shown in the fourth row of Table X X III  where the 
better functions give an average error between 1 and 2 %  

in dissociation energy. This is not unexpected since, for 
r > fe , a. small change in r  gives a large change in V .  

There are not m any states for which data are available

for a comparison of the function for large r ,  the region 
of importance in the calculations of macroscopic 
properties that depend on collision phenomena like the 
transport properties. Although there are not many 
examples in Tables I II  to X X I  where the R K R  curves 
are available for r i^ « , the indications are that the
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T a b l e  XV. Results of potential-curve calculations for state of CO.

f (A) RKR (ev) Morse
Hulburt-

Hirschfelder Rydberg
Poschl-
TeUer Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

1.124 2.014 2.031 2.172 1.944 2.046 2.031 1.882 1.956 1.902 2.059
1.147 1.616 1.609 1.697 1.546 1.618 1.604 1.501 1.559 1.520 1.625
1.176 1.182 1.169 1.216 1.130 1.174 1.163 1.100 1.138 1.116 1.179
1.217 0.710 0.699 0.715 0.681 0.701 0.694 0.666 0.681 0.675 0.705
1.292 0.201 0.194 0.195 0.191 0.194 0.194 0.189 0.189 0.191 0.195
1.527 0.201 0.203 0.205 0.206 0.203 0.205 0.209 0.195 0.208 0.204
1.681 0.710 0.688 0.706 0.706 0.687 0.709 0.730 0.689 0.730 0.688
1.806 1.182 1.114 1.158 1.150 1.113 1.167 1.194 1.124 1.208 1.114
1.924 1.616 1.486 1.557 1.539 1.485 1.582 1.606 1.505 1.631 1.489
2.042 2.014 1.810 1.905 1.877 1.809 1.954 1.963 1.834 1.994 1.815

T a b l e  XVI. Results of potential-curve calculations for state of CO.

r (A) RKR (ev) Morse
Hulburt-

Hirschfelder Rydberg
Poschl-
TeUer Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

1.075 2.907 2.692 3.044 2.578 2.720 2.775 2.523 2.574 2.534 2.749
1.094 2.397 2.236 2.494 2.149 2.255 2.295 2.104 2.147 2.120 2.279
1.119 1.829 1.723 1.890 1.663 1.736 1.759 1.630 1.663 1.647 1.751
1.164 1.071 1.013 1.060 0.985 1.019 1.027 0.969 0.986 0.980 1.025
1.257 0.226 0.210 0.216 0.207 0.211 0.213 0.206 0.208 0.207 0.211
1.479 0.226 0.238 0.234 0.241 0.238 0.238 0.244 0.236 0.243 0.238
1.681 1.071 1.078 1.056 1.108 1.076 1.093 1.141 1.095 1.147 1.074
1.846 1.829 1.805 1.778 1.867 1.802 1.854 1.939 1.839 1.965 1.798
1.981 2.397 2.326 2.305 2.411 2.323 2.419 2.515 2.371 2.554 2.322
2.122 2.907 2.780 2.770 2.882 2.777 2.926 3.011 2.831 3.048 2.778

T a b l e  XVII. Results of potential-curve calculations for the X^IIj state of NO.

r(A) RKR (ev) Morse
Hulburt- 

Hirschfelder Rydberg
Poschl-
TeUer Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

0.929 4.582 5.116 5.031 4.876 5.149 5.018 4.689 4.907 4.734 5.166
0.949 3.774 4.015 3.937 3.847 4.035 3.934 3.712 3.868 3.767 4,049
0.982 2.485 2.586 2.530 2.496 2.596 2.535 2.422 2.505 2.392 2.599
1.026 1.246 1.282 1.257 1.251 1.286 1.260 1.223 1.258 1.242 1.289
1.113 0.118 0.120 0.119 0.119 0.118 0.117 0.118 0.111 0.118 0.121
1.210 0.118 0.113 0.114 0.114 0.111 0.112 0.115 0.113 0.112 0.112
1.360 1.246 1.188 1.232 1.217 1.187 1.233 1.251 1.198 1.252 1.189
1.486 2.485 2.319 2.440 2.394 2.316 2.469 2.488 2.340 2.518 2.324
1.623 3.774 3.427 3.626 3.552 3.424 3.743 3.713 3.472 3.776 3.442
1.725 4.582 4.109 4.342 4.260 4.106 4.563 4.459 4.156 4.525 4.131

T a b l e  XVIII. Results of potential-curve calculations for the B m  state of NO.

r(A) RKR (ev) Morse
Hulburt- 

Hirschfelder Rydberg
Poschl-
Teller Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

1.130 2.184 2.32 2.22 2.21 2.33 2.33 2.15 2.22 2.17 2.35
1.188 1.258 1.29 1.24 1.25 1.30 1.29 1.22 1.25 1.23 1.31
1.239 0.681 0.70 0.67 0.68 0.70 0.70 0.66 0.68 0.67 0.70
1.356 0.064 0.064 0.063 0.064 0.065 0.064 0.063 0.064 0.063 0.063
1.488 0.064 0.063 0.064 0.064 0.063 0.064 0.064 0.064 0.064 0.062
1.690 0.681 0.63 0.67 0.65 0.63 0.65 0.67 0.64 0.67 0.63
1.831 1.258 1.12 1.21 1.16 1.12 1.17 1.20 1.14 1.21 1.12
1.962 1.793 1.54 1.67 1.60 1.54 1.63 1.66 1.57 1.69 1.54
2.068 2.184 1.84 2.00 1.91 1.84 1.97 1.99 1.88 2.03 1.84

percentage errors in the interaction energy V — D e  

will be large in this region and that the various func
tions will retain, for the m ost part, the same relative 
performance.

The average percent errors for and W e X e  shown in 
Table X X IV  indicate that a good fit with the R K R

curves m ay som etim es mean a satisfactory prediction  
of a e  and W e X e ,  but this is not general for all functions. 
For example, this seems to hold for the L innett and 
Lippincott functions and to a lesser extent with the 
Rydberg function, but does not hold for the Varshni III  
function which gives good correlation with the R K R



248  S T E E L E ,  L I P P I N C O T T ,  A N D  V A N D E R S L I C E

T a b l e  XIX. Results of potential-curve calculations for X %  state of OH.

r (A) RKR (ev) Morse
Hulburt-

Hirschfelder Rydberg
Poschl-
TeUer Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

0.702 3.478 3.348 3.550 3.194 3.479 3.931 3.352 3.065 3.182 3.579
0.731 2.580 2.477 2.590 2.377 2.553 2.831 2.469 2.299 2.379 2.618
0.777 1.495 1.442 1.482 1.397 1.473 1.589 1.432 1.364 1.403 1.501
0.831 0.672 0.657 0.666 0.643 0.666 0.699 0.651 0.633 0.646 0.674
1.179 0.672 0.668 0.674 0.682 0.664 0.641 0.685 0.682 0.691 0.657
1.329 1.495 1.452 1.482 1.497 1.444 1.379 1.518 1.500 1.541 1.423
1.538 2.580 2.449 2.523 2.538 2.438 2.332 2.601 2.537 2.649 2.398
1.760 3.478 3.235 3.337 3.351 3.224 3.115 3.455 3.337 3.493 3.179

T a b l e  XX. Results of potential-curve calculations for .4^2+ state of OH.

r (A) RKR (ev) Morse
Hulburt- 

Hirschfelder Rydberg
Poschl-
TeUer Linnett Varshni

Rosen-
Morse Lippincott

Frost-
Musulin

0.752 2.394 2.50 2.19 2.37 2.55 2.70 2.35 2.33 2.31 2.60
0.777 1.797 1.90 1.69 1.81 1.93 2.02 1.79 1.78 1.78 1.96
0.809 1.233 1.29 1.18 1.24 1.30 1.35 1.23 1.23 1.23 1.32
0.863 0.565 0.60 0.56 0.58 0.59 0.61 0.57 0.57 0.58 0.61
1.244 0.565 0.54 0.56 0.55 0.54 0.54 0.56 0.55 0.57 0.53
1.428 1.233 1.13 1.19 1.17 1.13 1.14 1.22 1.16 1.23 1.13
1.614 1.797 1.61 1.68 1.67 1.61 1.66 1.74 1.65 1.76 1.61
2.038 2.394 2.21 2.25 2.27 2.21 2.34 2.34 2.24 2.32 2.21

T a b l e  XXI. Results of potential-•curve calculations for the state of HF.

Hulburt- Poschl- Rosen- Frost-
r (A) RKR (ev) Morse Hirschfelder Rydberg TeUer Linnett Varshni Morse Lippincott Musulin

0.623 5.987 5.190 6.015 4.935 5.530 6.578 5.471 4.616 4.930 5.724
0.639 5.079 4.462 5.104 4.258 4.724 5.539 4.667 4.004 4.267 4.879
0.662 3.951 3.549 3488 3.404 3.722 4.285 3.678 3.225 3.423 3.838
0.716 2.092 1.938 2.100 1.877 1.999 2.210 1.974 1.804 1.893 2.045
0.786 0.745 0.699 0.729 0.685 0.710 0.751 0.703 0.666 0.690 0.721
1.115 0.745 0.772 0.755 0.788 0.766 0.730 0.783 0.795 0.794 0.755
1.317 2.092 2.116 2.074 2.184 2.099 1.962 2.188 2.208 2.240 2.055
1.633 3.951 3.873 3.848 4.015 3.852 3.609 4.086 4.033 4.167 3.767
1.922 5.079 4.870 4.876 5.030 4.855 4.618 5.154 5.026 5.180 4.770
2.555 5.987 5.796 5.811 5.894 5.791 5.695 5.982 5.870 5.935 5.749

T a b l e  XXII. Comparison of observed values of with calculated values for various functions.

Mole
cule State (observed) Morse

Rosen-
Morse Rydberg

Poschl-
Teller Linnett

Frost-
Musuhn Varshni Lippincott

Hz 120.815 126.545 84.5915 116.00 126.545 197.73 148.78 178.49 117.71
Iz 0.6127 0.9165 0.9039 0.8402 0.9165 0.41521 0.87153 0.84863 0.7016
Nz X1S+ 14.188 17.4126 15.8476 15.9616 17.4126 15.6394 17.389 17.748 13.810

13.851 17.9278 16.9588 16.4339 17.9278 13.2889 17.527 17.595 13.994
am ^ 13.825 14.6494 13.3998 13.4287 14.6494 12.9074 14.591 14.864 11.595
B m , 15.198 19.0633 17.8997 17.4748 19.0633 14.626 18.690 18.814 14.913

Oz 12.0730 14.8517 13.7959 13.6141 14.8517 12.240 14.676 14.850 11.682
8.0023 15.1264 14.7357 13.8659 15.1264 8.5264 14.475 14.362 11.653

A V 13.81 24.1387 23.861 22.1272 24.1387 10.310 18.293 22.476 18.453
CO 13.295 12.9777 11.3698 11.8963 12.9777 13.099 13.227 13.684 10.458

tPA 7.624 11.4141 10.4383 10.4630 11.4141 10.060 11.369 11.582 9.0343
A m 17.2505 22.4280 21.4432 20.5591 22.4280 15.393 21.762 21.758 17.429

9.578 11.7890 10.8218 10.8066 11.7890 10.240 11.654 11.922 9.3178
0^2+ 11.0130 10.8575 9.7597 9.9527 10.8575 10.115 10.904 11.172 8.6483

NO x m ^ 13.97 17.0042 15.7364 15.5872 17.0042 14.242 16.827 17.059 13.394
B m 7.603 10.1253 9.3063 9.2816 10.1253 8.7464 10.057 10.277 7.9991

OH x m , 82.665 93.4369 77.545 85.6508 93.4369 105.76 98.429 103.22 77.162
A ^+ 113.85 125.642 111.419 115.172 125.642 122.92 101.81 131.39 100.75

HF X^2+ 88.726 86.8172 69.418 79.5827 86.8172 104.49 91.293 98.993 72.974
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Mole
cule State

Oe
(observed) Morse

Rosen-
Morse Rydberg

Poschl-
Teller Linnett

Frost-
Musulin Varshni Lippincott

Hz 3.0177 2.2319 0.9074 1.8156 3.0936 5.4483 3.5831 4.1481 2.7053
L X 'Z / 0.0001208 0.000154 0.00015 0.000143 0.000154 0.000092 0.001482 0.000131 0.0001334
Nz X^Z/ 0.0171 0.01983 0.01846 0.01812 0.02000 0.01939 0.02020 0.01656 0.01743

0.01798 0.02182 0.02099 0.02007 0.02187 0.01827 0.02161 0.01808 0.01904
am  g 0.0183 0.01863 0.01742 0.01703 0.01876 0.01791 0.01890 0.01552 0.01635
Bmg 0.01794 0.02236 0.02141 0.02055 0.02243 0.01922 0.02222 0.01852 0.01953

Oz x ^ zr 0.01579 0.01749 0.01658 0.01604 0.01758 0.01591 0.01756 0.01451 0.01532
0.011 0.01894 0.01863 0.01753 0.01896 0.01308 0.01835 0.01587 0.01644

x»z„+ 0.0165 0.02590 0.02572 0.02406 0.02591 0.01496 0.02485 0.02208 0.0224
CO X:Z+ 0.0175 0.01642 0.01471 0.01489 0.01672 0.01796 0.01724 0.01406 0.01452

(PA 0.0170 0.01685 0.01575 0.01540 0.01697 0.015286 0.01709 0.01403 0.01479
A m 0.02229 0.02807 0.02723 0.02588 0.02811 0.02222 0.02760 0.02330 0.02445
g3Z- 0.0179 0.01803 0.01692 0.01650 0.01815 0.01713 0.01825 0.01501 0.01582
4% Z + 0.01872 0.01624 0.01497 0.01481 0.01641 0.01641 0.01667 0.01363 . 0.01429

NO X ^ i 0.01781 0.01976 0.01867 0.01810 0.01986 0.01821 0.01987 0.01640 0.01731
B m 0.0116 0.013851 0.01300 0.01267 0.01394 0.01309 0.01400 0.01152 0.01215

OH xm,- 0.708 0.70089 0.5881 0.6281 0.7310 0.8806 0.7781 0.6429 0.6269
0.7868 0.9539 0.8657 0.8671 0.9681 1.01068 0.9920 0.8091 0.8422

HF X ' z + 0.7888 0.6590 0.5226 0.5850 0.7040 1.10725 0.7501 0.6478 0.5946

T a b l e  XXIV. Average error (%) for the quantities a « , [ |  F r k r — F l/A ]a ii, and

[ I F R K R - F I / A ] r>r« for various potential functions.

Hulburt- Rosen- Poschl- Frost-
Morse Hirschf elder Morse Rydberg Teller Linnett Musuhn Varshni Lippincott

U,Xt 26.93 21.24 19.71 26.93 14.94 24.29 28.94 12.18
a« 19.67 22.33 17.45 18.47 15.55 23.55 15.57 13.80
[ I F r k r - F l /D j a l l 3.68 1.51 3.71 2.94 3.48 4.18 3.41 2.28 2.17

[ I F r k r -F l/A ]r > r . 3.20 1.44 2.80 2.27 3.28 5.07 3.30 1.68 1.44

curves but is the poorest of all functions in predicting 
UeXe. This latter function would then be a poor one to 
predict dissociation values using T e ,  w,, and w,*,. On 
the other hand, a study of Tables III  to X X I  shows 
that a function which predicts good values of œ e X e  

and a* does not necessarily show good agreement with  
the RKR results. This is particularly true of the 
Linnett function.

We can summarize as follows. The Hulburt-Hirsch- 
felder curve, being a five-parameter function, gives the 
best average results and in general gives the best or 
near the best fit of the potential for all the cases studies. 
However, for values of r > f e ,  the Lippincott function  
gives equally good results. The M orse-Rosen-Morse 
and the Poschl-Teller give very similar results. The 
Linnett curve ( m = 3 )  gives good predictions for 
WeXe and a e  for m any states, and, in general, gives a 
good representation of the R K R  curves for these same 
states. Nevertheless, its average performance is the 
worst and in m any cases it predicts maxima in a 
potential curve where none exist or are expected to 
exist. The Frost-M usulin potential does not give any  

-̂ppreciable improvement over the Morse curve, whereas 
the Rydberg potential is a distinct improvement. The 
Varshni I I I  and Lippincott functions, the best of the 
three-parameter functions in fitting the R K R  results, 
both give good predictions of a:«. On the other hand, the

Lippincott function gives fairly reliable predictions of 
ù ) e X e  (or D e  from c o e X e ) ,  while the Varshni III  function  
does not.

DISCUSSION

I t  is desirable to investigate the possibility that an  
empirical function can be proposed which will yield  
curves for any state of any molecule to an accuracy of 
less than 1% in bond-dissociation energy. There seem  
to be two justifiable approaches to this problem. One is 
to consider the expressions for E  obtained from quan
tum-mechanical calculations of potential curves for 
various diatom ic molecules. If  these expressions were 
similar for the various states of different molecules, 
then presumably one could arrive at suitable potential 
forms which wmuld have some basis in fact. Unfor
tunately, in order to obtain reliable values of E e  for 
even the sim plest system s, one has to use 40- and 
50-term wave functions® which yield very complicated  
expressions for E e .  There does not seem to be any chance 
of obtaining a suitable potential form from this 
approach.

A second approach is to consider the relatively simple 
expression for the vibrational- and rotational-energy 
levels of a diatomic molecule, Eq. (6). I t  is well known®®

^ G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., Princeton, New Jersey, 1950).
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Fig. 1. 7 =  (fz—n)/2r«] plotted against
(4MeXeV/ue^)^. The soHd line corresponds to the state of
Nz; the dashed line corresponds to the o' state of CO.

that, for m any molecules, the first few terms in this 
equation are suflScient to fit the observed data within  
reasonable lim its. The equation then reduces to the 
simple form

E v j  =  0}e{v-^^)— 0}eXe{v-]riy-\-BeJ  ( / - h i )
- « . / ( / + l ) ( t - + |) .  (19)

In such a case, Rees® has shown that the potential

+

G(V )

F ig. 2. C(ri+rz)/2r,T vs G{V). The solid line corresponds to 
the state of Nz; the dashed line corresponds to die o'
state of CO.

curve can be obtained from the expressions

2 / =  (r2- r i ) =  I n W  (20)

2 g =  { l / r i — l/r2 )= l\/B e{0 )eX ey2 ^{ i0 e /re )

X  a ,(4 w ^ .F /w /) l+ ^ 2 — B ,- a ,^ l n i y j  (21)

W =  ( l - 4 w ^ ,F /w .2 ) V [ l - ( 4 w ^ ,y /w / ) * ] .  (22)

Here, r i  and rg are minimum and maximum points of 
the vibration. If w,, B e ,  o ie  are known, then r i  and 
f 2 can be obtained for any V  from the expression (20) 
and the following

(n -h r 2 ) /2 = ( / /g + f )* .  (23)

Presumably, one could use Eqs. (20) and (23) as a

basis for an empirical potential curve for “well- 
behaved” molecular states whose energy levels are 
given by Eq. (19). First, let us put (20) in a more 
convenient form. B y  expanding the logarithms of the 
numerator and denominator of W ,  it  is easy to show 
that ln lE = ta n h “^(4coeiCeF/co/), and, hence,

(4we»eF/aj/) i = tanh (w«%*/B.) * (rg— r i)/2 r ,. (24)

Equation (23), which gives the average value of r,  

cannot be written in simpler form. I t  is possible to 
sidestep this problem by taking B „ ,  which is equaP to

.kipp

0:2 0.3 0.5 0.6

Fig. 3. 7 —y r k r  v s  for the various potential
functions. The meaning of the symbols is as follows:

M =Morse L=Linnett
FM =  Frost-Musulin HH= Hulburt-Hirschfelder
RM =  Rosen-Morse V=Varshni
PT = Poschl-TeUer Lipp= Lippincott

R =  Rydberg.

B e r ^ / r ^ ,  to be a measure of [(r i+ r2)/2 ]" ^ . If this is so, 
then,

] i { r i + r ^ / 2 ' J = B e r e ^ / B g = B e r ^ / \ _ B e — a e { v - \ - ^ ) ~ ] .  (25)

LIpp

- 2

G(V )

Fig. 4. 8= [(r i+ rz ) /2 r ,? -[(r i+ r z ) /2 r ,? R E R  vs G (F) for the 
various potential functions. Symbols are as in Fig. 3.
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This can be written in terms of w,, and V  to get

[(fl+ ^ 2)/2r«]*=  1 / [ 1 — (aeUe/2BeO}eXe)
-f-{ (aeCOe/2BeCOeXey— aJ‘V /B J ‘oi)eXe}^J =  G (V ) .  (26)

Hence, for a molecule whose energy levels are given by  
Eq. (19), plots of

( 4 o ) e X e V / o } e ^ ) ^  VS tanh (wg%g/ B«) ̂  (rg—  ̂i)/2 r  «

and
C (ri-|-r2)/2re]2 VS G (F )

should be straight lines with a slope of unity. Figures 1 
and 2 show such plots. The solid lines are the results 
for the ground state of Â g whose energy levels can be 
reasonably expressed by an expression of the form  
(19). The slopes, although close to unity, are not quite 
1 since the w„ o J e X e ,  B e ,  and used were determined 
from data at the lower-vibrational levels and not from 
the complete range of data.

It is now possible to compare the deviations of the 
proposed empirical potential functions from the experi
mental curves in a different manner. In Figs. 3 and 4 
are plotted for each empirical function the differences of 
tanh (wgA^yBg) ̂  (/"g—f  i)/2r« and C(ri+rg)/2re]^ from the 
experimental values for the state of N i  as a
function of (dojcJCeF/co/)^ and G (F ), respectively. In  
general, the variolis functions show the same relative 
deviations from the width of the potential bowl and 
the midpoint of the vibration as they show for errors 
in the quantities | F — F r k r | ,  o ^e X e , and a g .  All of the 
proposed empirical functions considered predict too 
wide a bowl for the potential curve. The empirical 
curves generally give too large a value for the m idpoint 
of the vibrations. The exceptions to this last point are 
the Varshni, Hulburt-Hirschfelder, and Lippincott 
functions. The Hulburt-Hirschfelder potential curve 
gives the best predictions of bowl width and m idpoint 
of vibration. This is in agreement with the fact that this

potential gives the best reproduction of the R K R  curves. 
The Varshni and Lippincott functions predict too large 
a bowl and too sm all a value for the m idpoint. The 
deviations are relatively small, and the net result 
appears to be that these errors cancel som ewhat so 
that these two functions give the next best average 
performance. For all others, the predicted bowl is too 
large and the m idpoint is shifted to larger values, 
leading to poorer average performance.

The above conclusions are based, of course, only on 
the state of Ng. However similar results should
follow for any state with energy levels represented by  
Fq. (19). I t  would seem that the least one could expect 
from any empirical function proposed in the future 
would be reliable predictions for "well-behaved" 
states like the ground states of Ng, Og, Ig, and Hg.

It m ay be possible to generate reliable potential 
curves b y  using equations similar to  (24) and (26). 
Since these are in reduced units, all well-behaved  
molecular states should give nearly the same plots as 
the ground states of Ng shown in Figs. 1 and 2. As a 
check, the state of CO was chosen at random
and similar plots were made. These are shown as the 
dashed lines in the figures. As one can see, particularly 
from Fig. 2, large errors could be made in the calcula
tions of the potential curve for the state of CO if 
the solid lines were chosen as the standard curves.

In  summary then, the comparison of empirical 
potential functions given here indicates that the better 
3-parameter functions can be expected to give potential 
curves with an average error of 2 to 3%  in | V —  F r k r | /  
D e ,  whereas the better 5-parameter functions should 
give average error of from 1 to 2%. I t  does not seem  
likely that any substantial improvement (errors of 
less than 1%) can be made by suggesting new functions 
which have no theoretical or experimental basis. The 
task of giving a satisfactory theoretical or experimental 
foundation for any empirical function appears difficult 
indeed.
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Abstract— B y  f i t t i n g  L i p p i n c o t t  p o t e n t i a l  c u r v e s  t o  k n o w m  p o t e n t i a l  c u r v e s  t h e  d i s s o c i a t i o n  
e n e r g ie s  o f  t h e  c o r r e s p o n d i n g  s t a t e s  c a n  b e  e s t i m a t e d .  T h e s e  e s t i m a t e d  v a l u e s  a l l o w  t h e  s t a t e s  
o f  t h e  d i s s o c i a t e d  a t o m s  t o  b e  d e t e r m i n e d .  I n  c e r t a i n  c a s e s  i t  i s  f o u n d  t h a t  t h e  R . K . R . V .  
c u r v e s  c a n n o t  b e  e x p r e s s e d  b y  L i p p i n c o t t  p o t e n t i a l s .  V T ie n  t h i s  i s  s o ,  t h e  d e v i a t i o n s  m a y  b e  
e x p l a i n e d  b y  r e g a r d i n g  t h e  t r u e  p o t e n t i a l  c u r v e  a s  p e r t u r b e d  b y  f u r t h e r  e l e c t r o n i c  e n e r g y  l e v e l s  
o f  t h e  s a m e  s y m m e t r y .  T h e  s t a t e s  o f  t h e  d i s s o c i a t e d  a t o m s  o f  a l l  k n o w m  s t a t e s  o f  C g h a v e  b e e n  
d e d u c e d  a n d  t h e  c u r v e s  s h o w n  t o  b e  c o m p a t i b l e  w i t h  a  g r o u n d - s t a t e  d i s s o c i a t i o n  e n e r g y  o f  
6 .1  ±  0 .3  e V .

The potential function of L lppijSTCOTT in the modified form [1, 2]

V{r) =  — exp (—?iAr2/2r][l -f  a{h^nf2rŸ^  ̂ Ar exp [ —{1}^nj2reŸ'  ̂Ar}] (1)

has been shown to reproduce, within reasonable limits, the known potential curves 
of a wide range o f diatomic molecules [2]. The average discrepancy between the 
potential curves as evaluated using (1) and as evaluated by the method of R y d b e r g  
et al. (R.K.R.V. m ethod [3]) was 2 2 per cent o f over the known range of potential 
curves as given by the latter technique [4]. For r >  r, the discrepancy is considerably 
less, averaging 1-4 per cent.

The function is basically a five-parameter function. However, "6” is a good 
constant for all molecules ( =  T065) thus the parameters m ay be reduced to four—  
Dg, Te, n  and a. These parameters are related to the vibrational frequency, Wg, the 
anharmonicity, and the vibrational rotational coupling constant, â , by  the
equations (2-4)

n =  where k., =
D

(2 )

a =  Fjb A^/2 where F  =  oc/Og/gg  ̂

and A =  k^r^j^Dg
(3)

G =  12 4- 1 2 F '

where O  =  SoigX gjBg (4)

t  P r e s e n t  a d d r e s s :  D e p t ,  o f  C h e m is t r y ,  R o y a l  H o l l o w a y  C o l l e g e ,  E n g l e f i e l d  G r e e n ,  S u r r e y .
[1 ]  E .  R .  L i p p i n c o t t , J .  Chem. Phys. 21, 2 0 7 0  ( 1 9 5 3 ) ;  E .  R .  L i p p i n c o t t  a n d  R .  S c h b o e d e k , 

Ibid. 23, 1 1 3 1  ( 1 9 5 5 ) .
[2 ]  D .  S t e e l e  a n d  E .  R .  L i p p i n c o t t , J .  Chem. Phys. 35, 2 0 6 5  ( 1 9 6 1 ) .
[3 ]  J .  T .  V a n d e r s l i c e , E .  A .  IMa s o n , W . G . M a is c h  a n d  E .  R .  L i p p i n c o t t , J .  M ol Spect. 3,

1 7  ( 1 9 5 9 )  a n d  e a r l i e r  r e f e r e n c e s  t h e r e i n .
[4 ]  D .  S t e e l e , J .  T .  V a n d e r s l i c e  a n d  E .  R .  L i p p i n c o t t , Revs. Mod. Phys. 34, 2 3 9  ( 1 9 6 2 ) .

4 1 1
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r ,̂ Dg, (jb an d  h a v e  th e ir  u su a l m ean in gs. B y  u sin g  (2 ) to  (4) th e  p o te n tia l cu rve  
can  b e ca lcu la ted  u sin g  four o f  th e  five  ex p er im en ta lly  d eterm in ed  co n sta n ts , r ,̂ 
a.g, o)g a n d  D^.

I n  a  p rev iou s p u b lica tio n  [ 2 ] a d d itio n a l re la tion sh ip s w ere d er ived  b y  eq u a tin g  
tw o  form s o f  th e  L ip p in c o tt  fu n ctio n . T h ese form s, th o u g h  th e y  led  to  v e r y  d ifferent
algebraic exp ression s for g a v e  e ssen tia lly  th e  sam e an sw ers, esp ec ia lly  w here th e
sp ectroscop ic  d a ta  w ere k n ow n  to  b e  reliab le . T h is led  to  (5) an d  (6 )

a  =  F l i l  +  I F )  (5)

G/3 =  1 +  2[1 +  i F ] W  ( 6 )

T h ese re la tion sh ip s e ffec tiv e ly  red u ce ( 1 ) to  a th ree-p aram eter  fu n ctio n . T he  
p leasin g  agreem en t b etw e en  p o te n tia l cu rves e v a lu a te d  u sin g  th is  th ree-p aram eter  
form  an d  th e  “ tr u e ” B .K .R .V . cm w es su g g ests  th a t  a reason ab le  e s tim a te  o f  a  
d issoc ia tion  en ergy  m a y  b e d ed u ced  b y  f itt in g  th e  p o te n tia l cu rve o f  th e  corresp ond ing  
s ta te  to  th e  B .K .R .V . cu rve u tiliz in g  th e  ap p rop ria te  an d  cô  o n ly . T h is can  be  
u tilized  m  tw o  w a y s. F ir s tly , th e  gro u n d -sta te  d isso c ia tio n  en ergy , can  be  
d eterm in ed  i f  th e  d isso c ia tio n  p ro d u cts  o f  th e  s ta te  con sid ered  are k n o w n . A ltern a 
t iv e ly , k n ow in g  th e  a to m ic  e x c ita tio n  en ergies o f  th e  sep a ra ted  a to m s m a y  be  
estim a ted . C om parison  o f  th e  e s tim a te d  su m  o f  th e  e x c ita tio n  en ergies w ith  th ose  
o f  a llow ed  d issoc ia tion  p rod u cts m a y  th e n  esta b lish  th e  s ta te s  o f  th e  sep ara ted  atom s.

T here h as b een  con sid erab le in te re st  r e ce n tly  in  th e  sp ectra  an d  p o te n tia l curves  
o f  C2  [5 -9 ] . T h e ev id en ce  for th e  v a lu e  o f  th e  g ro u n d -sta te  d issoc ia tion  en ergy  o f  th is  
m olecu le  h as b een  con flic tin g , and  o n ly  rece n tly  h as i t  b een  e s ta b lish ed  as 6  29 ±  0-2 
eV  [ 6 ] d esp ite  a  con sid erab le a m o u n t o f  sp ectroscop ic  d a ta  on  th e  variou s ex c ited  
sta te s . In  gen era l th e  d issoc ia tion  p rod u cts  o f  th e  e x c ited  s ta te s  h a v e  n o t  y e t  been  
estab lish ed . C on seq u en tly  th ere  is am p le  ju stifica tio n  for a fu rth er s tu d y  o f  C3  u sing  
th e  tec h n iq u e  d escrib ed  ab ove.

T h e p o te n tia l cu rves o f  severa l s ta te s  o f  Cg h a v e  b een  ev a lu a ted  b y  J a r m a tn  [8] 
an d  b y  R e a d  an d  V a n d e r s l i c e  [9]. T h e form er w ork  is re str ic ted  to  th e  A^II^, 

B^TLg an d  c^II^ s ta te s  w hereas th e  la tte r  is  for all n in e  s ta te s  for w hich  
suffic ien t sp ectroscop ic  d a ta  h as b een  estab lish ed . T h e agreem en t b e tw e en  th e  tw o  
se ts  o f  resu lts is  ex ce llen t. C on seq u en tly  a ll q u oted  “ tru e p o te n tia l en erg ies” w ill 
refer to  th o se  ta k e n  from  th e  m ore co m p lete  w ork .

T h is w ork  w as com m en ced  before th e  p u b lic a tio n  o f  B r e w e r  et al.  [ 6 ] w hich  
seem s to  es ta b h sh  fin a lly  th e  d issoc ia tion  en erg y  as 6  36 (± 0 * 2 )  eV  a b o v e  th e  
p o te n tia l m in im u m  o f  th e  s ta te , or 6  29 ( ± 0 -2 ) eV  a b o v e  th e  lo w es t  o f  th e  
sta te s . P o te n tia l cu rves w ere ca lcu la ted  for th ree  v a lu es  o f  B^ ( 6 -2 , 5-9 an d  5-6 eV) 
in  an  effort to  esta b lish  th e  correct v a lu e . T h e sign ifican ce o f  th e se  resu lts w ill be

[5] E . A . B ALLIE and D . A. R a m s a y ,  J .  Chem. Phys. 31, 1128 (1959).
[6] L. B r e w e r ,  W . T. H i c k s  and O. H . K r i k o r i a n ,  J .  Chem. Phys. 36, 182 (1962).
[7] E . C l e m e n t i  and Iv. S. R i t z e r ,  J .  Chem. Phys. 33, 656 (1960).
[8] W . R . J ARM AIN, Transition Probabilities of Molecular B and Systems X X .  The U niversity  

o f W estern Ontario, D epartm ent o f  P hysics R eport, 1 J u ly  (1961).
[9] S. M. R e a d  and J . T. V a n d e r s l i c e ,  J .  Chem. Phys. 36, 2366 (1962).
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discussed  la ter . T h e sou rce o f  v a lu es  o f  co^X ,̂ r, an d  for each  s ta te  is  in d ica ted  a t  
th e fo o t o f  T ab le  1 . F o r  th e  e x c ite d -s ta te  ca lcu la tion s th e  d isso c ia tio n  en ergies w ere  
tak en  to  b e  g iv e n  b y

jD,* =  4- /I  - -  2%, (7)

where D f*  an d  D^{X)  are th e  d isso c ia tio n  en ergies o f  th e  e x c ite d  an d  grou n d  s ta te s  
resp ective ly , is  th e  e lectron ic  en erg y  o f  th e  ex c ite d  s ta te  an d  A is  th e  su m  o f  th e  
atom ic e x c ita tio n  en ergies. V ariou s p la u sib le  se ts  o f  d isso c ia tio n  p ro d u cts  w ere  
considered for each  s ta te  an d  th e  ap p rop ria te  p o te n tia l cu rve ev a lu a ted . A lth o u g h  
it  has n ow  b een  es ta b lish ed  th a t  th e  p o te n tia l m in im u m  o f  th e  s ta te  lie s  b elow  
th a t o f  th e  lo w es t  [17], th e  la tte r  is  referred to  as th e  X  s ta te  th ro u g h o u t th is  
p ub lica tion  to  a v o id  con fu sion  w ith  p rev io u s w ork.

In it ia lly  th e  cu rves w ere ev a lu a ted  u sin g  th e  fou r-p aram eter form  o f  th e  fu n ctio n . 
As is ev id e n t  in  T ab le  1, th e  ca lcu la ted  p o te n tia l cu rves for v a lu e s  o f  |r| <  rg/4 are 
quite in se n s it iv e  to  th e  assu m ed  v a lu es  o f  D * .  T h is is  u n d ersta n d a b le  from  a  
cursory ex a m in a tio n  o f  th e  p ow er series ex p a n sio n  o f  ( 1 ) in  term s o f  Ar.

■+'»(Tn?+ ■■ (8 )

I -
F Ar

+r,

u sin g  (2) an d  (3)

T h e a greem en t b etw een  th e  ca lcu la ted  cu rves an d  th e  R .K .R .V . cu rves is  v e r y  
sa tisfactory  for th e  A^IT„, an d  a^'Lg+ s ta te s . F o r  th e  c^Tlg s ta te  th e  agreem en t  
is good  for r <  b u t  v e r y  poor for r >  1*4 Â . A t  r =  1  -62 A  th e  ca lcu la ted  p o te n tia l  
is tvdce as grea t a s th e  ob served . I t  is  d ifficu lt to  b e lie v e  th a t  th e  v a r ia tio n  o f  
p oten tia l en erg y  w ith  in ter-n u clear  d ista n ce  in  t liis  s ta te  is  so  ra d ica lly  d ifferen t  
from th e  v a r ia tio n  in  th e  o th er  s ta te s  m en tio n ed  a b o v e . A n  a lter n a tiv e  an d  m u ch  
m ore accep ta b le  ex p la n a tio n  is  th a t  th e  a sso c ia ted  m olecu lar w a v e  fu n ctio n s  ch an ge  
in ch aracter d u e  to  reson an ce in tera c tio n  w ith  th o se  o f  a n o th er  s ta te  o f  th e  sam e  
sym m etry . S u ch  an  in tera c tio n  m u st re su lt  in  a  low^er p o te n tia l en ergy  for th e  low er  
state , o f  w h ich  th e  is  an  exam p le . T h is h y p o th e s is  is su p p orted  b y  th e  fa c t  th a t  
the v ib ra tio n a l an d  ro ta tio n a l le v e ls  ca n n o t b e d escrib ed  b y  sim p le  pow^er-series 
exp an sions in  v  an d  J  [14].

In  th e  th ree-p aram eter  form  o f  ( 1 ) n  is  n o t  d ep en d en t on  an d  c o n se q u en tly  
the in se n s it iv ity  o f  th e  ca lcu la ted  p o te n tia l to  th e  a ssu m ed  v a lu e  o f  is  rem oved . 
The p aram eters “a ” can  b e ev a lu a ted  in  severa l w^ays. I t  h as b een  sh ow n  p rev io u sly
[2 ] th a t  th e  “a ” o f  ex c ite d  s ta te s  («*) are re la ted  to  th e  grou n d  s ta te  “a ” , a{x),  b y  
em pirical re la tio n sh ip s

a* : 0 - 8 I (9)

In th e  ca lcu la tion s to  b e d escrib ed  a{x)  w as ta k e n  to  h a v e  th e  v a lu e  g iv e n  b y  eq u a tio n
(3) and th e  e x c ite d  s ta te  “a ” ev a lu a ted  from  a(x)  b y  th e  u se  o f  (9). T h e u n c e r ta in ty
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Table 1. Calculations using four param eter form.

r
(A)

Vr
(eV)

Dg(z) =  6.2 eV  = 5 -9  eV =  5-6 eV ^ R .K .R .V .

1091 2-3287 2.3232 2-3170 • 2-3168
1-208 0-3988 0-3939 0-3983 0-4011
1-257 0-1000 0-0999 0-0997 0-1014
1-374 0-0961 0-1016 0-1059 0-1014
1-425 0-3042 0-3034 0-3037 0-3020

( 3 p  +  3 p ) 1-479 0-5762 0-5763 0-5747 0-5973
1-539 0-9889 0-9861 0-9833 0-9810
1-592 1-3669 1-3612 1-3568 1-3532
1-642 1-7405 1-7275 1-7167 1-7138
1-726 2-3626 2-3412 2-3220 2-3168

1-157 1-0458 1-0439 1-0421 1-0513
1-203 0.4830 0-4825 0.4818 0-4891

LUT 1-263 0-0969 0-0971 0-0972 0-0993
/ 3  p 1 3  T>\ 1-381 0-0996 0-0993 0-0996 0-0993
CJr +  ^̂ Jr) 1-471 0-4909 0-4902 0-4893 0-4891

1-505 0-6869 0-6852 0-6832 0-6795
1-563 1-0564 1-0516 1-0461 1-0513

1-134 0-5672 0-5667 0-5654 0-5642
1-156 0-3405 0-3416 0-3415 0-3412

a»S,+ 1-190 0-1159 0-1161 0-1164 0-1146
( 3 p  +  3 p ) 1-301 0-1157 0-1157 0-1173 0-1146

1-349 0-3457 0-3454 0-3449 0-3412
1-384 0-5669 0-5662 0-5654 0-5642

1-103 1-2201 1-2180 1-2158 1-2013
1-132 0-7475 0-7469 0-7460 0-7396

Urr 1-202 0-1189 0-1184 0-1184 0-1116
C i i g 1-313 0-1091 0-1093 0-1093 0-1116{'S  +  'D ) 1-365 0-3528 0-3526 0-3523 0-3303

1-444 0-8863 0-8841 0-8818 0-7396
1-621 2-3391 2-3159 2-2898 1-2013

(Assum ed dissociation products)
Sources o f spectroscopic data. A^H g  R ef. [10]; E^H g  R ef. [11]; R ef. [12];

d  R ef. [13]; R ef. [14]. 6^2^+ R ef. [15]; R ef. [16].

[ 1 0 ]  J .  G .  P h i l l i p s , Astrophys. J .  108, 4 3 4  ( 1 9 4 8 ) .
[ 1 1 ]  J .  G .  P h i l l i p s , Astrophys. J.  110, 7 3  ( 1 9 4 9 ) .
[ 1 2 ]  J .  G .  P h i l l i p s , Astrophys J .  107, 3 8 9  ( 1 9 4 8 ) .
[ 1 3 ]  O .  G .  L a n d s v e b k , Phys. Rev. 5 6 ,  7 6 9  ( 1 9 3 9 ) .
[ 1 4 ]  G .  H e b z b e r g  a n d  R .  B .  S u t t o n , Can. J.  Res. A18, 7 4  ( 1 9 4 0 ) .
[ 1 5 ]  V .  H .  F r e y m a r k . A n n . Phys. {Leipsig) 8 ,  2 2 1  ( 1 9 5 1 ) .
[ 1 6 ]  E .  A .  B ALLIE a n d  D .  A .  R a m s a y . J.  Chem. Phys. 29, 1 4 1 8  ( 1 9 5 8 ) .
[ 1 7 ]  E .  A .  B ALLIE a n d  D .  A .  R a m s a y , J.  Chem. Phys. 31, 1 1 2 8  ( 1 9 5 9 ) .
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Table 2. Calculations using tw o-param eter form s

r
( A )

Vr
(eV)

Dg(o;) =  6-2 eV =  5-9 e V =  5-6 eV F r . k . r . v .

1-091 2-473 2-353 2-233
1-374 0-108 0-103 0-098 0-1014
1-445 0-431 0-410 0-389 0-4011

A T I , 1-539 1-050 0-999 0-948 0-9810
( 3 p  p  3 p ) 1-592 1-448 1-372 1-303 1-353

1-642 1-837 1-749 1-662 1-714
1-726 2-488 2-368 2-247 2-317

1-157 0-994 0-937 0-880 1-051
1-203 0-459 0-432 0-406 0-489

( 3 p  +  3 p )

1-263 0-092 0-087 0-082 0-099
1-381 0-094 0-089 0-084 0-099
1-471 0-467 0-440 0-415 0-489
1-505 0-654 0-617 0-579 0-680
1-563 1-007 0-949 0-892 1-051

( 3 p  +  3 p )

1-074 1-263 1-164 1-064 2-001
1-087 0-956 0-881 0-806 1-688
1-125 0-544 0-501 0-458 0-951

1-156 0-308 0-284 0-260 0-541
1-212 0-065 0-060 0-055 0-110
1-325 0.061 0-056 0-051 0-110

A ^ g  
( 3 p  +  3 p )

1-412
1-476
1-537

0-313
0-572
0-849

0-289
0-527
0-782

0-264
0-482
0-715

0-541
0-951
1-335

1-602 1-159 1-067 0-976 1-688
1-675 1-504 1-386 1-267 2-001

1-134 0-502 0-476 0-454 0-564
1-156 0-303 0-289 0-274 0-341
1-190 0-130 0-098 0-093 0-115

( 3 p  +  3 p ) 1-301 0-103 0-098 0-093 0-115
1-349 0-307 0-294 0-280 0-341
1-384 0-502 0-478 0-454 0-564

in troduced  in to  th e  ca lcu la ted  p o te n tia l b y  ca lcu la tin g  “a ” in  th is  m an n er is  n o t  
exp ected  to  b e  greater  th a n  2 per ce n t o f  th e  d isso c ia tio n  en ergy  or 5 p er ce n t o f  th e  
p otentia l en erg y  a s m easu red  from  th e  p o te n tia l m in im u m  i f  th is  is  th e  greater.

A ssu m in g  th a t  th e  th e  an d  th e  s ta te s  a ll d isso c ia te  in to
only 2p^ ^P, or grou n d  sta te , carbon  a to m s, g o o d  agreem en t b etw e en  th e  ca lcu la ted  
and th e  R .K .R .V , p o te n tia l cu rves is  o b ta in ed  ta k in g  as a b o u t 6  e V  a b o v e  th e  
p otentia l m in im u m  o f  th e  s ta te . I f  th e  accu racy  o f  th e  ca lcu la ted  p o te n tia ls  is  
taken as ± 5  p er cen t, th e  d isso c ia tio n  en erg y  o f  th e  grou n d  s ta te  is  5-8 ±  0 3, 
6-4 ±  0  3, 6 * 8  ±  0  3 an d  5-6 ±  0  3 eV , r e sp ec tiv e ly , for th e  foim  s ta te s . W h ils t  th e  
spread o f  th e  v a lu es  is w ell o u ts id e  o f  th e  q u o ted  5 per cen t accu racy , th ere  can  b e
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l i t t le  d o u b t as to  th e  correctness o f  a v a lu e  o f  th e  d issoc ia tion  en erg y  o f  c lose to  6  eV. 
T h e average v a lu e  is  6 * 1  eV . F u rth erm ore, sin ce th e  n e x t  lo'west en erg y  s ta te  o f  the  
iso la te d  carbon  a to m  is 1 2 6  eV  a b o v e  th e  s ta te , a ssu m in g  th a t  th e se  sta tes  
d isso c ia te  in to  o th er th a n  a to m s w ill lea d  to  a m ark ed  d ivergen ce  betw^een 
ca lcu la ted  an d  tru e  p o te n tia l curves.

F rom  th e  W ign er W itm er ru les [18] th e  allow^ed d isso c ia tio n  p ro d u cts  o f  low est  
en ergy  for a  s ta te  are +  2p^ an d  2 p^ ^P  3s^P. T h e su m  o f  the
e x c ita tio n  en ergies are 3 93 an d  7-46 eV  re sp ec tiv e ly . C onsideration  o f  each  p ossi
b ility  in  tu rn  sh ow s th a t  th e  fii'st p a ir is  o f  to o  lo w  an  en ergy  for th e  d  s ta te  and  
th a t  ih e  la tte r  p rod u cts sa tis fa c to r ily  a cco u n t for th e  ob served  p o te n tia l cu rve. The 
ca lcu la ted  cu rve is som ewffiat a b o v e  th e  R .K .R .V . cu rve. T h is m a y  b e  d u e to  m ixing  
w ith  on e o f  th e  o th er  s ta te s  an d /or  d u e to  lim ita tio n s  in  th e  sim p lified  p o ten tia l 
fu n ction . A n  a ltern a tiv e  m eth o d  o f  arrivm g a t  th e  preferred  d isso c ia tio n  products  
is to  d ed uce th e  v a lu e  o f  th e  a to m ic  e x c ita tio n  en erg ies w h ich  g iv e s  a greem en t w ith  
th e  exp er im en ta l curve. I n  t liis  case i t  is  6  3, 6 1  an d  6 T  eV  for r  =  1*297, 1*346 and  
1*382 A , re sp ec tiv e ly . T h e n ea rest p o ssib le  v a lu es  is  7*45 eV  {2p^ ^P  +  Zs^P).

N o n e  o f  th e  rem ain in g  four p o te n tia l cu rves can  b e  sa tis fa c to r ily  a cco u n ted  for 
b y  a n y  on e assu m ed  d issoc ia tion  en ergy . T h is is sh o w n  for th e  A^Iig  s ta te  in  F ig . 1 . 
In  a ll o f  th e se  cases n e ith er  cou ld  th e  v ib ra tio n a l n or th e  r o ta tio n a l term s b e  fitted  
to  sim p le  p ow er-series exp an sion s . T h u s for th e  A^Wg s ta te  th e  first four v ib ration al 
term s an d  th e  first four ro ta tio n a l term s m a y  b e exp ressed  as a lin ear fu n c tio n  o f  v, 
b u t i f  on e tr ies to  in clu d e term s d ed u ced  from  th e  ta il b an d s, i t  is fo u n d  th a t  as m any  
term s are n eed ed  in  th e  ex p a n sio n  as th ere  are co n sta n ts  to  b e exp ressed  [ 1 0 ]. Such  
a m ark ed  ch an ge in  th e  ch aracter o f  th e  b in d in g  wdth an  in crease in  r as th is  im plies, 
can  b e  ex p la in ed  reason ab ly  o n ly  i f  on e assu m es som e form  o f  p ertu rb a tio n  such  as 
is  in h eren t in  th e  n on -crossin g  ru le. T h is ch an ge in  ch aracter  as r  in creases will 
gen era lly  resu lt  in  su d d en  d ep artu res to  low er en erg y  v a lu es  sin ce , in  gen era l one is 
d ea lin g  wdth th e  low er en ergy  s ta te s . A n o th er  s ta te  m u st  b e  ra ised  sim u ltan eou sly  
in  en ergy , b u t n o  case is  knowm wffiere a n y  d a ta  is  a v a ila b le  for th is  u pp er sta te .

O nce th e  ca lcu la ted  cu rve d e v ia te s  from  th e  exp er im en ta l, th e  tru e  p otentia l 
en ergy  can  be assu m ed  to  b e in term ed ia te  b e tw e en  th e  ca lcu la ted  en ergies for two  
se ts  o f  a llow ed  d issoc ia tion  p rod u cts. T h is a p p ro x im a tio n  is  v a lid  o n ly  for small 
d ev ia tio n s from  th e  in it ia l cu rve d u e to  ch an ges in  th e  h y p o th e tic a l zero-order 
v ib ra tio n a l freq u en cy  an d  b o n d  le n g th  for th e  m od ified  w a v e  fu n ctio n . A s can  be 
seen  from  T able 3 th e  iso la ted  a to m  w a v e  fu n ctio n s  for th e  A^Ug, P^TIg, BTIg an d  6^2^+ 
s ta te s  are th o se  o f  th e  2p^ ^P  - f  2p^ 2 p^ ^P  - f  2p^ ^D, 2p^ +  2p^ ' 8̂ and
2p^ ^8 -{- 2p^ ' 8̂ con figurations, re sp ec tiv e ly , for sm all d ev ia tio n s  from  th e  equilibrium  
in ter-n u clear d istan ce.

I t  h a s b een  p o in ted  o u t th a t  th ere  is  l it t le  h o p e o f  fin d in g  a  p o te n tia l function  
wdiich w ill reprodu ce k n ow n  p o te n tia l cu rves to  b e tte r  th a n  1  p er ce n t o f  on the 
a v erage  [4]. I t  is  clear from  th e  a b o v e  th a t  ev en  su ch  an  a ccu ra cy  ca n n o t b e  possible  
g en er a lly  for e x c ite d  s ta te s  due to  ch an ges h i th e  iso la te d  a to m  w a v e  fu n ctio n s wdth 
ch an ges in  b on d  len g th . R a th er , large d ev ia tio n s  m a y  w nll im p ly  th a t  th ere is a

[18] E . W i g n e r  and E . E . W i t m e r . Z. Physik .  51, 859 (1928); G . H e r z b e r g  Spectra of Diatomic 
Molecules  pp. 315-322. V an N ostrand, N ew  Y ork.
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perturbation  to  th e  e lec tron ic  s ta te  u n d er con sid era tion . F u rth erm ore, th e  v a lu es  o f  
higher order a n h a rm o n ic itie s  e tc . e x is t in g  in  th e  litera tu re  are o fte n  m ean in g less  as  
representing tru e  a n h a rm o n ic itie s  a n d  ca n n o t, th erefore, b e  u sed  to  ex tr a p o la te  
observed en ergy  le v e ls . B i r g e  an d  S p o o n e r ’s  e x tr a p o la tio n  o f  th e  o b serv ed  en ergy  
levels w ill, in  su ch  cases, g iv e  to o  lo w  a v a lu e  for th e  d isso c ia tio n  en ergy . T h u s, 
assum ing g ro u n d -sta te  d isso c ia tio n  p rod u cts  for th e  s ta te  an  ex tr a p o la ted
d issociation  en erg y  o f  5-42 eV  a b o v e  th e  p o te n tia l m in im u m  o f  th e  s ta te  is
obtained [19].

[19] G. H e r z b e b g , Astrophys. J .  89, 290 (1939).
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Table 3. C alculated potentia l curves o f several sta tes for various 
dissociation products assum ing Dg{x) =  6-2 eV

r
( Â )

( 3 p  +  3 p )

(eV)
( 3 P  +  i P )  

(eV)
C P  +  ^ s )  

(eV) t  n . K .R . V .

1 0 7 4 1-263 1-682 2-150 2-001
1-087 0-956 1-273 1-627 1-688
1-125 0-544 0-724 0-926 0-951
1-156 0-308 0-410 0-525 0-541
1-212 0-065 0-087 0-111 0-110

A U \ 1-325 0-061 0-081 0-104 0-110
1-412 0-313 0-417 0-533 0-541
1-476 0-572 0-762 0-974 0-951
1-537 0-849 1-130 1-445 1-335
1-602 1-159 1-542 1-971 1-688
1-675 1-504 2-002 2-559 2-001

( 3 P  +  3 P ) C P  +  ^S)

1-103 0-350 1-031 1-201
1-132 0-215 0-634 0-740
1-202 0-034 0-101 0-112

« iT T 1-313 0-032 0-094 0-112
C i l g 1-365 0-104 0-306 0-330

1-444 0-263 0-776 0-740
1-545 0-513 1-511 1-078
1-621 0-710 2-093 1-201

( i p  +  iP ) C P  +  S ) C S +  ^S)

1.111 0-335 0-585 0-836 0-995
1-133 0-226 0-395 0-565 0-666
1-148 0-167 0-291 0-416 0-488
1-200 0-037 0-064 0-091 0-102
1-317 0-044 0-078 0-111 0-102
1-421 0-239 0-417 0-596 0-488
1-463 0-341 0-596 0-851 0-666
1-545 0-557 0-973 1-390 0-995

( 3 p  3 p ) ( 3 p  +  i p )

1-365 0-238 0-482 0-544
1-402 0-114 0-231 0-317
1-469 0-029 0-059 0-067

B^Ug 1-615 0-030 0-060 0-067
1-686 0-100 0-202 0-196
1-742 0-169 0-342 0-317
1-791 0-237 0-480 0-433
1-838 0-306 0-620 0-544
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Table 3. (contd)

r
(A) +  iP ) ( 3 p  p  g g 3 p )

F k.k.r.v.

1-130 0-361 0-623 0-556
1-152 0-218 0-376 0-336
1-186 0-074 0-127 0-113

« 1-297 0-070 0-132 0-113
1-346 0-232 0-401 0-336
1-382 0-385 0-664 0-556

( 3 p  +  3 p )

(eV)

1-230 0-718 0-621
1-249 0-515 0-447
1-273 0-314 0-270

V 3 V  — 1-311 0-100 0-098
r  —ij, 1-435 0-104 0-098

1-489 0-311 0-270
1-530 0-519 0-447
1-565 0-722 0-621

Co n c l u sio n

If it proves impossible to approximate an observed potential curve by the 
Lippmcott function, it can be assumed that two or more potential curves of same 
symmetry would have crossed were it not for the repulsive interaction between them 
as expressed in the non-crossing rule. In such a case extrapolation of the observed 
energy levels results in too low a value for the dissociation energy of the state. 
Where it is possible to reproduce approximately the R.K.R.V. curve with a Lippincott 
curve the use of the three-parameter form leads to information on the dissociation 
energy of that state. From this value and a knowledge of the ground-state dissocia
tion energy it is often possible to determine without ambiguity the states of the 
dissociated atoms.

Achnowledgements— I  w ish to  express rny gratitude to  Professor J . T. V a n d e e s l i c e  for sending  
the results o f  h is calculations on Cg prior to  publication. A lso, I  gratefu lly  acknow ledge con
siderable assistance in  th e  calculations b y  Miss K . L o g a n . T his work w as carried out during the  
tenure o f an I.C .I. Fellow ship.
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ABSTRACT

Empir i ca l  i n t e r n u c l e a r  p o t e n t i a l  f u n c t i o n s  have been used  

to pr e d i c t  h ig h er  order s p e c t r o s c o p i c  parameters  f o r  ground and 

excited s t a t e s  o f  a r e p r e s e n t a t i v e  sample o f  d ia tom ic  molecu l e s*

The parameters ,  v i z , ,  second order  a n h a r m o n i c i t i e s ,  r o t a t i o n a l -

v ibrat ional  c o u p l i n g  c o n s t a n t s ,  ^ , and the  f i r s t  order  v i b r a t i o n a l  

correct ions  to  the  second order  r o t a t i o n a l  c o n s t a n t s ,  ^  , have been  

computed through the  Dunham r e l a t i o n s  fo r  th e  H u l b u r t - H i r s c h f e l d e r ,

Varshni I I I ,  and L i p p i n c o t t  e m p i r i c a l  i n t e r n u c l e a r  p o t e n t i a l  f u n c t i o n s ,

A t abl e  o f  Dupham-corrected e q u i l i b r iu m  v i b r a t i o n a l  f r e q u e n c i e s  and 

equi l ibrium i n t e r n u c l e a r  d i s t a n c e s  i s  given* The p r e d i c t e d  v a l u e s  

for the  h i gh er  order  s p e c t r o s c o p i c  parameters  are compared wi th  

experimental  v a l u e s  as found in  the  l i t e r a t u r e *  D e v i a t i o n s  o f  p r e 

dicted from expe r im en ta l  v a l u e s  are d i s c u s s e d  from d i f f e r e n t  approaches ,  

The e m p i r i c a l  f u n c t i o n s  d i s c u s s e d  should be u s e f u l  in  o b t a i n i n g  e s t i m a t e s

of W y  . /  . and ê> when such v a l u e s  are not  a v a i l a b l e  because  ofere  e e
l imited ex per imen ta l  da ta ,

*Present Address:  Department o f  Chemist ry ,  Royal Hol loway C o l l e g e ,
  E n g l e f i e l d  Green,  Surrey ,  England



T INTRODUCTION

In a p r e v i ou s  p u b l i c a t i o n ^  (SLV) s e v e r a l  i n t e r n u c l e a r

p o t e n t i a l  f u n c t i o n s  were s t u d i e d  wi th  r e s p e c t  t o  t h r e e  c r i t e r i a :

their a b i l i t y  t o  p r e d i c t  a) f i r s t  order  v i b r a t i o n a l - r o t a t i o n a l

coupling c o n s t a n t s ,  o< ' s ,  b) f i r s t  order  a n h a r m o n i c i t i e s ,  A) x *s
® e 6

and c) p o t e n t i a l  v a l u e s  which agree  wi th  observed  v a l u e s ,  at

various i n t e r n u c l e a r  s e p a r a t i o n s ,  where the  observed  p o t e n t i a l  v a l u e s

were taken t o  be t h o s e  o b t a i n ed  from the  R y d b e r g - K l e i n - R e e s - V a n d e r s l i c e
I  2j (RKRV) method* A number o f  t h e s e  f u n c t i o n s  e x h i b i t e d  an average  per -

jformance in f a i r l y  good agreement  w i th  known curves  as g iven  by the

I RKRV method and p r e d i c t e d  (x> x  ̂s and ’ s which agreed w e l l  wi th  
I ® e e
I experimental v a l u e s .

This  p r e s e n t  work r e p r e s e n t s  an e x t e n s i o n  o f  the  above s t u d y .

The main purpose  o f  t h i s  paper i s  t o  de termine  the  a b i l i t y  o f  the

empirical i n t e r n u c l e a r  p o t e n t i a l  f u n c t i o n s  t o  p r e d i c t  s p e c t r o s c o p i c

parameters such as second order  a n h a r m o n i c i t i e s ,  a ) y ^ ’ s ,  r o t a t i o n a l -

vibrational  c o u p l i n g  c o n s t a n t s ,   ̂ *s  ̂ and f i r s t  order  v i b r a t i o n a l

corrections to  the  second order  r o t a t i o n a l  c o n s t a n t s ,  ^  ’ s . '  In t h i s
3 ®

publ icat ion,  we have a l s o  compi l ed  a t a b l e  o f  Dunham c o r r e c t e d  e q u i l i b r i u m

vibrational f r e q u e n c i e s ,  co ’ s,  and e q u i l i b r i u m  i n t e r n u c l e a r  d i s t a n c e s ,
e

fg’s ,  which may be o f  i n t e r e s t  t o  some i n v e s t i g a t o r s .  S e ve ra l  o f  the  

nine f u n c t i o n s  c o n s i d e r e d  in the  o r i g i n a l  paper have been e l i m i n a t e d  

from i n v e s t i g a t i o n  in t h i s  work e i t h e r  because  o f  t h e i r  poor showing in

D0 S t e e l e ,  E. R. L i p p i n c o t t ,  and J ,  T* V a n d e r s l i c e ,  Revs .  Modern 
Phys. 34 ,  239 (1962)  .

J , T0 V a n d e r s l i c e ,  E, A. Mason, W. G. Maisch ,  and E. R. L i p p i n c o t t ,  
J 8 Mola S p ec t ro s co p y  3 ,  17 (19 59 ) ;  5 ,  83 ( I 9 6 0 ) .

9̂ Jo L. Dunham, Phys ,  Rev. 41 ,  713 ,  721 ( 1 9 3 2 ) ,



the p r e d i c t i o n  o f  l ow°order  c o n s t a n t s ,  and /or  t h e i r  i n a c c u r a t e  curve

representat ions ,  or because  t h e y  p r e d i c t  a c o n s t a n t  s i g n  in  one o f  the

high order terms c o n s i d e r e d  i n  t h i s  paper .

We use  the  method o f  Dunham^ in  order  t o  demonstrate  the  r e 

lation o f  the  v a r io u s  s p e c t r o s c o p i c  c o n s t a n t s  used in  d e s c r i b i n g  the  

observed energy  l e v e l s  o f  a r o t a t i n g  anharmonic v i b r a t o r  t o  th e  parameters  

of any e m p i r i c a l  i n t e r n u c l e a r  p o t e n t i a l  f u n c t i o n  which can be expanded in  

a power s e r i e s  about ( r - r g ) / r ^ .  Dunham used the  WKB method t o  show t h a t  

the energy l e v e l s  w i l l  have the  form

E -  Y , . ( v * l / 2 / j j ( J + l ) ^  (1)
v j  J :

where f  and j are summation i n d i c e s  and v and J are v i b r a t i o n a l  and r o 

tational quantum numbers r e s p e c t i v e l y ,  and where the  Y^j*s are c o e f f i c i e n t s  

which can be de termined  from the  e x p e r i m e n t a l  m o l ec u la r  c o n s t a n t s .  Here ,  

the energy zero  has been taken t o  be at the  minimum o f  the  p o t e n t i a l  c ur v e .

If i s  s m a l l ,  th e  *s can be r e l a t e d  t o  the  band spectrum " c o n s t a n t s '
e J  j

as ind i cated  in  Table  I ,

These symbols  r e f e r  t o  the  power s e r i e s  ex pan s i on  f o r  the  

molecular energy l e v e l s :

E ( v + l / 2 ) - c o x  (v+l / 2 )^+CJy  ( v + l / 2 ) ^ * c ^ z  ( v + l / 2 ) ^ + , , , +  VJ QQ e e G e e e
2 ^ 3 3

B J (J +1 ) -D  J (J+1) +F J (J+1) + . . .
V V V

( 2 )

2

«here B,-B = c ^ ( v * l / 2 ) +  (v+ 1 /2 )  (3)
V e e e

:|

and D "D + 6  ( v + l / 2 )  + . , ,  (4)
V e e

j  I f  the  e f f e c t i v e  p o t e n t i a l  i s  assumed t o  have th e  form



where F  = ( r - r  ) / r  , the  a ' s  can be r e l a t e d  t o  th e  Y. . * s @ Thus,  i f  any 
) G 1  y j

given e m p i r i c a l  p o t e n t i a l  f u n c t i o n  can be expanded in  a power s e r i e s  

about (r = r ^ ) / r ^ ,  as assumed by Dunham, then one can a r r i v e  at  e x p r e s s i o n s  

for the a^*s in  terms o f  the  parameters  o f  th e  p a r t i c u l a r  e m p i r i c a l  p o t e n 

tial f u n c t i o n  employed.  Thus a l l  s p e c t r o s c o p i c  c o n s t a n t s  can t h e o r e t i c a l l y  

be determined by th e  r e l a t i o n s h i p s  g iven  by Dunham, and t hey  w i l l  be g iven  

in terms o f  parameters  o f  the  f u n c t i o n  used* In p a r t i c u l a r ,  in t h i s  s t u d y ,  

we are i n t e r e s t e d  in the p r e d i c t i o n  o f  , c o r r e c t e d  , and

corrected r , These are g iven  by the  f o l l o w i n g  e q u a t i o n s  in  terms o f  a . ' s .

y y  » ( B  )  ( 1 0 a , - 3 5 a , a  - 1 7 a L 2  +  2 2 5 a ^ a , / 4 - 7 0 S a ! / 3 2 )ee  s e  4 i z  i

I ■ ( 6 B ^ / % ^ ) ( 5 * 1 0 a  = 3 a  * 5 a  = 1 3 a  a  + 1 5 ( a ^ * a ^ ) / 2 )  e Q V i z J 1 Z I 1

,3 •  ( 1 9 / 2 < « 9 a  ♦ 9 a f / 2 - 4 a 1
e e e 1 1  Z

r  Ç
r corr 
e

2  3
h l + ( B . / 2 uA ) (1 5  + 1 4 a . - 9 a _  + 15a -23a  a *21 [a * a J / 2  ™ w _ ^ ^ e  e  ̂ 1 2 3 1 2  i  1 -
8TTy B c

1 2  2 2 2 4
Ü corr " cu 1*(B / 4 o j ) ( 2 5 a  - 9 5 a , a  / 2 - 6 7 a ^ / 4 * 4 S 9 a ,  a , / 8 - 11 5 S a , / 6 4 )  e e e 4 1 3  2 1 2  1

( 6 )

( 7 )

( 8 )

( 9 )

( 1 0 )

II, FUNCTIONS CONSIDERED IN THIS INVESTIGATION 

L i pp in co t t  Funct ion

This  f u n c t i o n  has the  form shown in  Table  II and can be used in  

4 three or f i v e  parameter  form.  With a^O, the  f u n c t i o n  f ( r )  must s a t i s f y

the cond i t i on  V (r)  “ =<5when r«0 and V(r)*D when r"«-o « S e v e r a l  forms have
e

been proposed f o r  f ( r ) ,  the  most u s e f u l  o f  which i s  the  one chosen f o r  

this comparative s t u d y  and whose form i s  i n d i c a t e d  in  Table  II# The f i v e  

parameter f u n c t i o n  then has the  form
1 / 7  1/2

( 1 1 )

wher

1 / 2  1 / 2  

V ( r ) = D g ( l = e " * ) ( l = a b x  ^ - b ( x r / r ^ )  )

e x«n 4 r ^ / 2 r#



The parameters  b and,  t o  a l e s s e r  e x t e n t ,  a were found t o  be

nearly c o n s t a n t  f o r  the  s t a t e s  o f  a l l  m o l e c u l e s  in  p r e v io u s  s t u d i e s .

This s u g g e s t s  t h a t  the f i v e  parameter  f u n c t i o n  can be t r e a t e d  as a t h r ee

parameter f u n c t i o n  f o r  purposes  o f  c o n s t r u c t i n g  p o t e n t i a l  curves  and c a l»
4

c u l a t i n g  s p e c t r o s c o p i c  q u a n t i t i e s *  Furthermore ,  i t  has been e s t a b l i s h e d

that both the  f i v e  and t h r e e  parameter  forms p r e d i c t  e s s e n t i a l l y  the  same

D , The a ssumpt ion o f  t h i s  e q u i v a l e n c e  l eads  t o  r e l a t i o n s h i p s  such as the  
e

one between Ĉi's which i s  b e in g  used in  t h i s  s t ud y  and r e p r e s e n t s  the on ly
2

difference between L i p p i n c o t t  I and L i p p i n c o t t  I I ,  v i z , ,  / \ r i )»k^r^/2D  

and A  (IT) 1/2 . Expansion o f  the  L i p p i n c o t t  f u n c t i o n  i n t o

Dunham form y i e l d s  the c o e f f i c i e n t s  shown in  Table I I ,  The r e s u l t s  ob

tained from t h e s e  two forms o f  the  L i p p i n c o t t  f u n c t i o n  w i l l  be found in  

rows 1 and 2 r e s p e c t i v e l y  o f  Table  I I I*

Hulb u r t - H i r s c h f e l d e r  Funct ion^

This  i s  a f i v e  parameter  e x t e n s i o n  o f  the  Morse f u n c t i o n  which

has the advantage  t h a t  the  f i v e  major s p e c t r o s c o p i c  c o n s t a n t s  are f i t t e d

exactly. However,  i t  has  the  d i s ad va n ta ge  t h a t  no c o r r e l a t i o n  checks  

among these  f i v e  s p e c t r o s c o p i c  q u a n t i t i e s  are p o s s i b l e .  The Hulburt -  

Hirschfelder f u n c t i o n  shows e x c e l l e n t  c o r r e l a t i o n  w i th  the  RKRV curves  

as expected^ I t  was chosen f o r  c o n s i d e r a t i o n  here  in  order  to  det ermine

whether c o ^ y  , /  , and /3 ^  cou ld  be p r e d i c t e d  i f  a l l  f i v e  o f  the  lower6 6  ̂ © ' e ««SMB
order s p e c t r o s c o p i c  c o n s t a n t s  were used* The form o f  the  f u n c t i o n  and 

the forms o f  the  Dunham c o e f f i c i e n t s  are shown in  Table  I I ,  The parameters  

predicted by t h i s  f u n c t i o n  are shown in  row 3 o f  Table  I I I ,

Rg L i p p i n c o t t ,  D* S t e e l e ,  and P, C a l d w e l l ,  J ,  Chem, Phys ,  35 . 12 3  
(1961),

1̂ ' H, M* Hulburt  and J ,  0 ,  H i r s c h f e I d e r , J* Chem, Phys , 9 ,  61 ( 1 9 4 1 ) ,



Varshni

This  i s  a t h r e e  parameter  f u n c t i o n  ha v i n g  the  form shown in

ble I I »  T h i s  f u n c t i o n  g i v e s  g o o d  p e r f o r m a n c e  w i t h  r e s p e c t  t o  a g r e e -
1

nt with t h e  RKRV curves  and p r e d i c t i o n  o f  o< * However the  c a l c u l a t e d
e

lues o f  6Ü X are p o o r ,  b e i n g  the  worst  f o r  any f u n c t i o n  compared.  The 
e e

irm of  the  a ^ ' s  o b t a i n e d  from t h i s  f u n c t i o n  are a l s o  shown i n  Table  I I ,

id the c a l c u l a t e d  v a l u e s  o f  the  h i g h e r  order  c o n s t a n t s  de termined by t h i s

met ion are l i s t e d  in  Table  I I I  in  row 4.

The remaining  s i x  e m p i r i c a l  i n t e r n u c l e a r  p o t e n t i a l  f u n c t i o n s ,
1hich were i n v e s t i g a t e d  in the  S t e e l e - L i p p i n c o t t - V a n d e r s l i c e  s t u d y ,  w i l l

ot be d i s c u s s e d  here  f o r  reasons  which are b r i e f l y  s t a t e d  be low ,

the ,Morse  f u n c t i o n ;  because  i t  was not  p a r t i c u l a r l y  s u i t a b l e

f o r  th e  c o n s t r u c t i o n  o f  p o t e n t i a l  c u r v e s ,  because  i t  p r e d i c t s  !

zero  v a l u e s  f o r  co y f o r  a l l  d ia to m ic  s t a t e s ,  and becausee e
i t  p r e d i c t s   ̂ ^ ' s which are always n e g a t i v e *

the  Rosen-Morse f u n c t i o n s  because  i t  y i e l d s  no s i g n i f i c a n t  !

improvement over  the  Morse f u n c t i o n  w i t h  r e s p e c t  t o  both

p o t e n t i a l  curve  mappings and p r e d i c t i o n s  o f  cu^x^ *s and ' s .

the  P o s c h l - T e H e r  and F ros t -M us u l i n  f u n c t i o n s ;  because  the cJ x *se e I
and *s p r e d i c t e d  by t h e s e  f u n c t i o n s  do not  agree  w e l l  '

w i t h  observed  v a l u e s ,  and because  t h e s e  f u n c t i o n s  g i v e  poor  

p o t e n t i a l  curve  r e p r e s e n t a t i o n s *  

the  Rydberg f u n c t i o n s  because  i t  y i e l d s  a c o n s i s t e n t l y  n e g a t i v e

v a l u e  f o r  w^y^*s f o r  a l l  d i a to m i c  s t a t e s *  |

the  L i n n e t t  f u n c t i o n ;  because  i t  p r e d i c t s  f a l s e  maxima in  th e  |

p o t e n t i a l  curves  o f  c e r t a i n  m o l e c u l a r  s t a t e s  where none I

are  obs erved  or e x p e c t e d  to  e x i s t *

9̂ Po V a r sh n i ,  Revs* Modern Phys * £ 9 ,  664 (1957)*



III. DISCUSSION

In Table  I I I ,  we have l i s t e d ,  f o r  a r e p r e s e n t a t i v e  sample o f  

diatomic s y s t e m s ,  the  c j^y^, ^ , a n d ^  values  c a l c u l a t e d  from the  e m p i r i c a l  

internuclear p o t e n t i a l  f u n c t i o n s  d i s c u s s e d .  These c a l c u l a t e d  v a l u e s  are  

compared t o  e x p e r i m e n t a l  v a l u e s  a v a i l a b l e  in  the  l i t e r a t u r e *  I t  i s  e v i d e n t  

that no g r ea t  agreement  e x i s t s  between observed  and c a l c u l a t e d  v a l u e s .

However, r a t h e r  e a r l y  in  t h i s  s tudy  we r e a l i z e d  t h a t  agreement  t o  th e  "ob

served" s p e c t r o s c o p i c  c o n s t a n t s  would r e p r e s e n t  a very  poor c r i t e r i o n  on 

which to judge the  p r e d i c t i o n s  o f  the  v a r io u s  p o t e n t i a l  f u n c t i o n s ,  s i n c e ,

while the x , cj y , . . . ,  v a l u e s  are in  t h e m se lv e s  q u i t e  a c c u r a t e ,^ e  e e  e e  '
they depend s t r o n g l y  on the  method o f  data  a n a l y s i s ,  v i z * ,  on the  number

of terms used in  the  A  G ( v * l / 2 )  e q u a t i o n .  In Table  V we i l l u s t r a t e  t h i s

inconvenient phenomenon from data  on the  s t a t e  o f  t aken from the

high r e s o l u t i o n  s tudy  o f  Hsrzberg and Howe, in which were i n d i c a t e d  s i x

iiG'’(v+l /2)  e q u a t i o n s *  I t  can be s een  t h a t  cj has a range o f  8 out o f

4400 cm“I and 6J x , 7 out  o f  120 cm" ^, However,  cj  y v a r i e s  from 
e  e  e  e

=U24944 to  * 1 , 7 1 2 2 3 ,  not  even appear ing  to  vary in a c o n s i s t e n t  manner.

The importance o f  t h i s  l i e s  in the  f a c t  t h a t  t h e s e  AG" *s are meas urable  to  

six and a h a l f  s i g n i f i c a n t  f i g u r e s  but  our s p e c t r o s c o p i c  " c o n s t a n t s "  seem

reliable t o  a maximum o f  t h r e e  f o r  co » This  i l l u s t r a t e s  the  d i f f i c u l t y
e

of extending t h e s e  power s e r i e s  t o  a s u f f i c i e n t  number o f  terms due to  

the p o s s i b i l i t i e s  o f  l o s i n g  s i g n i f i c a n t  f i g u r e s .  However, one can have  

little c o n f i d e n c e  in  the  p h y s i c a l  meaning o f  t h e s e  h i g h e r  order  s p e c t r o 

scopic parameters which were o b t a i n e d  from low order  power s e r i e s  e q u a t i o n s  

'Ven though t h e y  have ma i n ta ine d  the  proper  accuracy  w i t h  r e s p e c t  t o  s i g 

nificant f i g u r e s .  In a l i k e  manner,  one shou ld  have l i t t l e  c o n f i d e n c e  in

- 0̂ Herzberg and L, L, Howe, Can, J ,  Phys ,  37̂ , 636 ( 1 9 5 9 ) ,



parameters ob t a i n ed  from high  order  power s e r i e s  e q u a t i o n s  — s a y ,  from

9 » where m*number o f  v i b r a t i o n a l  l e v e l s  *  s i n c e  the re  i s  a l o s s  o f  

s igni f i cant  f i g u r e s *

Thus i t  i s  n e c e s s a r y  t o  emphas ize  t h a t ,  i f  one i n s i s t s  on e x 

panding the  v i b r a t i o n a l  measurements in i n f i n i t e  power s e r i e s ,  the  s e r i e s  

must indeed be i n f i n i t e  in  order  t h a t  the  r e s u l t i n g  numbers ma inta in  t h e i r  

o r i g i n a l l y  in t e n d ed  meaning* I t  i s  w e l l  known t h a t  t h i s  cannot  be done 

in pract i ce»  I t  would be o f  c o n s i d e r a b l e  va lu e  in the  f u t u r e  i f  an e f f o r t  

were made t o  o b t a i n  an e x p r e s s i o n  f o r  the  v i b r a t i o n a l  e n e r g i e s  in  c l o s e d  

form*

Dunham's d e r i v a t i o n  o f  the  e i g e n v a l u e s  o f  a r o t a t i n g  anharmonic

osci l lator i n v o l v e d  a ssumpt ions  i n c i d e n t  upon the WKB method and a l s o  the

assumption t ha t  the  p o t e n t i a l  used cou ld  be expanded i n t o  a power s e r i e s  *

It fol lows t h a t  the  lower order  s p e c t r o s c o p i c  c o n s t a n t s  c o ,  c o x ,  co y ,
G e e e e

are e x p r e s s i b l e  in  terms o f  the  lower order a ' s » v i z  * , a . a % a and a , .
i  ' * l '  2 3 4'

(with smal l  c o r r e c t i o n s  i n v o l v i n g  a  ̂ and a^) » We have at  our d i s p o s a l  

some em pir i ca l  p o t e n t i a l  f u n c t i o n s ,  which f i t  observed  p o t e n t i a l  curves  

very wel l* Thus,  the  a^ ' s  which are o b t a i n e d  from the  e m p i r i c a l  p o t e n t i a l  

functions i n v o l v e  no approx imat ions  e x c e p t  t h o s e  dependent  on the  RKRV 

roethod, and the  s p e c t r o s c o p i c  c o n s t a n t s  ob ta i n ed  from t h e s e  a^ ’ s i n v o l v e  

no approximations e x c e p t  t h o s e  dependent  on the  Dunham method* Thus,  t o  

the extent  t h a t  the  e m p i r i c a l  p o t e n t i a l  f u n c t i o n ' s  curve r e p r e s e n t a t i o n  f o r  

 ̂ given m o l ecu la r  s t a t e  i s  in  agreement  wi th  th e  RKRV c u r v e ,  the  s p e c t r o 

scopic c o ns ta n t s  o b t a i n e d  from t h i s  f u n c t i o n  f o r  a g i ven  s t a t e  shou ld  g i v e  

^reasonable e s t i m a t e  f o r  the  v a l u e s  o f  such parameters*  These e s t i m a t e s  

perhaps be u s e f u l  in  c a s e s  where such parameters  cannot  be o b t a i n ed  

experimentally due to  u n a v a i l a b l e  or l i m i t e d  data*



D^, and are ob ta in ed  by a g r a p h i c a l  method,  based on the

a s s u m p t i o n  th a t  a l l  c o e f f i c i e n t s  o f  ( J+ 1 /2 ) ^  i n  the  CJ)/4 (J+1/2 )

equ a t i o n s  are zero  f o r  n>4* T h e r e f o r e ,  from p l o t s  o f  / ^ 2 F y ( J ) / 4 ( J + l / 2 )

vs, (J+1/2)  f o r  a l l  the  v i b r a t i o n a l  l e v e l s ,  B^, D^, and are found as

the i n t e r c e p t ,  s l o p e ,  and cu rv a tu re  r e s p ^ e c t i v e l y * Then an e q u a t i o n  i s

generated t o  e x p r e s s  B  ̂ in  a power s e r i e s  in  ( v * l / 2 )  * Us ing  again the

ground s t a t e  o f  hydrogen f o r  i l l u s t r a t i v e  p u r p o s e s ,  we s e e  t h a t  Herzberg

and Howe a r r i v e  at  a f ou r - t er m formula (developed from the f i r s t  e ight  B  ̂ v a l u e s ,
-1in which ^^ = 0 *0601^ cm ) ,  p o s t u l a t e d  as b e i n g  an improvement over  

Stoicheff's^ t h r e e - t e r m  formula (dev e lop ed  from the  f i r s t  f our  B v a l u e s
V

= 1

in which j^»0e0 285 5  cm ) ,  This  judgment i s  based on the  sma l l  magni tudes  

of the r e s i d u a l s  o f  the  f i r s t  f i v e  B̂  v a l ue s*  In Table  VI are compared 

B , , and )r v a l u e s  ob ta i n ed  from t h r e e ,  f o u r ,  f i v e , and s i x  term

formulae u s i n g  the  f i r s t  t h r e e ,  f o u r ,  f i v e ,  and s i x  B̂  v a l u e s  r e s p e c t i v e l y  

i n e x a c t - f i t  e q u a t i o n s .

Because o f  th e  i n a c c u r a c i e s  in h e r e n t  in  g r a p h i c a l  a n a l y s i s  o f  

the r o t a t i o n a l  l e v e l s  as w e l l  as the  a r b i t r a r y  power s e r i e s  c u t - o f f s ,  jf
e

values ob t a i ne d  from the  above e m p i r i c a l  p o t e n t i a l  f u n c t i o n s  aga in  should  

be useful  e s t i m a t e s  o f  t h e s e  q u a n t i t i e s  where i n s u f f i c i e n t  data  i s  a v a i l 

able to det ermine  them e x p e r i m e n t a l l y * S i m i l a r  s t a t e m e n t s  co u l d  be made 

|3 » e x ce p t  the  o b t a i n e d  from the p o t e n t i a l  f u n c t i o n s  shou ld  be

even more r e l i a b l e  than the  o t her  c o n s t a n t s  so ob ta i n ed  s i n c e  t h e y  depend  

only on a^ and â @

I t  can be argued t h a t  r e l a t i v e l y  sma l l  e r r o r s  in  the  assumed 

potential r e l a t i v e  t o  the  t r u e  ( e x p e r i m e n ta l )  p o t e n t i a l  can g i v e  r i s e  t o  

arrors of  orders  o f  magni tude i n  th e  c o e f f i c i e n t s ,  a , ' s , i n  the  Dunham

P, S t o i c h e f f ,  Can, J ,  Phys* 35 ,  730 (1957)



power s e r i e s *  An examinat ion  o f  Table I I I  shows t h a t  the  a^ and a^ v a l u e s  

for the four  f u n c t i o n s  g e n e r a l l y  agree  r e a so n a b l y  w e l l ,  th e  a^ v a l u e s  t o  

within a f a c t o r  o f  two ,  but  the  a^ v a l u e s  somet imes  d i f f e r  in  s i gn*  S ince  

these comparisons can be made among the  four  f u n c t i o n s  whose c u r v e s , depart  

from each o t h e r ,  as much as any o f  them depart  from the  RKRV c u r v e ,  i t  i s  

not unreasonable  t o  assume t h a t  the  a^,  a ^ , and a  ̂ values of the t ru e  ( e x p e r i 

mental) curves  would be w i t h i n  the  ranges  g i v en  in Table  I I I»  Therefore  

j' which depends o n l y  on a^,  a^,  and a^ should  be q u i t e  r e l i a b l e *

Although depends on a ^ , t h i s  dependence i s  not  as s t r o n g

jas i ts  dependence on a^,  a^,  and a^,  and one g e n e r a l l y  s t i l l  i s  ab l e  t o

Ipredict w i t h i n  an order  o f  the  magnitude the  w  y va l ue s*
e G

I  One a d d i t i o n a l  source  o f  d i s c r e p a n c y  between observed  and c a l -

Jculated high order  parameters  may a r i s e  from i n t e r a c t i o n s  between s t a t e s  

of the same symmetry whose p o t e n t i a l  curves  would have c r o s s e d  were i t  not  

for the mutual  r e p u l s i o n  between t h e s e  s t a t e s  e x p r e s s e d  i n  the  well-known non-  

crossing r u l e .  These i n t e r a c t i o n s  w i l l  cause  the  o r i g i n a l  s t a t e s  t o  

change in c h a r a c t e r  as the  bond l e n g t h s  are a l t e r e d *  These changes  are  

îiost pronounced in th e  v i c i n i t y  o f  the  bond l en g th  at  which the  two s t a t e s ,  

if they did not  i n t e r a c t ,  would have had the  same p o t e n t i a l  energy* C l e a r l y ,  

such changes in  c h a r a c t e r ,  i f  l o c a l i z e d  in  a l i m i t e d  range o f  v v a l u e s ,  

vill cause the  o r i g i n a l  AG e x pa ns io ns  in terms o f  powers o f  ( v ^ l / 2 )  t o  

be no longer v a l i d ,  i f  th e  c o e f f i c i e n t s  are ob t a i n ed  from,  f o r  example ,  the  

first three or fo ur  l e v e l s .  I t  has been shown t h a t  such c a s e s  can be 

^Gcognized by d i v e r g e n c e s  ' o f  the  observed  p o t e n t i a l  curves  (RKRV c ur ves )  

from those g iv en  by the  L i p p i n c o t t  f u n c t i o n *  In g e n e r a l  e m p i r i c a l  p o t e n t i a l  

functions must conform t o  t h e i r  g e n e r a l  b u i l t - i n  s h a p e ,  and are not  a b l e  t o  

reproduce the  l o c a l  humps and bumps caused by i n t e r a c t i n g  n o n - c r o s s i n g  

Elates even though the  c o r r e c t  v i b r a t i o n a l  c o n s t a n t s  may be known,



Table IV c o n t a i n s  a t a b u l a t i o n  o f  c o r r e c t e d  ' s and c o r r e c t e d

J. »s c a l c u l a t e d  from th e  L i p p i n c o t t  ( I )  f u n c t i o n  f o r  some randomly s e l e c t e d  
e

mo l ecu lar  s t a t e s #  I f  any o t h e r s  arc d e s i r e d  t h e y  may be c a l c u l a t e d  from

equations (9) and (10)  u s i n g  th e  a ' s  in  Table  I I I  *

We can say  no more about the  r e l a t i v e  mer i t  o f  the  t h r e e  p o 

t e n t i a l  f u n c t i o n s  t e s t e d  ex cep t  that  the  s p e c t r o s c o p i c  parameters  ob

tained through the  L i p p i n c o t t  and H u l b u r t - H i r s c h f e l d e r  f u n c t i o n s  should  

perhaps be r e c e i v e d  w i th  more c o n f i d e n c e  than t ho s e  o b t a i n e d  from Varshni  

III s i n ce  the  former g i v e  an o v e r a l l  performance in  t h e i r  p o t e n t i a l  curve  

representat ions  which are s u p e r i o r  t o  t h e  l a t t e r *
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TABLE 11 S p e c t r o s c o p i c  Parameters  Re presen ted  by the  y s

w  y

In the o l d e r  s p e c t r o s c o p i c  c o n v e n t i o n  a l l  f i r s t  order  c o r r e c t i o n s

were taken t o  be o f  o p p o s i t e  s i g n  than the  c o n s t a n t  term e *g , ,

G * W ( v + 1 / 2 ) - w x  B - B  " ^  ( v + 1 / 2 ) * . , . ;  D - D  - / 3  ( v + 1 / 2 ) +  . .
e e e  v e ©  y e ' e

but modern c o n v e n t i o n  m a in ta in s  the  same s i g n  f o r  and » i  ,eo

V

be

so  t h a t  the  e lement  at  1^2 in  Table  I should

/ 3  g
' e
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Table IV; Sample C o l l e c t i o n  o f  Dunham Correc ted  CJ »s and r *s
e e

lecule S t a t e Cl) obs e Corrected  cO 
e r obs 

e
Corrected r

S a \ 1788 ,22 1788,30 1,26600 1,26575

(CO)* 2214 .24 2214.30 1,11506 1,11481

2̂ xV 214 ,25 1 214,251 2,66660 2 ,66483

Li^ x‘i; 351 .44 351 ,44 2,67250 2,67183

2̂  ̂ g
2357 ,78 2357,84 1,097100 1,09715

*̂2
c \ 2055 .10 2035 ,23 1,14820 1,14794

NO  ̂ ^ 3 / 2 1903 ,68 1903,75 1,15080 1,15049

Na2 X^Z*g
159 ,23 159 ,23 3,07860 3.07830

°2 x̂ z"g 1580 ,36 1580,42 1 ,207398 1,207068

°2 b^Z*g 1432,69 1432,78 1,22675 1.22636

'"2

'"2
, £

4400 ,39

1358 ,94

4403,39

1359,44

0 ,74158

1,29253

0,73632

1,27902

LiH 1405,65 1405 ,88 1.59535 1,59303

Mĝ H 1611,30 1611,18 1,67950 1.67792
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*
TABLE Vî C o e f f i c i e n t s  o f ( v + 1 / 2 )^ fo r  S t a t e  o f

H2 w i th  Respect to  the  Number o f Terms in the

Power S e r i e s .

^ e ^e^e
a • 4400 .39 120.815 0 .72419

b 4401 .39 121 .727 1,04515 “0 ,08904

c 4396 .55 117 ,973 0 .04339 0 ,08904

d .4399,46 119.605 0 .18124 0 ,14939

e 4397 ,79 117.448 =1,24944 0 .56462

f 440 4 .59 124 .158 1 .71223 0.09916

rs t o  a t h r e e  term e q u a t i o n ;  b ,  a four  term; c , a f i v e  ti 
ther  f i v e  term; e , a s i x  t erm^ equat ion ;  and f% a l e a s t  s 
erm e q u a t i o n  o f  the  f i r s t  e i g h t  G v a l u e s .  "

TABLE VI; Values f o r  the  R o t a t i o n a l  Constants

as a Funct ion o f  the  Number o f  Terms

in the By Equat ion .

Number
o f Be ^ e f e

Terms

3 60 , 8537 3 .0483 0 ,0388
0

4 60 ,8643 3 .O8 IO00
0 .0644

5 60 .8 68 3 .0958 0 ,0788

6 60 .8790 3 ,1326 0 , 1 2 0 2 ^
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CARBON-HYDROGEN STRETCHING VIBRATIONS 
IN FLU0R0C7CL0HEXANES

D . S t e e l e  a n d  D . H. W h if f e n  
The Chemistry Department, The University, Edgbaston, Birmingham 15

{Received 11 October 1957)

Abstract—For perfliiorocjc/ohexane derivatives in which not more than one fluorine at each carbon 
atom is replaced by a hydrogen atom, it is established that C -H  groups with an axial hydrogen show 
infra-red absorption at 2980 cm~^ and with equatorial hydrogen at 2974 cm~ .̂ With 1H/2H-, 
1H:2H/- and lH:3H/-decafluororyc/ohexane the frequencies are reduced somewhat. When the C-H  
groups are adjacent to a double bond the absorption is at 2961 c m -\ while olefinic C -H  groups 
absorb near 3095 cm~^ in the fluorocarbon series. The C -H  absorption is at 3102 cm~  ̂ in 
pentafluorobenzene.

M a n y  perfluorocjr/cihexane derivatives have recently becom e available^~^ for infra
red spectral investigation* and when provided several o f  their structures were uncertain. 
In order to establish spectral correlations which m ight be useful in  structure deter
mination, it was decided to measure the carbon-hydrogen stretching frequencies near 
3000 cm~^ under high resolution to see i f  hydrogen atom s in the axial and equatorial 
positions could be differentiated.

R E SU L T S

Table 1 shows the frequencies and approximate extinction coefficients in the gas 
phase. The boiling points are given to aid identification w ith the literature^"^ where 
the preparation and the structure determ inations are discussed. The second colum n  
of the table indicates the axial, a ,  equatorial, e ,  or olefinic, o ,  nature o f  the hydrogen  
atoms in the order quoted in the name. For the polyhydro com pounds the numbering  
of the hydrogen atom s on one side o f  the cv’c/ohexane ring are given in front o f  the 
solidus and the substituents t r a n s  to these, thereafter.

D IS C U S S IO N

For the saturated com pounds at the head o f  Table 1 the carbon-hydrogen stretch
ing frequency lies in the narrow range 2968 to 2984 cm~^, and it  w ould seem that the 
variation between axial and equatorial substituents is m uch less than in the deuterated  
steroids’̂ where the axial C -D  links are found to absorb about 40 cm~^ below  the 
equatorial. N evertheless a closer inspection shows that an isolated axial hydrogen,

* The full spectra will be submitted to the Documentation of Molecular Spectroscopy punched card 
collection. Comparison of the spectra of dodecafluorocyc/ohexane and undecafluorocvc/ohexane confirm 
that the sample of the former used by Rowlinson and Thacker® contained some of the undecafluoro-body 
indicated by absorption at 730, 830 and 943 cm~  ̂as these authors themselves suggest.

 ̂R. P. Smith and J. C. Tatlow, / .  Chem. Sac. 2505 (1957).
® D. E. M. Evans, J. A. Godsell, R. Stephens, J. C. Tatlow and E. H. Wiseman, Tetrahedron 2, 183 (1958). 
 ̂J. A. Godsell, M. Stacey and J. C. Tatlow, Tetrahedron 2, 193 (1958).
 ̂G. B. Barlow, M. Stacey and J. C. Tatlow,/. Chem. Soc. 6090 (1955).
' R. Stephens and J. C. Tatlow, Chem. & Ind. 821 (1957).

J. S. Rowlinson and R. Thacker, Trans. Faraday Soc. 53, 1, (1957).
' E- J. Corey, R, A. Sneen, M. G. Danaher, R. L. Young and R. L. Rutledge, Chem. & Ind. \19A{\95A). 
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Table 1

Name cm ^ s
Boiling

point

Saturated
Undecafluorocyc/ohexane a 2979 8 63°C
lH/2H-decafluorocyc/ohexane a ja 2977 12 70
1H:2H/- „ „ „ a'.ej 2974, 2969 10, 6 91
1H/3H- „ „ „ a je 2979, 2973 15, 3 78
1H:3H/- „ „ „ a :a j 2974 20 89
1H/4H- „ „ „ a ja 2980 15 78
1H:4H/- „ „ „ a \e l 2979, 2973 11, 11 86
1 H/2H;4H-nonafluorocyc/ohexane aja'.a 2983, 2974 5, 20 101
1H:4H/2H- a :e ja 2984, 2979, 2973 9, 10, 9 93
1H:2H/4H- a :e /a 2979, 2974 12, 10 107
1H:2H:4H/- e :a :a l 2973, 2968 10, 8 136
lH:4H/2H:5H-octafluoroc>’c/ohexane a-.eja'.e 2979, 2974, 2970 10, 15, 8 118
* 1 CF3/4H-tridecafluoromethyl- h 2974 9 88 IP

c yc lo h ex a n e
*ICF,:4H/- „ „ „ e l 2981 11 88 P

Mono-olefines 
1 H-nonafluorocyc/ohexene 0 3104, 3073 7, 4 63
3H- . „ X 2961 8 69
4H- „ (a) 2983 8 71
lH:2H-octafluorocyc/ohexene o:o 3085 liq. 87
3H/4H- x j{d ) 2980, 2962 9, 7 86
3H:4H/- x :(a )j 2979, 2960 7, 7 116
4H/5H- (a ) l(o ) 2977, 2970 10, 8 90
4H:5H/- (a ):(e )l 2979, 2975 8, 8 99

o:(a) 3102, 3067, 2980 3, 85

Polyenes
lH-heptafluorocyc/ohexa-l:3-diene o 3113, 3084 15, 4 72
2H- „ „ o 3098 6 76
1 H-heptafluorocyc/ohexa-1:4-diene 0 3097 8 67
*lH:4H-hexafluorocyc/ohexa-l :4-

diene o:o 3087 19 —

o:o 3082 19 71
Pentafluorobenzene a r 3102 4 89

a =  axial, (a) =  pseudoaxial, e =  equatorial, {é) =  pseUdoequatorial, 
o =  olefinic, x =  adjacent to double bond, ar =  aromatic.
* These structures are not yet proved by chemical means, but are based on 
the methods of preparation and the infra-red spectra.

as in undecafluoro-, 1H /3H -, 1H ;4H /- or IH /dH -decafluorocy’c/ohexane, absorbs at 
2980 i  2 cm~^ and that an isolated equatorial hydrogen absorbs at 2974 i  2 cm"^, 
as in  the 1H /3H - and lH :4H /-decafluorocyc/ohexanes. Indeed the identification 
between the c i s i t r a n s  lH :4H -isoraers was originally m ade on  the grounds that the 
first isom er obtained showed two overlapping bands and was therefore unlikely to be 
the franj-isom er w hich w ould  be centrosym m etric and have only one infra-red active 
C -H  stretch. This expectation was confirm ed when the //•««/-isom er becam e available
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and shown to have only one band : the identification has subsequently^ been confirmed  
by dipole m om ent measurements. Based on the infra-red differentiation between  
axial and equatorial hydrogen atom s, it is possible to identify the isom ers o f  4H - 
tridecafluoromethylcyc^hexane.^'® The bulky trifluorom ethyl group in  these com 
pounds w ill ensure that the m olecules adopt that conform ation o f  the cyc/ohexane  
ring in which the — CFg group is lying equatorially. A  //««/-hydrogen  atom  at 
position 4 m ust also be equatorial and w ould absorb at 2974 cm~^ as observed for 
the isom er designated® 11, whereas a c//-hydrogen at position  4 w ould be axial and the 
observed absorption at 2981 cm~^ for isom er I is in accord with the predicted 2980  
cm"^ for this arrangement.

The frequencies given above for axial and equatorial hydrogens are shifted slightly  
when two hydrogens are on adjacent atom s in the ring or are both in  axial positions  
on the sam e side o f  the plane o f  the ring. In the lH /2H -com p ou n d  one band is 
observed at 2977 cm~^ which is only 3 cm~^ from  the expected position  since both  
hydrogens are axial. This w ill be the out-of-phase C -H  stretch, as the in-phase 
vibration w ill be alm ost inactive in the infra-red since the dipole m om ent change 
would, from sym m etry considerations, be parallel to the tw ofold  sym metry axis and  
consequently approxim ately perpendicular to the C -H  bonds w hich are stretching. 
With lH :2H /-decafluoroq)’c/ohexane the decrease in frequency is slightly greater and  
the bands are at 2974 and 2969 cm~^; in this com pound the hydrogens are closer to 
gether in space and it is perhaps a consequence o f  this that the frequencies m ove  
towards the hydrocarbon values. The hydrogens are also close in space in the 1H :3H/- 
compound in which they occupy axial positions on the same side o f  the ring plane and 
the frequency is again reduced about 6 cm~^ to 2974 cm “ .̂ In this case the single 
band observed w ill be the in-phase m otion , since the out-of-phase m otion m ust pro
duce a dipole m om ent change perpendicular to the plane o f  sym m etry and approxi
mately perpendicular to the C -H  bonds and so be very weak.

Experience with the lH :2H :4H -non afluoronr/ohexanes suggests that their C -H  
stretching frequencies are governed by sim ilar rules. Except when involved in 1H:2H/- 
or lH :3H /-structures the C -H  absorptions remain near 2980 cm~^ when axial, and 
2974 cm~^ when equatorial, with a slight lowering for the lH /2H -system . A gain the 
characteristic frequency for the lH :3H /-struclures is 2974 cm~^ when diaxial and the 
lH:2H/-arrangem ent again gives a pair o f  bands near 2974 and 2969 cm~k For  
example lH /2H :4H -nonafluoroc)r/ohexane { a / a , a )  has absorption at 2974 cm “  ̂
attributable to the 1 : 3 diaxial structure o f  hydrogens on and C(4>; this band is 
about double the intensity o f  that at 2983 cm~^ w hich m ust be attributed to the 
isolated axial hydrogen on C(d.

In the fluorocjc/ohexene series there is seen from  Table 1 to  be a possibility o f  
distinguishing hydrogen substitution at positions 4 and 5 from  that at 3 and 6. The 
conformation w ill be the usual h a lf chair form and the local arrangement at positions 
4 and 5 is hardly to be distinguished from  that in the c^'c/ohexane series; the sub
stituents are norm ally designated pseudo-axial and pseudo-equatorial. It is to be 
expected that the hydrogen atom s w ill prefer the pseudo-axial position and this is 
consistent with the ffequency o f  2983 cm~^ in 4H -nonafluorocyc/«hexene. The three 
cyc/ohexene derivatives with the hydrogen at position  3 absorb at 2960, 2961 and 
2962 cm“  ̂respectively, and absorption at 2961 cm~^ m ust be considered characteristic

® R. P. Smith, Ph.D. Thesis, University of Birmingham.
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for substitution at this position. Indeed when first available the 3H :4H /- and 4H  :5H/- 
octafluorocyc/ohexenes were merely know n to be products o f  dehydrofluorination o f  
lH :2H /4H -nonafluorocyc/ohexane and these structures were suggested from the infra
red spectra and their confirm ation by chem ical m ethods consequently accelerated. In 
assigning structures the 3H -absorption in the cyc/ohexenes at 2961 cm~^ was especially 
valuable.

Olefinic hydrogens appear to absorb in the range 3070 to  3120 cm~^ according to 
the type o f  unsaturated system  and the point o f  attachm ent thereto. There are 
insufficient exam ples to indicate the exact pattern to be expected except to  com m ent 
that hydrogen attached to a l:3-diene system  absorbs at the upper end o f  this range 
and that in som e cases the band was unexpectedly split, possibly by Fermi resonance. 
In the one case exam ined w ith hydrogens attached at both  ends o f  a double bond, 
lH :2H -octafluorocyc/ohexene, the absorption was too  w eak to measure accurately in 
the vapour.

In pentafluorobenzene the C -H  stretching frequency at 3102 cm~^ is slightly 
higher than the fundam ental frequencies o f  l:2:4:5-tetrafluorobenzene®’® at 3097 cm “  ̂
( A g )  and 3088 cm“  ̂ { B i J .

. It is clear that in  all these com pounds the presence o f  the fluorine raises the C -H  
stretching frequency by about 70 cm~^ com pared w ith the hydrocarbons. Taking 
average hydrocarbon freq uencies^ ® 4i the com parison shown in  Table 2 is obtained. 
The frequency shifts are probably electronic in  origin.

T able 2

Hydrocarbon Eluorocarbon Difference

Naphthenic C-H 2890 cm-^ 2980 cm~^ -1-90 cm~^
Olefinic C-H 3020 cm~^ 3080 cm~^ -f 60 cm~^
Aromatic C-H 3040 cm~^ 3100 cm~^ 4-60 cm“^

E X P E R IM E N T A L
The com pounds were measured in the gas phase in a 10 cm  absorption cell using 

a 2500 l.p .i. N .P .L . replica grating o f  size 6 in. X 6 in. in the third order on the spec
trom eter previously described.^^ The frequencies are thought to be correct to  i 2  cm"^ 
the ch ief error being that o f  locating the centre o f  the w ide bands, especially when 
they overlap. The extinction coefficients^^, e, are m axim um  values for non-overlapping 
bands and are approxim ate estim ates o f  the separate intensities for overlapping bands; 
they are quoted to  indicate relative intensities in each com pound.
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The Vibrational Spectra and Structure of Bis-cyclopentadienylm agnesium
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A s'uOy Di ii.i'rar'.fi and Ra;nan spectra of bis-cyclopeniadienylrnagaesiuin in solution and in the solid state is re
ported. .Â ton.paris'/n of trie observed vibrational frequencies with those obtained for ferrocene indicate that the molecular 
geoiri '  try is best reprei^ented by a “sandwich" structure. .An assignment of frequencies has been ra.ade wiiicii is quite 
similar to tliat repvrrt il f o r  ferrocene and related compounds. The results are not in agreement with the early reports of an 
e s s e n t i a l l y  ionic bonding in bis-cyclopentadienylinagnesiuni and are better explained by the presence of covalent ring-to- 
ineuil b'uiding, wliicii is weaker than the inetai to ring bonding in ferrocene.

Introduction
The discovery of ferrocene has led to the syn 

thesis and characterization of a large num ber of 
organo-nietallic conqtounds.*—* Physicochem ical 
investigations have reasonably well established the  
molecular structure and the typ e of chem ical bond
ing in m ost of these substances. H ow ever, there  
still exist som e d oub ts regarding the nature of the  
bonding in m etal cyclopentad ienyls and their 
derivatives.

A pentagonal antiprism atic structural configura
tion has been assigned to ferrocene and sim ilar 
cyclopentadienyls. W eiss and Fischer^ have shown  
that in the crystal form Mg(C&H5)2 has a “sand
wich" configuration and proposed a rather weak  
covalent d-sp^ hybridization  overlapping the ionic 
electrostatic binding betw een the m etal and cyclo- 
pentadienyl ions. H ow ever, based on m agnetic, 
spectral and chem ical in vestigation s, W ilkinson, 
e i  a l . , ^  conclude th a t the bonding in bis-cyclo- 
pentadienyl M g (II) and M n (II) is essentia lly  
ionic. According to these authors, tw o cyclo- 
pentadienide anions are expected on electrostatic  
grounds to align them selves on opposite sides of 
the cation w ith  their planes parallel, the structure 
thus very closely resem bling th a t of “sandwich  
bonded" m olecules, such as ferrocene. T h e con
figuration in the case of the ionic m olecules { e . g . ,  
AIn(C5H5')2 or yig(C&H6)2) is thus assum ed to be 
due merely to  the geom etry resulting from  charge 
distribution, whereas in th e case of ferrocene-like

(1) P o st-d o c to ra l R e se a rc h  F ellow s.
(2) (a) M . R a u s c h , M . V ogel a n d  H . R o sen b e rg . J. Chem. Ed., 34 , 

268 (1957): (b) E . O , F isch e r, Angew. Chem., 475 (1955).
(3) P . L . P a u so n , Quart, Rev. [London), 9 , N o . 4, 391 (1955).
(4) "A d v an ces  in  In o rg a n ic  C h e m is try  a n d  R a d io c h e m is try ,"  

Editors, H . J . E m e le u s  an d  A. G . S h a rp , V ol. I , A cad em ic  P re ss , In c .. 
Xew Y ork, N . Y ., 1959, p . 55.

(5) E . W eiss a n d  E . O . F isc h e r , / .  anorg. u. allgem. Chem., 278 , 
219 (1955); E . O. F isc h e r  a n d  S. S ch re in e r. Her., 92 , 938 (1959).

(6 ) G. W ilk in son , F . A. C o tto n  a n d  J  M . B irm in g h a m , J. Inorg. 
Ruclear Chem., 2 , 95 (1950).

m olecules, it  is a requirem ent of th e m etal-to-ring  
covalen t bonding. T h is postu lation  of difference  
in bond typ e  has been prom pted b y  n otab le differ
ences in chem ical properties, b y  con d u ctiv ity  
m easurem ents in hquid ammonia^ and by m ass 
spectra m easurem ents and determ ination  of appear
ance p otentia ls.’ T h e m ass spectra do n ot provide  
confirm ative evidence regarding th e  configuration. 
H ow ever, the stab ility  of the parent com pound is 
indicated b y  the stab ility  of m olecule-ions in th e  
m ass spectra. In the case of M g and M n cyclo- 
pentadienides, th e  parent m olecule-ions CioHi„M + 
are relatively  unstable, contributing on ly  20%  to  
the to ta l ion yield  in con trast to  th e Fe, Co, Cr, 
etc., com pounds, in w hich th e m olecule-ion con
tributes roughly 50%  or m ore of th e  to ta l ion  
yield. T h e in stab ility  of th e  m olecule-ions in M g  
and M n  com pounds again is evidenced b y  the en
hanced y ie lds of C^HôM'*' and M +  ions. T h ese  
observations, along w ith  th e chem ical properties of 
the com pounds, such as m etath etica l reactions w ith  
ferrous chloride to  form  ferrocene, hydrolysis w ith  
water, etc ., h ave led  the previous workers®"’ to  
reach th e  conclusion th a t the m etal-to-ring bond  
in M n and M g cyclopentad ienyls is of a quite d if
ferent nature from th a t of the bonding in ferrocene- 
typ e m olecules.

T h e concept of ionic bonding in M g(C sH 6)2 has 
been discussed by C otton  and Reynolds.® T h e  
analogy betw een th e spectrum  of M g(C ôH5)2, es
pecially  in  th e  C -H  stretching region, and those  
of ferrocene and n ickelocene indicate th e sandwich  
structure in th e free state. T h e existence of th e  
ion ic bonding in the m agnesium  com pound has 
then  been evaluated  from  a consideration of the  
m olecular orbital overlap and on the basis of 
ion ization  potentials. F inally, th ey  conclude th a t  
th e m agnesium  com pound does behave as though

(7) L . F r ie d m a n , A. P . I r s a  a n d  G . W ilk in so n , J. Am. Chem. Soc., 
7 7 , 3089 (1955).

18) F. A. C o tto n  a n d  L . T .  R ey n o ld s , ibid., 80, 209 (1958).
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The Vibrational Spectra and Structure of Bis-cyclopentadienylm agnesium

B y E l l i s  R . L ip p in c o t t ,  J . X a v ie r *  a n d  D . S t e e l e *
R e c e i v e d  N o v e m b e r  30, 1000

A study ut the iiifiared and Raman spectra of bis-cyclopeiiiadienyhnagnesiuin in solution and in the solid state is re
ported. A comparison of the observed vibrational frequencies with those ol)tained for ferrocene indicate that the molecular 
geometry i.s best represented by a “sandwich" structure. An assignment of frequencies has been made which is quite 
similar to that reported for ferrocene and related compounds. The results are not in agree.nent with the early reports of an 
essentially ionic bonding in bis-cyclopentadienylmagnesium and are better explained by the presence of covalent ring-to
rn eta 1 bonding, which is weaker than the metal to ring bonding in ferrocene.

In tro d u c tio n
T h e d iscovery  of ferrocene h as led to  th e  sy n 

thesis a n d  c h a ra c te r iz a tio n  of a  la rg e  n u m b e r of 
o rgano-inetallic  c o m p o u n d s .’ "* P hysicochem ica l 
investiga tions h a v e  rea so n ab ly  well e s tab lish ed  th e  
m olecular s tru c tu re  an d  th e  ty p e  of chem ical b o n d 
ing in uKJSt of th ese  su b stan ces. H ow ever, th e re  
still exist som e doulR s reg a rd in g  th e  n a tu re  of th e  
bonding in m e ta l cy c lo p e n tad ien y ls  an d  th e ir  
derivatives.

A p en tag o n a l a n tip r ism a tic  s tru c tu ra l  con figu ra
tion has been  assigned  to  ferrocene a n d  s im ilar 
cyclopentad ienyls. W eiss an d  Fischer® h av e  show n 
th a t in th e  c ry s ta l fo rm  iM g(CsH 5)2 h a s  a  “ sa n d 
wich" con figu ra tion  a n d  p roposed  a  r a th e r  w eak  
covalent d ’sp® h y b rid iz a tio n  o v e rla p p in g  th e  ionic 
e lec trosta tic  b in d in g  b e tw een  th e  m e ta l a n d  cyclo- 
pen tad ieny l ions. H ow ever, based  on  m agnetic , 
spectral an d  chem ical in v es tig a tio n s , W ilk inson , 
et a l . f  conclude th a t  th e  b o n d in g  in b is-cyclo- 
pen tad ieny l M g H I)  an d  M n ( II )  is essen tia lly  
ionic. A ccord ing  to  th e se  a u th o rs , tw o  cyclo- 
pen tad ien ide an io n s a re  expected  on  e lec tro s ta tic  
grounds to  align  th em se lv es  on o p p o site  sides of 
the ca tion  w ith  th e ir  p lan es  para lle l, th e  s tru c tu re  
thus v e ry  closely resem bling  th a t  of “ sandw ich  
bonded" m olecules, such  as ferrocene. T h e  co n 
figuration in  th e  case of th e  ionic m olecules {e.g., 
M n(C 5Hô''i2 o r M g (C 5H âj2) is th u s  assu m ed  to  be 
due m erely  to  th e  g eo m etry  re su ltin g  fro m  ch a rg e  
d istribu tion , w h ereas in th e  case of ferrocene-like

(1) P o st-d o c to ra l R esea rc h  Fellow s.
(2) (a) M . R a u s c h , M . V ogel a n d  I I . R o sen b e rg , J. Chem. Ed., 34 , 

268 (19.57); (b) E . O . I 'is c h e r , Angeu>. Chem., 475 (1955).
(3) P . L . P a u so n , Quart. Rev. [London), 9, N o. 4, 391 (1955).
(4) "A d v a n c e s  in  In o rg a n ic  C h e m is try  a n d  R a d io c h e m is try ,"  

Editors, H . J . E m ele u s  a n d  A. G . S h a rp , V ol. I, A cad em ic  P ress , In c ., 
New Y ork , N . Y ,, 1959, p . 5.5.

(5) E . W eiss a n d  E . O . F isc h e r , Z. anorg. u. allgem. Chem., 278 , 
219 (1955); E . O. F isc h e r  a n d  S . S c h re in e r , Ber., 92 , 038 (1959).

(6 ) G , W ilk in so n , F. A. C o tto n  a n d  J . M. B irm in g h a m , J. Inorg. 
Ruclear Chem., 2, 95 (1956).

m olecules, it  is a requirem ent of th e m etal-to-ring  
covalen t bonding. T h is postu lation  of difference 
in bond typ e has been prom pted b y  notab le differ
ences in chem ical properties, b y  con d u ctiv ity  
m easurem ents in liquid ammonia® and b y  m ass 
spectra m easurem ents and determ ination  of appear
ance potentia ls.’ T h e m ass sjiectra do not provide  
confirm ative evidence regarding the configuration. 
However, th e stab ility  of the parent com pound is 
indicated  by the stab ility  of m olecule-ions in th e  
m ass spectra. In the case of M g and M n cyclo- 
pentadienides, th e parent m olecule-ions C10H 10M + 
are relatively  unstable, contributing on ly  20% to  
the to ta l ion y ield  in contrast to  th e Fe, Co, Cr, 
etc., com pounds, in which the m olecule-ion con
trib utes roughly 50%  or m ore of th e to ta l ion  
yield . T h e in stab ility  of th e  m olecule-ions in M g  
and M n com pounds again is evidenced b y th e en
hanced y ields of C5H 5M + and !M+ ions. T h ese  
observations, along w ith  the chem ical properties of 
th e com pounds, such as m etathetical reactions w ith  
ferrous chloride to  form  ferrocene, hydrolysis w ith  
water, etc., have led the previous workers®"’ to  
reach th e conclusion th a t the m etal-to-ring bond  
in M n and M g cyclopentad ienyls is of a quite d if
ferent nature from  th at of th e bonding in ferrocene- 
ty p e  m olecules.

T h e concept of ionic bonding in M g(C 5Hs)2 has 
been discussed by C otton  and Reynolds.® T h e  
analogy betw een the spectrum  of M g(CôH5)2, es
p ecially  in th e C -H  stretching region, and those  
of ferrocene and nickelocene indicate the sandwich  
structure in th e free state. T h e existence of the  
ion ic bonding in the m agnesium  com pound has 
then been evaluated  from a consideration of the  
m olecular orbital overlap and on the basis of 
ion ization  potentials. F inally , th ey  conclude th a t  
the m agnesium  com pound does behave as though

(7) L . F r ie d m a n , A. F . I r s a  an d  G . W ilk in so n , J. Am. Chem. Soc., 
77 , 3689 (1955).

(8 ) F . A. C o tto n  a n d  L. T . R e y n o ld s , ibid., 80 , 269 (1958).
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Fig. 1.—Iiifrarud spectruiii of Mg(C(,H6)2 in benzene solu
tion; concentration, approximately 1 M.

the net charge separation is appreciable, th is lead 
ing to a tendency toward ionic dissociation.

The m etal-to-ring bond energies calculated by  
subtracting ion ization  p otentia ls of th e  free m etal 
atom from  th e appearance potentia l of the cor
responding ion from  (Cellajg^I also indicate weaker 
bonding in  ] \lg (C 6 H&i2  and MnfCbHa'jî.'^

T he structure of the so-called “ion ic” m etal- 
cyclopentadienyls thus seem s to  be an interesting  
problem. T h e present work w as undertaken with  
the idea of gain ing a better insight in to the nature  
of the bonding betw een the m etal and the cyclo- 
pentadienyl ring in ]Mg(C6 U 5 ) 2 .

Experim ental
Bis-cyclopentadienylmagnesiura was prepared according 

to the method of Wilkinson, et al.' The cyclopentadienyl- 
magncsium bromide was decomposed in vacuum (~10~ *  
mm.) and the sublimate led through a glass-wool plug into a 
tube into which the solvent was later distilled. The appara
tus was designed primarily to exclude air and moisture 
which would instantaneously decompose the product. By  
this method, the compound could be purified by a multiple 
sublimation process. The purity of the sample was estab
lished by melting point determination in a sealed tube (ob
served 176-179“) and also by the colorless solution obtained 
in benzene or cyclohe.xanc. The final transfer of the solu
tion to the Raman tube was cautiously made after sealing 
the ends and allowing the solution to flow slowly into the 
ivaraan tube, avoiding the transference of solid particles 
along with the solution. near saturated solution (at room 
temperature) was thus sealed into the Raman tube. Benzene 
and cyclohexane were employed as solvents, the solubility be
ing greater in the former solvent. The solvents were de
gassed before placing them in the tube containing the cyclo- 
pentadienylmagnesium.

Raman spectra were obtained by using a two-prism Huet 
spectrograph (aperture F /S) with a dispersion of 18 A./m m . 
at 4358 A. Excitation with both 4358 and 5461 A. Fig was 
accomplished with a low pressure, water-cooled Toronto arc, 
using filters and photographic plates described earlier.® 
Infrared spectra were run on a Beckman IR4 automatic re
cording spectrophotometer. Cells of thickness 0.004 and 
0.015 cm. were used for solutions, the openings having 
been sealed tightly with Teflon plugs and “Bi-Seal” 
self-bonding electrical tape (Bishop Manufacturing Corp. 
Cedar Grove, N .Y .) after insertion of the solutions. Spectra 
in the region 400-800 cm."' were studied witii the same solu
tions using AgCl cells. The infrared spectra of the solid 
compound were taken using a diamond cell.'® The cell was 
loaded inside a dry box containing an inert atmosphere. 
Medium pressure was applied between the diamonds. It 
was found that little decomposition occurred during the time 
of running of the spectra, as no appreciable change was ob
served in several consecutive spectra taken over a period of 
2 to 3 hr.

The infrared spectra are reproduced in Figs. 1-3. The 
vibrational spectrum of cyclopentadienylmagnesium is

(9) E , R . L ip p in c o t t  a n d  R . D . N e lso n , Sfifclrochim. Acta, 10, .307 
(1058).

(10) C. E . W e ir, E , R . L ip p in c o t t ,  A. V an  V a lk e n b e rg  a n d  E . N . 
Bunting, J .  Restarch Xatl. Bur. S ta ndards ,  A 6 3 , .55 (1959) ; E . R . 
lip p in c o tt ,  C . E . W e ir a n d  F . E . W elsh , A n a l .  Chem .  (a c c e p te d  fo r 
pu b lica tion ).

Fig. -, infrared spectrum of Mg(C&IIs)i in
solid state using diamond cell; ............ , spectrum of diamond
cell.

W A V C L f N I T H  IN M I C R O N :

♦Or
pie

Fig. -, infrared spectrum of Mn(CsII&); in
solid state using diamond cell; .............. spectrum of diammnl
cell.

listed in Table I, along with those of ferrocene and rutheno- 
cene for comparison. The infrared spectra of cyclopenta
dienylmagnesium and -manganese in the solid state are given 
in Table II.

T a b l e  I
T h e  V IB R A T IO N A L  S p e c t r a  o f  M g i 'C i H j ) ! ,  F e f C a H ; ) ; "  a n d  

Ru(CsH6).“
-M g (C iH s)s -

In f ra re d -F eC C iH d* -R u (C .H i) r -
R a m a n (in  so lu tio n ) R a m a n In fra re d R a m a n In fra re d

191ms 170m
229w 303m 330s

38Sw 402m
440ms 478s 446s
526ms 492s 52Sw

752vw 783s 782w 763 w
806vww 890vw 811s 8»34w 806s

915w w 834w 835w
(1000) 1008s lOlOw 1002s 996m 1002s

1050w 1051w 1056m 10.50m
1109ms 1108m 1105s 1108s 1112s 1104s
1163ms 1178m llSSw 1193w

1344vvw 1363vw 1356w 1360w
1410wvw 1420w 1408vw 1411s 1412m 1413m

1425vw
1516ww 1566vw
1610m
1625vw 1620m 1622m

1650m 1651m
1700ww 1684m 1684m
1736w'w 1720m 1727m
1928vvw 1758m 1774m
2050w w
2395w w

(3080) 2600vvw 3085m 3089m
3104s 3080s 3099s 3085s 3104s 3100m

“ From ref. 9. s = strong; m = medium; w = weak; ’
=  very.

The crystal spectra obtained using the diamond cell are in 
fairly good agreement with those run by the KBr disc
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T a b l e  II
I n f r a r e d  S p e c t r a  o f  Mg(CiHi), a n d  Mn(C»H,)j i n  S o l i d

T a b l e  I I I

S t a t e V i b r a t i o n )®
M g (C iH i) i M n (C iH i) . P re -

K B r disc* S in g le  c ry s ta l  * D ia m o n d  p re s su re  cell S p ec ies  q u e n c y M g(C*H j)i1 D esc r ip tio n

441m 442m Ajg (Raman) 1 3104 Sym. CH stretching
524m 527m 2 806 Sym. CH bending ( J .)
663m 668m 3 1109 Sym. ring breathing

700s 4 191 Sym. ring metal stretch
758s 760s 764ms 748w ing

765w Aiu (inac 5 (1250)* CH bending ( | |)
779vw 780s 780s tive) 6 Internal rotation
891 858w 830vw Au (inac 7 (1200) CH bending

886vw 868ms tive)
913 Am (infrared) 8 3080 CH stretching
959 960w 9 783 CH bending

1004s 980ms 1008s 1008s 10 1108 Antisym. ring breathing
102Ow 1045ww 11 526 Antisym. ring metal

1058 1060ww 1062vw stretching
1108 llOOw 1106w 1095w Eu (Raman) 12 (3085) CH stretching

lllO w 13 (990) CH bending ( | |)
1176w 1158vw 14 806 CH bending ( J .)

1176vw 15 1410 Sym. C-C stretch
1257 1250ms 1260w 1240w 16 229 Sym, ring tilt
1364 1345m 1368vw 1364m (186 calcd.)

1395vw Em (infrared) 17 (3100) CH stretching
1428m 1430ms 1434m 1426m 18 1008 CH bending ( | |)

14S0vw 1466w 19 886* CH bending (_L)
1516 1540in 1540vw 1545vw 20 1420 Antisym. C-C stretch

1570vw ing
1029 1605vw 1652vw 1634m 21 440 Antisym. ring tilt

1675vvw 1700vvw 22 107 Ring metal ring bend
1751 1740w (calcd.) ing

1860vvw Eu (Raman) 23 (3085) CH stretching
1960vw 24 1163 CH bending ( | |)

2050 2070ms 25 (1050) CH bending ( J_)
2200ms 26 (1560) C-C stretching

(2249) 2270ms 27 (885) Ring distortion ( | |)
2330vvw 28 (570) Ring distortion ( ±  )

2373 2390vw Em (inac 29 (3100) CH stretching
246Qvw tive) 30 (1170)* CH bending
2610vw 31 (1050)* CH bending (X )

2658 2640w 32 (1560)* C-C stretch
273ÜVW 33 (885)* Ring deformation
2840w w 34 (570) Ring deformation

2913 3000w “ Assignments not observed. but made in comparison to
3063m 3060s 3100ms 3106ms ferrocene and nickelocene.® ®Observed in crystal spectra.

3145W usmg diamond cells.

= From ref. 11. 
the figure).

® From ref. 6 (approximate readings from

technique" as well as those obtained in solutions (Tables I 
and II). The deviation of the frequencies and intensities 
from those obtained by Wilkinson, et al.,* for a single-crystal 
spectrum is due to the interference of decomposition prod
ucts. The spectra of bis-cyclopentadienylmagnesium 
(and manganese) run at long intervals of time using the 
diamond cell, also showed such deviations of frequencies and 
intensities, which were similar to those obtained by Wilkin
son, et al., on single-crystal spectra. The bis-cyclopenta- 
dienylmanganese(II) decomposed much more easily in the 
diamond cells than the corresponding magnesium compound. 
The increase in absorption intensities of bands at about 1008 
1106 and 1420 cm."' during decomposition of the original 
compounds is observed readily and leaves little doubt that 
the spectrum reported for the single crystal contains large 
amounts of decomposed products.

Assignment of Frequencies.—A detailed account of the 
vibrational spectra of ferrocene, ruthenocene and nickelo
cene has been given by Lippincott and Nelson.® The fre-

(11) H . p .  F r i t r ,  C kc m .  B t r . ,  9 2 , 780 (1959 ).

quency assignments of the fundamental modes of vibration 
of Mg(CiH»)j resemble closely the results obtained for 
ferrocene.

Assignments of fundamental modes are as shown in Table 
III. It is found that the arguments put forward in making 
the assignments of fundamental modes of ferrocene hold 
quite satisfactorily for Mg( C&He)*. An attempt is also made 
here to explain the appearance of non-fundamental bands 
(Table IV).

The selection rules for a D&d sandwich structure give Ai,, 
Ejg and as Raman active species and Aju and Em as 
infrared active species. Am, and Eiu are inactive species. 
There are thus 15 Raman (LAm, 5Em and 6E,g) and 10 in
frared (4Atu and 6Em) fundamental vibrational frequencies 
predicted, though all are not observed. It is seen for ferro
cene that certain fundamental modes of vibrations, which, on 
symmetry considerations, are forbidden in the infrared 
region, do appear in the spectrum of the solid.'* This is 
also noticed in crysta’ spectra of Alg( CiHOs (see Table II).

A comparison of the spectra of ferrocene and ruthenocene 
with that of Mg(C»Ht)j reveals that the frequencies due to

(12) W . K . W in te r , B . C u rn u tte ,  J r . ,  a n d  S. E . W h itco m b , Spectro-  
ch im . Ac ta ,  12 , 1085 (1959).
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T a b l e  I V
A s s i g n m e n t  o f  O b s e r v e d  N o n -f u n d a m e n t a l  F r e q u e n c i e s

Frequency Explanation Type
R a m a n

752 ti)« + 191 -f  570 -  761 Aia X Eu =* Eu
1345 w« + «*« 191 -f- 1163 -  1354 A,* X Eu =3 Eu

Infrared
1303 0>,o + «4 - 1170 -f- 191 -  1361 E« X Au = Etu
1425 + «7 229 +  1200 = 1429 Alt X Eu = Eu

+ «II 440 +  990 -  14.30 E,a X Eu ■= Aiu -f Ata d" Etu
1516 wn + « I I ta 990 -f 526 *=» 1518 E . X Atu =  Elu

Wtl + «a ta 1410 +  107 = 1517 Eu X El. =» A|o -f- Ata d- Etu
1540 cijie •f «11 1108 -t- 440 = 1548 Ata X Elu = Eu

w, 4- «« 1109 -f- 440 =  1549 Au X Ejo “  Elo
1570 Wu + «a = 1008 +  570 =  1578 Eu X Eu = Eia -f- Etu

Wli + «U 526 +  1050 =  1576 Atn + Eu = Eja
1610 2 X «14 •= 2 X 806 = 1612 2Eu =* A), +  Eu
1625 tot + «11 = 1109 -f- 526 = 1635 Au X Ata =  Ata
1700 W7 + «11 ■= 1200 d- 526 =  1726 Aj* X Ata =■ Aia
1736 Ui + «U 191 +  1560 =  1751 Au X Et. =  Eu
1928 W]l + « U 8 8 6  +  1050 =  1936 Eja X Ej. =  Eia d- Eta
2050 + « U 1008 +  1050 =  2058 E ;u X  E u =  E lu  d- E tu •

2395 «11 + «M 990 4 -  1420 =  2410 E u X  E l  a =  A ïo  d -  A ju d -  E ta
2600 «7 + «11 - 1200 -f  1410 =  2610 Au X  E u =  E u

vibrations within the rings are essentially the same, while 
the ring-metal-ring vibrations occur at different positions. 
The symmetric stretching frequency in ferrocene is at 303 
cm."', in ruthenocene at 330 cm .,"' in nickelocene (cal
culated to be) at 200 cm."' and in Mg(C^Hi)i at 191 cm ."'. 
This would indicate a much weaker ring-metal bonding in 
Mg(C&Ht)*. A comparison of approximate force constants 
computed from this symmetric stretching mode indicates 
that the bond energy in Mg(CJi;)* would be about half of 
that in ferrocene. Since the bonding is appreciably 
weaker, the ring modes may be expected to resemble more 
closely those for a free CJd* ring system. Consequently, 
some frequencies are expected to appear much more weakly 
in Mg(C*Hj)j than the corresponding ones in ferrocene, etc., 
when they are forbidden by selection rules for a free C^H* 
ring. This has been observed for the band at 1108 cm ."', 
which is unusually weak in Mg(C&H*):.

It is known that some of the frequencies due to the linear 
X Y | type modes are dependent on the mass of the metal 
atom and on the force constants. The assignment of the 
ring-metal antisymmetric stretching frequency of the 
magnesium compound has been made at 526 cm ."'. This is 
the position expected for this frequency, when allowance is 
made for the mass of the Mg atom, from the unambiguous 
assignment of the totally symmetric stretching frequency at 
191 cm."'. It should be noted that this particular band is at 
a higher frequency than the corresponding frequency in fer
rocene, which is observed at 478 cm."'.

Certain deviations in the position and intensity of the 
bands have been noticed »n the spectra of Mg(CtH»)j and of 
ferrocene, though the two spectra fundamentally resemble 
each other. The frequency at 440 cm."' in the spectra of Mg- 
(Cdl»)t is assigned to an antisymmetric ring tilt mode, while 
the corresponding value in ferrocene is 492 cm."'. Both 
bands are quite intense. However, the low value of this 
mode in the magnesium compound can be explained on the 
basis of a weak bonding in the molecule compared to that 
in ferrocene.

Another striking difference between the spectra of Mg- 
(CjHj)i and ferrocene is the low intensity of the 1420 cm."' 
band in the former, in contrast to the strong one at 1411 
cm."' in ferrocene. It seems difficult to give a convincing 
explanation for this change in the intensity of the degener
ate C-C stretching mode. However, it is observed that the 
intensity of the same band in the solid spectrum of Mg(C»Hi)t 
compares favorably with that of ferrocene. A solvent effect 
of this particular band presumably lowers the intensity in 
solution spectra.

Considerable evidence for the covalent nature of the bond
ing in bis-cyclopentadienylmagnesium can be found by a 
consideration of the intensity of the absorption band at 526 
cm."', the antisymmetric ring-metal stretching mode. The

absolute intensity A of an absorption band is given by the 
relation**

^  - 4 / l o g .  ( ^ ) , d '  =  ^ s ( g ) ’

For practical purposes'*

A -  I  X 4  log. (4 )_^  X A.,/

where C =  concentration of the solute in molecules per ml. 
c =  velocity of light 
I =  cell length in cm.
Itr  and I f  are incident and transmitted intensities of 

monochromatic radiation of frequency p 
Api/t “  half-intensity width of the absorption band 
g =  degeneracy factor ( =  1 in this case).
For the antisymmetric ring-metal stretching vibration it can 

be easily shown that ô;x/Sr =• 2«, assuming the ionic model
— < -j-2e —é
(C:HO Mg (C:H.)

e is equal to the electronic charge if the compound is con
sidered to be fully ionic.

Then S^/dr =  9.604 X 10"»“ e.s.u. or 9.604 D ./.4 . Thus 
the absolute intensity on the theoretical basis should be 4  =  
194 X 10" 'cm."* molecules"'sec."'.

The observed intensity in molar benzene solution is found, 
using Ramsay’s technique," to be approximately 2.9 X 10"'. 
This is lower than the intensity obtained on the above theo
retical basis by a factor of 68. This corresponds to a value of
1.6 D ./Â . for 6fi/ôr. This may be compared with the 
experimental value for the strongly polar C-F bond ranging 
from 5-6 D ./Â . The predominantly covalent nature of 
the ring-metal bonding is, therefore, evidenced by the low 
observed absorption intensity, compared with the theoretical 
for a simple triatomic system.

In support of this it is found that the peak intensity at 
equivalent concentration and cell thickness for the 526 cm."' 
antisymmetric ring-metal-ring stretching band in Mg(CjHi)j 
is equal to or slightly less than that for the peak intensity of 
the corresponding mode in ferrocene at 478 cm."'. The 
argument holds equally well if the 492 cm. "' band in ferrocene 
is assigned to the antisymmetric ring-metal stretching mode. 
One would expect the peak intensity for the 526 cm."' band 
in Mg(CiHi)i to  be very much ^eater than that for the 
corresponding band in ferrocene, if the former molecule has 
appreciable ionic bonding.

(13) " M o le c u la r  V ib ra t io n s ,"  E . B . W ilson , J .  C . D ec iu s  a n d  P . C . 
C ro ss, M c G ra w -H il l  B o o k  C o ., In c . ,  N ew  Y o rk . N . Y ., 1955, p p . 
163 ff.

(14) D . A. R a m sa y , J .  A m .  Chem. S o c .,  7 4 , 72 (10.52).
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D iscu ss io n
As h as  been show n, th e  in te n s ity  of th e  a n tisy m 

m etric  s tre tc h in g  m ode is in c o n sis te n t w ith  p re 
do m in an tly  ionic ch a ra c te r . F o r  an  essen tia lly  
ionic sy stem  th e  m odel used  to  e v a lu a te  th e  in 
ten sity  of th is  m ode will be good th o u g h  likely  to  
lead to  a  s lig h t o v e re s tim a te  of th e  in te n s ity  due  to  
coupling of th e  v ib ra tio n  w ith  th e  cy c lo p en tad ien y l 
modes. U n fo r tu n a te ly  th e  m odel c a n n o t be used  
to de te rm in e  th e  e x te n t of th e  ionic c h a ra c te r  
since w ith  c o v a le n t b o n d in g  re h y b rid iz a tio n s  se ri
ously m odify  th e  tra n s itio n  m o m en t. T h u s  th e  
C -F  bond  in fluo rocarbons h a s  a  d ipo le m o m e n t of 
abou t 1.3 D ., w hereas in te n s ity  s tu d ies  h av e  show n 
th a t th e  s tre tc h in g  g ra d ie n t ô^ /ô rcp  in fluoro- 
arom atics is betw een  ~j an d  üD .,'À .^“

T h e sp e c tra  as show n above  a re  co n s is te n t w ith  
Dad m olecu lar sy m m etry . H ow ever, sm all d ev ia 
tions from  th is  sy m m e try  to w ard , for exam ple, 
C:v sy m m e try  w ould  be  expected  to  h av e  lit t le  
effect on  th e  ob serv ed  sp e c tra . T h e  v ib ra tio n a l 
p e rtu rb a tio n s  a re  like ly  to  be sm all a t  th e  bes t, 
and th e  in te n s ity  changes re su ltin g  from  a  re 
laxation  of th e  se lection  ru les  insu ffic ien t to  avo id  
confusion w ith  ch an g es re su ltin g  fro m  m olecu lar 
in te ractions. F o r exam ple , th e re  is l i t t le  change  in 
the s jiec tra  of b ip h e n y l in  go ing  from  th e  solid  
phase (Dïh sy m m etry )  to  th e  so lu tion  p h ase  ( in te r
ring angle even  th o u g h  s te ric  in te ra c tio n s
and 7T co n ju g a tio n  u n d o u b te d ly  a re  decreased.^®

In  su m m ary , th re e  fa c to rs  in d ic a te  t h a t  M g-
(1.0) D . S tee le  a n d  D . I I .  W 'hiflen, T r a n s .  Faraday  Soc.,  66 , 177 

(1900).
(10) D . S tee le  a n d  E . R . L ip p in c o t t ,  in  p ress .

(CsHâ): shou ld  be  considered  as an  e ssen tia lly  
co v a len t com pound , r a th e r  th a n  ionic, w ith  d-sp^ 
h y b rid iz a tio n  to  th e  M g a to m . T h e  g re a t sim i
la r i ty  of th e  sp e c tra  of M g(C ôH 5)2 in b o th  solid an d  
so lu tion  phases to  th a t  for ferrocene is in  itse lf an  
a rg u m e n t for th e  c o v a le n t b o n d in g  in  th e  m a g 
nesium  com pound . T h e re  a re  no fe a tu re s  in  th e  
so lu tio n  sp e c tru m  w hich  w ould  suggest t h a t  th e re  
h a s  been  a  change  in  b o n d in g  fro m  th a t  of th e  solid  
fo rm . T h u s  th e  sam e m o lecu lar u n its  m u s t be 
p re se n t in  th e  solid p h ase  as h a v e  been  o b se rv e d  in  
so lu tion .

T h e  m easu red  in te n s ity  of th e  a n tisy m m e tr ic  
r in g -m e ta l s tre tc h in g  in  ^.îgfC âH s), is d e fin ite ly  in 
co n s is te n t w ith  th e  a s su m p tio n  of an  ionic s tru c tu re  
(C ^H s)"M g + + (05135)"" o r ap p re c ia b le  c o n tr ib u tio n  
fro m  th is  s tru c tu re .

T h e  g re a t so lu b ility  of th e  m ag n esiu m  c o m p o u n d  
in  benzene (a b o u t one g. in  5 m l. of benzene) a n d  
cyc lohexane is a n o th e r  fac to r  w hich  m ay  be ta k e n  
as an  ad d itio n a l ev idence su p p o rtin g  th e  c o v a le n t 
n a tu re  of th e  m olecule.

I t  m a y  b e  concluded  th a t  th e  b is -c y c lo p e n ta 
d ien y lm ag n esiu m  resem bles th e  co rresp o n d in g  
iron  co m p o u n d  (ferrocene) in  s tru c tu re  a n d  in  
bond ing . H ow ever, th e  m u ch  w eaker r in g -to -m e ta l 
b o u d  o b se rv ed  in  th e  M g(C aH 5)2 m a y  be co n s id ered  
responsib le  fo r th e  so-called  “ io n ic” b eh a v io r  of 
th e  com pound , d esp ite  th e  fa c t th a t  th e  b o n d in g  is 
e ssen tia lly  c o v a le n t in  n a tu re .

A ck n o w le d g m en ts .— T h e  fin an c ia l a ss is ta n ce  
fro m  th e  A to m ic  Fnergx" C om m ission  an d  th e  N a 
tio n a l Science F o u n d a tio n  is g ra te fu lly  ac 
know ledged .
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Spectroscopic studies of compounds containing the — CN group—II. 
Vibrational spectra, assignm ents and configuration of 

sulphur dicyanide SCCNa)

D . A . L o n g  a n d  D . S t e e l e  
D epartm ent o f C hem istry, U n iversity  College o f  Sw ansea

{Received 23 F ebruary 1963)

Abstract— The infrared and R am an spectra o f  sulphur dicyanide, SfCXjg are reported and  
shown to  be in accord w ith  sym m etry o f  th e  m olecule. The ratio o f  the infrared in tensities  
of th e anti-sym m etric and sym m etric CX stretching m odes is used  to  fix  th e  CSC angle a t  
141 +  o°. A ssignm ents o f the fundam entals are proposed.

T h e  co m p o u n d  su lp h u r d icy a n id e  SCgNa h a s  b een  k n o w n  s in ce  1828 w h e n  i t  w a s  f i r s t . 
reported  b y  L a s s a i g n e  [1]. A  v a r ie ty  o f  m eth o d s are n o w  a v a ila b le  for  i t s  p rep ara 
tion  [2] a n d  th e se  an d  it s  p rop erties  [2, 3] are in  accord  vd th  it s  fo rm u la tio n  a s S (C N ) 2 , 
th e  d icy a n o  d e r iv a tiv e  o f  sul%ihoxylic acid . I t  w a s  su g g e s te d  b y  G o e h r in g  [4] in  1943  
th a t su b sta n tia l d ifferen ces in  th e  r e a c t iv ity  o f  S (C N ) 2  a n d  SCI2  m ig h t  b e  d u e  to  
m ajor stru ctu r a l d ifferen ces. T h e su b se q u en t k in e tic  s tu d ie s  o f  E j t c h i n g  et al. [5] 
h ave sh o w n  th a t , in  fa c t , th e  r e a c tio n  ra tes  ca n  b e  sa t is fa c to r ily  a cc o u n ted  for in  
term s o f  th e  d icy a n id e  stru ctu re . T h e o n ly  stru ctu r a l s tu d y  o f  th is  m o lecu le  is  t h a t  o f  
R o g e r s  a n d  G r o s s  [6] w ho m ea su red  th e  d ip o le  m o m e n t an d  sh o w ed  th is  to  b e  c o n 
s is ten t w ith  a  b e n t  s tru ctu re  (I) in  w h ich  th e  C— S — C a n g le  is  a b o u t 105°.

S
/ \

c  c
N  N

I
In th is  p a p er  w e rep ort th e  in frared  a n d  R a m a n  sp ec tr a  o f  th is  co m p o u n d  an d  
d iscuss th e m  in  re la tio n  to  th e  m o lecu la r  sy m m e tr y .

E X P E R I M E N T A L

P rejm ra lion  o f  sulph ur d ic y a n id e

20 g  o f  s ilv er  cy a n id e  w a s d isjiersed  h i 200  m l o f  w arm  carb on  d isu lp h id e  b y  
v igorous stirrin g . 10 m l o f  su lp h u r d ich lorid e w a s th e n  a d d ed  o v er  a p er io d  o f  15 m in . 
F iltra tio n  g a v e  a  so lu t io n  co n ta h iin g  th e  b u lk  o f  th e  su lp h u r d icy a n id e .

T he so lid  resid u es w ere tr e a te d  w ith  carb on  d isu lp h id e  to  e x tr a c t  fu rth er  su lp h u r  
d icyan id e. C oolin g  o f  th e  co m b in ed  carb on  d isu lp h id e  so lu tio n s  g a v e  cr y sta ls  o f  th e

[1] L a s s a i g n e , A n n . Chim. Phys. 39, 1 97  ( 1 8 2 8 ) .
[2] B e l s t e i n ,  Handbuch der Organische Cheniie Vol. 3, p. 180 .  Springer, B erlin  (1 9 2 1 ) .
[3] H .  E. W i l l i a m s ,  Cyanogen Compotcnds. A rnold, L ondon (1 9 4 8 ) .
[4] M. G o e h k in g ,  Ber. deut. chem. Ges. 76B, 7 4 2  (1 9 4 3 ) .
[5]  W. K i t c h i n g ,  R .  H .  S m it h  and  I. R .  'W T lsg n , A ustralian  J.  Chem. 1 5 ,  2 1 1  ( 1 9 6 2 ) .
[6]  M. T . R o g e r s  and  K .  J .  G r o s s ,  J . Am er. Chem. Soc. 74, 5 2 9 4  (1 9 5 2 ) .

1 7 3 1
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d icy a iiid e . F u rth er  p u r ifica tion  w a s carried  o u t  h y  v a c u u m  su b lim a tio n  a t  room  
tem p era tu re .

S u lp h u r d icy a n id e  o b ta in ed  in  th is  w a y  form s co lou r less p la te -lik e  c r y sta ls  m .p . 
6 4 -65°C . I t  is  m o d e ra te ly  so lu b le  in  w a ter , v e r y  so lu b le  in  e th er  a n d  so lu b le  in  w arm  
carb on  d isu lp h id e . T h e m olecu lar  w e ig h t, d e term in ed  b y  d ep ressio n  o f  th e  freezin g  
p o in t  o f  w a ter  w a s 79 [S(CN)g r e q u h es  84]. I t  is  n o t  m a rk ed ly  s ta b le  an d  a t  room  
tem p era tu re  in  th e  a b sen ce  o f  air s lo w ly  form s a  y e llo w  co m p o u n d  o f  u n k n o w n  co m 
p o sit io n . I n  th e  p resen ce  o f  a ir a co m p o u n d  w ith  a  red  co lou r is  form ed . O ne sam p le

Table 1. V ibrational spectra  and  assignm ents for sn ljihur dicyanide. (Frequencies in  cm~^.)

In frared R am an

Solution Solid Solution Solid

167 vw

223 w 218 w ^4
244 w ^8
294 vvw 290 w *'7
608 vvw

663 w s 673 vvs 652 vvw

684 vvs 691 vvs ^3
752 ms
838 m 837 vvw "6

A ssignm ent

967 w 
1040 w

1330 vw

1759 w w
1851 vvw  
1880 vvw

2028 vvw
1883 vvw  

2039 vvw  2025 vw
2132 m  
2179 8
2190 m  2186 m s 
2208 w
2232 vvw  2229 w 
2252 vvw  
2286 vvw

2509 m  
2688 m  
2874 d  
2976 m

2492 w

2191 w 

2221

2437 w 
2493 m w

/ \

(ÔA SCN deform ation (in-plane)

(6g) SCX deform ation (out-of-plane)

(«j) SON deform ation (in-plane)
(ttj) C— S stre tch .
(6i) C— S stre tch .

918 vvw 684 + 223 = 907
752 + 223 = 975
752 294 = 1046

1272 vvw 752 + 294 4- 223 =  1269

1352 vw 1366 w w 663 4- 684 1347
1459 vw 752 4- 684 = 1436

1526 vw 837 + 684 1521
1664 w w 2 X 838 = 1676

T ernary  com bination  bands

^5(61) CN stre tch  
Vĵ (â ) CN stre tch

T ernary  com bination bands

2190 -h 244 =  2434
2190 4- 294 =  2484
2190 -f 218 +  290 =  2698
2179 -b 691 =  2870 '
2190 -t- 752 =  2942

w =  w eak, s =  strong, d  =  diffuse, v  =  very , m  =  m edium .
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stored  for so m e t im e  in  a  sea led  g la ss  tu b e  th e  to p  en d  o f  w h ich  w a s n ea r  th e  cooh n g  
coil o f  a  refrigerator u n d erw en t a  v e r y  s lo w  su b h m a tio n . L arge co lou rless c r y sta ls  
w ere form ed  a t  th e  to p  en d  o f  th e  tu b e . T h e c r y sta ls  w ere p urer th a n  sa m p les  o f  
sulphiu- d icy a n id e  o b ta m ed  in  o th er  w a y s . T h e m e ltin g  p o in t  w a s  69°C a n d  th e  
s ta b ility  w a s grea ter . F o r  ex a m p le  a  s in g le  cr y sta l w a s  s ta b le  for h a lf  a n  h our in  th e  
beam  o f  a n  in fra-red  sp ec tro m eter  w h ereas m u lls  or K B r  d isk s o f  o th er  sa m p les  d is 
coloured  m ore ra p id ly  a n d  soon  b eca m e op aq u e to  th e  b eam .

2500 2000 1800 16003000 1400 1200 1000 80 0 6 0 0

Fig. 1. In frared  spectra  o f su lphur dicyanide (low dispersion). 
A  =  single crysta l, 1 m m  th ick , B =  N ujol muU.

200021002300 2 20024002600 250027002900 28003000

Fig. 2. In frared  spectrum  o f su lphur dicyanide, single crysta l, 2000-3000 cm~^,
high dispersion.

Infrared  sjjectra

In frared  sp ec tr a  w ere o b ta in e d  in  th e  ra n g e  3 2 0 0 -6 7 0  cm~^ u sm g  th e  P e r k in -  
E lm er In fra -co rd  a n d  in  th e  ra n g e  3 2 0 0 -6 5 0  cm~^ u sin g  th e  G r u b b -P a rso n s  d o u b le  
beam  gra tin g  sp ec tr o m e te r  G .S .2 . M ost o f  th e  in frared  sp ec tr a  w ere  o b ta in e d  for  
solid su lp h u r d icy a n id e , in  a  N u jo l m u ll, in  a  K B r  d isk  or a s  a  s in g le  cr y sta l, b u t  th e  
infrared sp ec tr u m  o f  a  v e r y  d ilu te  so lu tio n  in  e th er  w a s a lso  o b ta in e d  for th e  reg ion  
650-770  cm~^. T h e  in frared  freq u en c ie s  v d th  q u a lita t iv e  in te n s ity  e s tim a tio n s  are  
included  in  T a b le  1. T h e  in frared  sp ec tr u m  a t  lo w  d isp ers ion  for th e  ra n g e  3 0 0 0 -6 5 0
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cm “  ̂ is  sh o w n  d ia g ra m m a tica lly  in  F ig . 1 . T h e  reg ion  3 0 0 0 -2 0 0 0  c m “  ̂ is  sh ow n  
a t m u ch  h igh er d isp ersion  in  F ig . 2 . T h e  in frared  sp ec tra  o f  sa m p les o f  su lp h u r d i
cy a n id e  w h ich  h a d  b een  k e p t  for som e t im e  w ere a lso  s tu d ie d  b riefly . In it ia lly , th ere  
ap p ears in  th e  C N  stre tc h in g  reg ion  a n o th er  b a n d  w h ich  is  b road  a n d  h a s  it s  cen tre  
a t  a p p r o x im a te ly  2040  cm~^. In  sam j)les in  w h ich  th e  y e llo w  co lour is  w e ll d ev e lo p ed  
th e  m frared  sp ectra  sh ow  o n ly  on e in te n se  b road  b a n d  a t  a b o u t 1280 cm “  ̂p resu m a b ly  
corresp on d in g  to  a  0 = 8  stre tc h in g  m od e. T h e co m p lete  a b sen ce  o f  C N  stre tch in g  
freq u en c ies  is  n o te w o r th y .

T h e R a m a n  sp ec tra  o f  su lp h u r d icy a n id e , b o th  in  so lu tio n  in  e th er  (50%  W /W )  
an d  as a  crystaU h ie so lid , w ere o b ta in ed  u s in g  m eth o d s  d escr ib ed  e lsew h ere [7]. T h e  
freq u en cies  an d  q u a lita t iv e  in te n s it ie s  o f  th e  R a m a n  h u e s  are in c lu d ed  in  T a b le  1 .

D i s c u s s i o n  a n d  A s s ig n m e n t s

I f  th e  S (C N ) 2  m o lecu le  h a d  a  lin ea r  stru ctu re  i t  w o u ld  b e lo n g  to  th e  p o in t  grou p  
D^f^. T h e  a c t iv i ty  a n d  sy m m e tr y  o f  th e  fu n d a m e n ta l v ib ra tio n s  w o u ld  th e n  b e:

2 S ,+  (R ) +  2 V  (I .R .)  -h 2 n ^  (I .R .)  4 - i n ,  (R )

T h e ru le o f  m u tu a l e x c lu s io n  o p era tes  an d  th u s  th e  R a m a n  sp ec tru m  sh o u ld  co n ta in  
th r ee  fu n d a m en ta ls  a n d  th e  in frared  sp ec tru m  fou r  fu n d a m en ta ls  n o n e  o f  th e se  
b em g  co in c id en t. I f  8 (CN)g h a d  th e  b e n t  s tru c tu r e  (I) i t  w o u ld  b e lo n g  to  th e  p o in t  
grou p  G 2 V a n d  th e  corresp on d in g  c la ss iflca tio n  o f  v ib ra tio n s  w o u ld  b e  :

4% (R  a n d  I .R .)  +  36i (R  a n d  I .R .)  - f  lUg (R ) -{- 16g (R  a n d  I .R .)

A ll th e  m o d es e x c e p t  th e  m o d e w o id d  th e n  b e  a c t iv e  in  b o th  th e  in frared  an d  
R a m a n  sp ectra . T h e p resen ce  o f  g en u m e co in c id en ces b e tw e e n  in frared  a n d  R a m a n  
freq u en cies  w o u ld  th u s  b e  p o s it iv e  ev id e n c e  for sy m m e tr y . T h e  a b sen ce  o f  
co in c id en ces w o u ld  su g g est  sy m m e tr y  b u t  th e  a rg u m en t in  th is  ca se  w o u ld  be  
le s s  co n v h ic in g  s in ce  th e  la c k  o f  co in c id en ce  cou ld  arise b eca u se  o f  ex p er im en ta l 
d ifficu lties in  o b serv m g  w e a k  h u e s .

T h e in frared  sp ec tr a  o n ly  go  d ow n  to  650 cm~^ a n d  so  a  co m p le te  co m p a riso n  o f  
m frared  a n d  R a m a n  sp ec tra  ca n n o t b e  e ffec ted . I t  is  n e v e r th e le ss  p o ss ib le  to  cUs- 
tm g u ish  b e tw e e n  a n d  sy m m e tr y  b y  con sid er in g  ju s t  th e  C N  stre tc liin g  
freq u en c ie s . T h e  in fra red  sp e c tr u m  h a s  tw o  su c h  fre q u en c ie s , o n e  a t  2 1 7 9  cm~^ 
(stron g) a n d  o n e  a t  2 1 9 0  cm~^ (m e d iu m ). T h e  la t te r  fr e q u e n c y  is  v e r y  c lo se  to  
th e  o n ly  s tro n g  sh a rp  R a m a n  lin e  o b se r v e d  in  th is  re g io n  a t  2 186  cm~^ in  so lu tio n  
or 2191  cm~^ in  t h e  so h d . A s  w e  are a b le  to  co m p a re  in fra red  a n d  R a m a n  fre 
q u e n c ies  fo r  th e  so lid  th is  m u s t  b e  a  g e n u in e  co in c id e n c e  o f  fu n d a m e n ta ls . T h u s  
Gzv s y m m e tr y  is  e s ta b lish e d . F o r  t l i is  s y m m e tr y  th e  o th e r  in fra red  b a n d  sh ou ld  
a lso  h a v e  a  R a m a n  co u n te rp a r t. I t  is  p r e su m a b ly  to o  w e a k  to  b e  o b se r v e d  b u t  its  
a b sen ce  d o es  n o t  in v a lid a te  ou r a rg u m en ts . T h e  s tro n g  in fra red  b a n d  a t  2179  
cm ~ i is  a ss ig n e d  to  th e  a n tis y m m e tr ic  C N  s tr e tc liin g  m o d e  a n d  th e  C N  fre
q u e n c y  a t  a b o u t  2 190  cm~^ is  a ss ig n e d  to  th e  sy m m e tr ic  C N  s tr e tc h in g  m o d e

T h e  r e la tiv e  in te n s it ie s  o f  th e  tw o  C N  str e tc h in g  m o d es  in  th e  in frared  m a y  be 
u se d  to  g iv e  a  rou gh  p red ic tio n  o f  th e  CSC a n g le  in  S(CN)g. W e  sh a ll m a k e  th e  fo llo w 
in g  a ssu m p tio n s  :

[7] D. A. L o n g  and  W . O. G e o r g e ,  Trans. Faraday Soc. 56, 1570 (1960).
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Fig. 3. G raph of vs. 6

(a) T h a t in frared  in te n s it ie s  m a y  b e  a cc o u n ted  for in  term s o f  b o n d  d ip o le  
d er iv a tiv es .

(b) T h a t  th e re  is  n eg lig ib le  e lec tr ic  co u p h n g  b e tw e e n  th e  tw o  C N  d ip o les  so  th a t  
th e  C N  b o n d  d ip o le  d er iv a tiv e s  m a y  b e  co m b in ed  v e c to r ia lly  for th e  sy m m e tr ic  
an d  a n ti-sy m m e tr ic  m od es.

(c) T h a t th e  C N  stre tc h in g  m o d es  ca n  b e  regard ed  a s  n o t  co u p led  m ec h a n ica lly  
w ith  o th e r  m o d es o f  th e  sa m e cla ss . T h e  ra tio  o f  th e  in te n s ity  o f  th e  a n tisy m m etr ic  
m od e to  th e  in te n s ity  o f  th e  sy m m e tr ic  m o d e  is  th e n  g iv e n  b y  :

A =  t a n ^ -

w here 0 is  th e  C— S— C in terb o n d  an g le . A  grap h  o f  th e  ra tio  a g a in st  6 is
sh ow n  ill F ig . 3. T h e  in te n s ity  o f  a  g iv e n  in frared  b a n d  is  o b ta in ed  b y  d eterm in in g  
th e  area  u n d er  th a t  b a n d  in  a p lo t  o f  lo g  { I qH Iq — / ) }  a g a in st  fre q u en cy  v w h ere I q is  
th e  in c id en t in te n s ity  a n d  I  is  th e  tr a n sm itte d  in te n s ity . A  p lo t  o f  th is  k in d  for th e  
freq u en cy  reg ion  2 1 5 0 -2 2 4 0  cm~^ is  sh o w n  in  F ig . 4. T h e ca lcu la tio n  o f  th e  areas  
u nder th e  b a n d s is  co m p h c a te d  b y  th e  in co m p le te  re so lu tio n  b o th  o f  th e  an d  

5̂ (6 )̂ b a n d s an d  o f  th e  b a n d  a n d  a  co m b in a tio n  b a n d  a t  2132  cm~^. T h e  in 
te n s ity  ra tio  h es in  th e  ran ge  6 -0 - 1 2 -0 , th e  large u n c e r ta in ty  re flec tin g  th e  d ifficu lty  in
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F ig . 4. P lo t o f  logjo I qK I q — I )  v s . v(cm~^) for sulphur d icyanide, 2150-2240  em “ .̂

a sse ss in g  th e  areas o f  th e  tw o  b a n d s. F ig . 3 sh o w s th a t  e v e n  th is  r e la t iv e ly  ill-d efin ed  
ra tio  f ix es  th e  in te rb o n d  a n g le  in  th e  ra n g e  135°-146® . T h is  v a lu e  is  h igh er  th a n  th e  
figure o f  105° su g g e ste d  h y  R o g e r s  an d  G r o s s , b u t  th a t  d ep en d s o n  a ssu m e d  b on d  
d ip o le  m o m e n ts .

T h e rem a h iin g  se v e n  u n a ss ig n e d  m o d es  o f  v ib ra tio n  o f  su lp h u r d ic y a iiid e  w ill 
c o n s is t  o f  tw o  C— S stre tc h in g  m o d es  (% a n d  b^), on e C— S — C a n g le  d efo rm a tio n  (a^) 
a n d  four S— C N  a n g le  d efo rm a tio n s, tw o  in -p la n e  a n d  bj)  an d  tw o  o u t-o f-p la n e  
( « 2  a n d  b^). T h e  freq u en cies  a sso c ia te d  v d th  a ll th e se  m o d es  w ill h e  b e lo w  1 0 0 0  cm~^ 
a n d  w e  th erefore lo o k  for p ro m in e n t fea tu r es  in  th e  in frared  a n d  R a m a n  sp ec tr a  in  
th is  low er-fi’e q u e n c y  reg ion . T h e m a in  lo w -fr eq u e n c y  fea tiu ’es o f  th e  in frared  
sp ec tr u m  are tw o  v e r y  stro n g  b a n d s a t  664 a n d  684  cm~^ a n d  tw o  b a n d s o f  m ed iu m  
str e n g th  a t  752 a n d  838 cm~^. S o m e o f  th e se  b a n d s h a v e  co u n terp a rts  in  th e  R a m a n  
sp ec tr u m  b u t a p a rt from  th e se  th e  m o st  n o te w o r th y  fea tu r e  o f  th e  R a m a n  sp ectru m  
is  th e  grou p  o f  th r ee  h u e s  a t  223 , 2 2 4  a n d  29 4  cm ” .̂ T h ere are th ere fo re  se v e n  o b 
se r v e d  b a n d s o f  a p p rop r ia te  in te n s ity  a n d  fre q u en cy  to  b e  a llo c a te d  to  th e  sev en  
u n a ssig n e d  m od es.

I n  d ia lk y l su lp h id es a n d  d isu lp h id es  th e  freq u en c ies  o f  C— S str e tc h in g  m od es  
h a v e  b een  fo u n d  [ 8 ] to  lie  m  th e  ra n g e  6 3 0 -7 5 0  cm~^ a n d  th is  su g g e s ts  e ith er  th e  p air  
o f  b a n d s a t  663 a n d  684 cm~^ or th e  p a ir  a t  752 a n d  838 cm~^ for th e  C— S m od es.

T h e p a ir  a t  th e  lo w er  freq u en cie s  are to o  stro n g  for th e  C— S str e tc h in g  m od es, 
p a rticu la r ly  th e  sy m m e tr ic  C— S s tr e tc h  a n d  w e  h a v e  th erefore  a sso c ia te d  th e  other  
p a ir  o f  freq u en cies w ith  th e se  m o d es . T h e  h igh er  fre q u en cy , 838 cm~^ is  a ss ig n e d  to

[8 ]  D .  W . S c o t t  a n d  J . P . M g C t j l lo u g h ,  J . A m . Chem, Soc. 80, 3554 (1958).
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th e  \  C— S stre tc h  a n d  th e  low er freq u en cy , 752 cm~^ to  th e  C— S str e tc h , in  accord  
w ith  th e  gen era l p a tte r n  fo u n d  for a n tisy m m etr ic  a n d  sy m m e tr ic  m o d es.

I n  o th er  d in itr ile s  i t  h a s  b e e n  fo u n d  [9, 1 0 ] t h a t  th e  fou r n itr ile  d efo rm a tio n s  
in v o lv e  tw o  freq u en c ie s  arou n d  600 cm~^ a n d  tw o  b e lo w  300 cm~^. T h e tw o  v e r y  
stron g  in frared  b a n d s a t  663 a n d  684 cm~^ th u s  arise from  tw o  o f  th e  SC N  d efo rm a 
tio n s . T h e o n ly  o th er  a lte r n a tiv e  w o u ld  b e  to  a ss ig n  th e m  t o  o n e  S C N  d efo rm a tio n  
a n d  a  co m b in a tio n  or o v er to n e  b a n d  in  F erm i reso n a n ce  w ith  it .  N o  b in a ry  co m 
b in a tio n  or first o v er to n e  can  occu r in  th is  reg ion  s in ce  a ll th e  lo w -fr eq u e n c y  fu n d a 
m en ta ls  lie  b e lo w  290 c m “ .̂ W e  a ss ig n  th e  low er fre q u en cy  663 cm~^ to  th e  5g SC N  
o u t-o f-p la n e  d efo rm a tio n  an d  684 cm ~ i to  th e  S C N  d eform aion .

T h e freq u en c ie s  for th e  th r ee  rem ain in g  m o d es  m u s t  n o w  b e  s e le c te d  from  th e  
th ree R a m a n  freq u en cies , 223, 244  an d  294  cm ~ i. T h e in frared  sp ec tr u m  co n ta in s  a  
b an d  a t  967 cm~^ w liic h  ca n  b e  in te rp re te d  a s a  co m b in a tio n  b a n d  752 -j- 223 =  975  
cm " i; th is  p rec lu d es th e  a ss ig n m en t o f  223 cm “  ̂ a s  th e  m o d e . S im ila r ly  t h e  
p resen ce  o f  a n  in frared  b a n d  a t  1040 cm~^ w h ich  ca n  b e  in te rp re te d  a s 752 -{- 290  =  
1042 cm “  ̂ ru le s  o u t  2 9 0  cm"^ as th e  m od e . T h u s 244  cm~^ is  th e  fu n d a m e n ta l. _ 
T his a rg u m en t is  b a sed  o n  th e  a ss ig n m en t o f  752 cm~^ as th e  %, C— S stre tc h in g  m o d e . 
I f  h o w e v er  th e  a ss ig n m e n t o f  th e  C— S stre tc h in g  m o d es w ere rev ersed  a n d  837 cm~^ 
a ssign ed  a s  th e  a-̂  m o d e  th r ee  b in a ry  co m b in a tio n  in frared  b a n d s a t  975 cm~^ (752 -1-  
223), 996 cni~^ (752 244) an d  1046 cm~^ (752 -(- 294) w o u ld  b e  e x p e c te d  w h ereas o n ly
tw o  b a n d s a t  967 a n d  1040 are ob serv ed . F u r th er  su p p o rt for th e  a ss ig n m en t o f  2 4 4  
cm~^ to  th e  fu n d a m e n ta l is  p ro v id ed  b y  th e  ap p ea ra n ce  m  th e  R a m a n  sp ec tr u m  
on ly  o f  a  lin e  a t  2437  cm~^ w h ich  ca n  b e in te rp re te d  as 2186  (u^) 244  (a^) =  2 430  (Ug).

I n  th e  d ia lk y l su lp h id es  [ 8 ] th e  C— S — C a n g le  d efo rm a tio n  freq u en c ies  h e  in  th e  
range 1 8 7 -2 8 2  cm~^ a n d  w e h a v e  th erefore  a ssig n ed  223 cm~^ to  th e  C— S— C d e 
form ation  in  8 (CN)g. T h is  le a v e s  290 cm~^ a s th e  a n tisy m m e tr ic  SC N  d eform ation .

T h is a ss ig im ien t o f  th e  n in e  fu n d a m en ta ls  le a d s  to  a  sa t is fa c to r y  ex p la n a tio n  o f  a ll 
th e  o b ser v ed  in frared  b a n d s a n d  R a m a n  lin e s  as T a b le  1 sh ow s.
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[10] D. A. L o n g  an d  W . O. G e o r g e .  T o be published.
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The vibrational spectra of diboron compounds— I.

Infra-red spectra of diboron tetrafluoride

A r th u r  Finch, I. Hyams and D. S t e e le  
D epartm en t o f Chem istry, R oyal H ollow ay College,

Englefield Green, Surrey, E ngland
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A bstract— The infra-red  spectrum  of gaseous diborontetrafluoride has been m easured from  4000 
to  140 cm~^. The po in t group and  m odal d istribu tion  for freely ro ta tin g  BgF^ have been deduced 
using nuclear perm u tation  m ethods. F ailu re  to  see an  absorp tion  ban d  of th e  expected  frequency 
and  in tensity  for an  “ out-of-p lane” B BFg y  mode is shovui to  be consistent w ith  free ro ta tio n  or 
alm ost free ro ta tion .

W h ils t  a number of non-hydride compounds containing the B —B bond are known', 
the structures and spectra of few have been determined. Diboron tetrafluoride [1] 
(B2F 4) and diboron tetrachloride [2] (BgCl )̂ have been shown to be planar in the crys
tal phase whilst BgCl  ̂has the staggered configuration of Fd symmetry in the gas 
phase according to electron diffraction experiments [3]. The Raman and infrared 
spectra of the latter molecule support the electron diffraction conclusions [4] for 
the gas phase and lead to a barrier to rotation about the B—B bond of 1700 ±  600 
cal./mole. Recently the infra-red spectrum of Bg(0 S )4 has been reported [5]. The 
present communication is the first of a series of papers aimed at a better understand
ing of the molecular structures of compounds of the general formula XgB—BXg.

When this work was completed a private communication was received from 
G ayles  and S e l f  of Oregon State University who were kind enough to offer in
formation of their work on this compound. They prepared the compound by a 
difierent route to that used by the present authors. The absence of several weak- 
to-moderate bands in their spectra as compared with our own indicates the greater 
purity of their sample. Apart from these bands the agreement between the spectra 
is good. They conclude from an examination of band shapes that the molecule has 
Vd symmetry. Free rotation about the B —B bond is discussed briefly but is not 
favoured since CHgF-BFg is believed to possess a significant potential barrier. It 
is the purpose of the present communication to show that anomalies in the observed 
spectral intensities probably arise from almost free rotation about the B—B bond.

E xperimental

Diboron tetrafluoride was prepared in high yield by the established procedure of 
Swarts fluorination of diboron tetrachloride [7]. The product was tensiometrically

[1] L . T b e e o n a s  an d  W . N . L ip s c o m b , J . Chem. P hys. 28, 54 (1958).
[2] M. A t o j i ,  W . N . L ip s c o m b  and  P . J. W h e a t l e y ,  J . Chem. Phys. 23, 1176 (1955).
[3] K . H e d b e b g , see R eference [4].
[4] D. E . ]Mann an d  L. Fajsto, J. Chem. P hys. 26, 1665 (1957).
[5] N i k i t i n ,  M a l ’t s e b  an d  V i n o g b a d o v a ,  Vestnik, Moskow U niv. 3, 14 (1963).
[6] J. N . G a y l e s  and  J. S e l f ,  J .  Chem. P hys. 40, 3530 (1964).
[7] A. F i n c h  and  H . I . S c h l e s i n g e b ,  J . A m . Chem. Soc. 80, 3573 (1958).
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h o m o g e n e o u s a n d  a p p a r e n tly  p u re, b u t  th e  v a p o u r  p ressu re o f  th e  liq u id  w as  
lo w er  th a n  p u b lish e d  v a lu e s  as sh o w n  b elo w :

V a p o u r  p ressu re  (m m  o f  H g ) o f  (a) so lid , (b) liq u id .

(a) (a) (b) (b) (b)

T em p era tu re  °C : - 8 0 1 — 63 5 - 5 2 - 3 — 49-6 - 4 7  0
T h is  w o rk  : 15 87 206 241 269
R e fer en ce  [ 6 ] : 15 87-5 232 280 333

T h e  sp ec tr a  w ere reco rd ed  in  10 cm  p a th  ce lls  w ith  w in d o w s o f  K B r  or r ig id e x  
p o ly th e n e  a t  p ressu res ra n g in g  fro m  a  few  m m  to  30 cm  o f  H g . A  U n ic a m  SPlOO  
w ith  S P 1 3 0  g r a tin g  a ccesso r ie s  w a s u sed  fo r  th e  m e a su r e m e n ts  a t  fre q u en c ie s  a b o v e  
400 cm “  ̂ u s in g  sp ec tr a l s lit  w id th s  o f  2  cm~^ a b o v e  450  cm~^. B e lo w  450  cm~^ 
m ea su re m e n ts  w ere  m a d e  o n  a  fa r  in fra -red  g r a t in g  sp e c tr o m e te r  c o n str u c te d  in  
th e  d e p a r tm e n t a n d  d escr ib ed  a d e q u a te ly  e lsew h ere  [ 8 ]. T h e  sp e c tr a l s lit  w id th s  
em p lo y e d  w ere 2  cm “  ̂a t  40 0  cm~^ a n d  3 cm~^ a t  320 cm~^. T h e  o b ser v ed  freq u en c ies  
are g iv e n  in  T a b le  1 .

Table 1

Frequency (cm~^) Assignment

2821 v.w.
2765 w.
2570 v.w.
2515 w—m 
2085 w.
2042 w.
1822 w.
1732 v.w.
1688 w-m 
1548 w.
1415 s.
1372 vs.
1275 w—m 
1157-51 
1151 

986-865 w -m  
930 w-m  
821 w-m  

cot. 660 w. hr. 
642; 621m. 
548-51 
543 
541 
534 
461, 408w. 
331, 324 m.

s type A.

2 X 1415 
2 X 1372

1372 +  1151

1372 +  680 
1151 +  680

1372 +  324

vB F(^ogiig). F(Fg) sym m etry 
A(Fg) sym m etry

vBF  Bg(ra) sym m etry 
Im purity  bands complex.

B—BFg umbrella mode; E (rio ) sym m etry 
Im purity

FB F  deformation; B^(Fg) sym m etry 

Im purity
FBB deformation; F(Tg)  sym m etry

T h e q u a n t ity  o f  m a te r ia l a v a ila b le  w a s in su ffic ien t to  o b ta in  a  R a m a n  sp ec tr u m  
o f  B 2 F 4  u s in g  c o n v e n tio n a l g a s  ce lls . A n  a t te m p t  w a s m a d e  in  c o n ju n c tio n  w ith  
D r. B e a t t i e  o f  K in g s  C ollege, L o n d o n , t o  m ea su re  th e  sp e c tr u m  o f  o n e  a tm o sp h e re  
o f  B 2 F 4  in  a  c o n v e n tio n a l liq u id  ce ll u s in g  a  C arey  w h ite  sp ec tr o g ra p h . O n ly  one  
R a m a n  b a n d  w a s o b ser v ed  a t  ca.  680  cm~^. T h is  is  c lea r ly  th e  fu lly  sy m m e tr ic  B — B  
s tr e tc h in g  v ib r a t io n .

[8] P . J .  H e n d r a ,  R . D . G .  L a n e  and  B. S m e t h u b s t ,  J .  S c i .  I n s t .  40, 457 (1963).
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I n t e r p r e t a t io  N

T h ere are th r e e  p o ss ib le  stru c tu r es  fo r  BgFg:
(a) A  p la n a r  s tru c tu r e  in  w h ich  r, th e  a n g le  b e tw e e n  th e  B F g p la n e s , is  0° 

(sy m m e tr y  Vh).
(b) V d  s tru c tu r e  in  w h ich  case  t  =  90°. I n  th is  case  t h e  m o lec u le  is  a sy m m e tr ic  

to p .
(c) T h a t  in  w h ich  th e re  is  free r o ta t io n  a b o u t  th e  B — B  b o n d  ((a) a n d  (b)) w o u ld  

corresp on d  to  a n  en e r g y  b arrier to  r o ta t io n  a b o u t  th e  B — B  b o n d  m u c h  g rea ter  
th a n  IcT w h e re a s  case  (c) corresp on d s to  a n  en e r g y  b arrier c o n s id er a b ly  le s s  th a n  
TcT. I n  th e  in te r m e d ia te  case  th e  s tru c tu r e  (b) w ill p r e v a il w ith  th e  m o lec u le s  ab le  
to  u n d erg o  v ib r a t io n s  in  a c o m p a r a t iv e ly  sh a llo w  p o te n t ia l tr o u g h  ar is in g  fro m  th e  
p o te n t ia l  b arrier.

T h e lo w e s t  p o ss ib le  sy m m e tr y  in  case  (c) is  Dg, b u t  th e  v ib r a tio n a l se le c tio n  ru les  
are th o s e  o f  a  g ro u p  o f  h ig h er  sy m m e tr y . T h is  arises fro m  th e  in v a r ia n c e  o f  th e  
p o te n t ia l en e r g y  to  a  re flec tio n  in  a  p la n e  b ise c tin g  a n d  p erp en d icu la r  to  th e  B — B  
b o n d  fo r  fre e  r o ta t io n . I t  h a s  b een  sh o w n  fro m  a  s tu d y  o f  n u c lea r  p e r m u ta tio n s  [9] 
t h a t  th e  e ffe c t iv e  p o in t  grou p  for a  free  ro to r  m o lec u le  n e e d  n o t  n e c e ssa r ily  b e  o n e  
o f  th e  regu lar  p o in t  g ro u p s. T h u s th a t  for  fr e e ly  r o ta t in g  e th a n e  is  d ed u c ed  t o  b e  
on e o f  ord er 36 c o n ta in in g  fo u r  n o n -d e g en er a te , fo u r  d o u b ly -d e g e n e r a te , a n d  on e  
q u a d r u p ly -d eg en er a te  r e p r esen ta tio n s . T h e  s tu d y  o f  th e  n u c lea r  p e r m u ta tio n  
grou p  w ill b e  p u r su e d  in  a  la te r  s e c t io n . K o p e lm a n  h a s  b e e n  r e p o r ted  [ 1 0 , 1 1 ] as  
p roj)osin g  th a t  th e  p rop er p o in t  g ro u p  fo r  a  fr e e ly  r o ta t in g  m o lec u le  sh o u ld  c o n ta in  
th e  g ro u p s o f  a ll in s ta n ta n e o u s  co n fig u r a tio n s  as su b -g ro u p s . B o th  Oh  a n d  
g ro u p s s a t is fy  th is  cr iter io n  fo r  BgF^. T h ere  is  h o w e v e r  e v id e n c e  a g a in s t  th is  [ 1 1 ] 
a n d  th is  m e th o d  w ill n o t  b e  p u rsu ed .

I n  th e  first in s ta n c e  th e  e v id e n c e  for  a n d  a g a in s t  a  f ix ed  co n fig u r a tio n  w ill b e  
d iscu sse d  a n d  th e n  a n  a t te m p t  m a d e  to  e x p la in  th e  in a d e q u a c ie s  o f  th e  e v id e n c e  in  
term s o f  free r o ta t io n .

F r e q u e n c y  Ca l c u l a t io n s

I n  th e  fo llo w in g  th e  la b e llin g  o f  th e  m o lec u la r  a x e s  is  as re co m m en d e d  b y  
M u l l i k e n  [ 1 2 ] th u s  fix in g  th e  n o m e n c la tu r e  o f  th e  s y m m e tr y  c la sses  a s  d efin ed  b y  
H e r z b e r g .  T h e  r e su lt in g  ca r te s ia n  a x e s  r e la t iv e  to  th e  m o lec u la r  fra m ew o rk  are 
sh o w n  in  F ig . 1  a n d  th e  d is tr ib u tio n  o f  v ib r a t io n a l m o d e s  for  Vh  a n d  V d  s y m m e tr y  
sh o w n  in  T a b le  2 .

C r a w f o r d  a n d  W i l s o n  h a v e  sh o w n  [13] t h a t  w h ere  a  to r s io n  or tw is t  a n g le  for  
a g iv e n  m o lec u le  ca n  b e  d efin ed  to  b e  o r th o g o n a l to  a ll o th e r  s y m m e tr y  co -o r d in a te s  
th e  v ib r a t io n a l p ro b lem  ca n  b e  so lv e d  in d e p e n d e n tly  o f  th is  to r s io n  b y  s im p ly  
d ro p p in g  th e  a p jiro p r ia te  ro w  a n d  c o lu m n  o f  th e  G  a n d  F  m a tr ice s . I n  th e  fo llo w 
in g  th e  to r s io n  is  ig n o re d  s in c e  th e  c o -o r d in a te s  are r e a d ily  d e fin e d  t o  c o m p ly  v i t h  
th is  req u irem en t.

[9] H . C. L o n g u e t - H i g g i n s ,  M ol. Physics, 6, 445 (1963).
[10] R . K o p e l m a n ,  P h .D . Thesis, Colum bia U niversity  (1960).
[11] C. V. B e r n e y ,  L . R . C o u s in s  and  F . A. M i l l e r ,  Spectrochim. A cta  19, 2019 (1963).
[12] R . S. M u l l i k e n ,  J .  Chem. Phys. 23, 1997 (1955).
[13] B. L. C r a w f o r d  and  E . B . W i l s o n ,  J .  Chem. Phys. 9, 323 (1941).
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B j—----

Fig. 1.

T h e G  m a tr ix  ter m s fo r  a m o lec u le  X 2 Y 4  h a v e  b een  ta b u la te d  b y  Mann an d  
Fang [4] fo r  th e  g en era l case  in  w h ich  th e  a n g le  b e tw e e n  th e  tw o  X Y g  p la n e s , is  
u n sp ec ified . T y p o g ra p h ica l errors occu r in  (r 9, 11 a n d  (r 10, 11 w h ich  sh o u ld  b o th  
b e o f  o p p o s ite  s ig n s. T h e  force  c o n s ta n ts  for th e  s y m m e tr y  co -o r d in a te s  w ere  
d e ter m in ed  as lin ea r  c o m b in a tio n s  o f  v a le n c e  force  c o n s ta n ts  b y  th e  m a tr ix  tr a n s 
fo rm a tio n .

^  =  U F U - \

w h ere ^  is  th e  s y m m e tr y  fo rce  c o n s ta n t  m a tr ix , F  is  th e  co rresp o n d in g  v a le n c e  
force c o n s ta n t  m a tr ix  a n d  Ü  is  th e  tra n sfo r m a tio n  m a tr ix  from  v a le n c e  to  sy m m e tr y  
c o -o r d in a te s . T h e  sy m m e tr y  co -o r d in a te s  a n d  th e  g en er a l ter m s are l is te d  in  
T a b le  3.

A s th e r e  are n o  stru c tu r a l d a ta  o n  in  th e  g a se o u s  p h a se , th e  g e o m e tr ic a l  
p a ra m eters  u se d  w ere ta k e n  fro m  th e  cr y sta l d a ta  o f  T refo n a s  a n d  Lipscomb [ 1 ]. 
A ssu m in g  a  1 2 0 ° F — B — F  a n g le  th e  b o n d  le n g th s  in  th e  cr y sta l are 1  67 A  for th e  
B — B  b o n d  a n d  1  32 A  fo r  th e  B — F  b o n d .

Table 2

(a) Sym m etry =  X),*
Class No. of vibs. Selection rules i.r. band contours

 ̂ OCyy, ^zz —
0 Ct-xy —

A , 1 O-xz —
^ 3, 2 . OCyJ —1 (t ) i.a. ---

2 T , A (PR sep 13 em~^)
-®2« 2 B (QQ sop 10 cm“ i)
-®3U I T C (PR sop 10 cm“ 0  

very pronounced Q branch
(b) Symmetry F(î =

Class No. of vibs. Selection rules i.r. band contours
^ -f- ^zz —

A , I (t) i.a. —
® ^xx --
2 Type AQ sep 14 cm~^ 

lo /I  to tal 0-2
E ^ (̂ vz» Type AQ branch not very

pronounced and broad.
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Table 3

Force constan t
V alue BFg 

m dyn/A
Value assum ed 

m dyn/A

“  fn — 3-15
• ^ 1 , 2 — ^Inr — 0-0
-^1.3 — 0-0
• ^ 2 , 2 =  •^4,4 =  / r  +  frr 8-288 8-288
• ^ 2 .3 =  =  2 3-&(A, -  A^) --- 0

3 .3 =  -^5.5 =  - 4 / , ^ ) foL-faa =  0-594 0-594
•^6.6 ~  * ^ 9 ,9  — fr  ~  frr 7-220 7-220
■^6,7 ~  * ^9 ,1 0  — fr(t> ~ / r > froL-fr'a. =  0-282 0-282

— • ^ 1 0 , 1 0  —f4> / a - / a a  =  0-594 0-594
■̂ 8,8 ~  ^11,11 — /-/ 0-866 0-866

Term s involving t ,  and  in teractions involving y  assum ed negligible.

A n  o b v io u s  sou rce  o f  v a lu e s  fo r  th e  B — B  force  c o n s ta n ts  is  th e  d a ta  o f  B F g ,  
F o rce  c o n s ta n ts  b a se d  o n  th is  d a ta  h a v e  b e e n  e v a lu a te d  b y  se v er a l a u th o rs , e .g . 
[14, 15]. D u e  to  sy m m e tr y  re s tr ic tio n s  th e  o n ly  c o n s ta n ts  w h ic h  m a y  b e  d e ter m in ed  
are a s  g iv e n  in  T a b le  3. I n  d er iv in g  F  for  i t  w a s  a ssu m e d  t h a t  t h e  fo rces r e 
s is tin g  d e fo rm a tio n  o f  th e  B B F  a n g les  are e q u a l to  th o se  for  t h e  F B F  a n g le . S in ce  
th e  re sto r in g  fo rces  are p r in c ip a lly  d e ter m in ed  b y  th e  e lec tr o n  c o n fig u r a tio n  in  th e  
im m e d ia te  v ic in ity  o f  th e  ce n tr a l a to m  th is  o u g h t  to  b e a  re a so n a b le  a p p r o x im a tio n .  
L ik e w ise  a ll in te r a c tio n  force  c o n s ta n ts  in v o lv in g  (see  F ig . 1 ) are ta k e n  to  b e  eq u a l 
to  th e ir  a c o u n te rp a rts . T h e  n u m er ica l v a lu e s  a ssu m e d  are g iv e n  in  T a b le  3. T h e  
o n ly  v a lu e  o f  a B — B  s tr e tc h in g  force  c o n s ta n t  in  th e  lite r a tu r e  is  b a sed  o n  a  U r e y  
B r a d le y  fo rce  fie ld  [4 ], B a se d  on  th is  v a lu e  a  v a le n c e  force  c o n s ta n t  o f  3 0 m d y n /A  
w as a ssu m e d .

T h e  c a lc u la te d  fre q u en c ie s  o f  "BgF^ fo r  r  =  0 ° a n d  r  =  90° are g iv e n  in  T a b le  4,
T h e  fo rce  c o n s ta n ts  fo r  B F g  are b a se d  o n  th e  h a rm o n ic  v ib r a tio n a l freq u en c ie s , 

w h ich  a ll lie  a b o u t  5%  a b o v e  th e  o b se r v e d  freq u en c ie s . T o  o b ta in  a  re a so n a b le  
co m p a riso n  b e tw e e n  t h e  c a lc u la te d  fre q u en c ie s  o f  BgF^ a n d  th e  o b ser v ed  i t  is  
n ece ssa r y  th e n  to  co rrect o n e  or th e  o th e r  s e t  fo r  a n h a r m o n ic ity . I t  is  re a so n a b le

Table 4. C om puted frequencies and  in tensities

In tensities
Sym m etry  

Vh Vd
C om puted F req . 
cm “  ̂ cm ^i

Obs. F req . 
cm -i

Vh
(X 10-

Vd  
cm^ mol"^

Obs.* 
sec~^ In)

^ lu  -®2 1150 1150 1154 25 25 18-4
557 557 543 5-5 5-5 1-8

E 1431 1493 1372 24 20 15-3
789 1072 660? 3-3 6-7 0 1
244 389 324 0-5 1-7 0-2

* A rb itra ry  scale.

[14] W . R . H b s l o p  and  J .  W. L i n n e t t ,  Trans. Faraday Soc. 49, 1266 (1953).
[15] D. C. M c K e a n ,  J .  Chem. Phys. 24, 1002 (1956).
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to  a ssu m e  th e  sa m e  a v er a g e  a n h a r m o n ic ity  fo r  a s  fo r  B F g  in  w h ich  case  th e  
c a lc u la te d  freq u en c ies  m u s t  b e  red u ced  b y  5% .

D iscussion of E xperimental R esults

T h e a b sen ce  o f  a u th e n tic  ty p e  B  or ty p e  C  b a n d s  m a k e s  a  s tru c tu r e  v e r y  
u n lik e ly  fo r  th e  g a s . T h e  o n ly  c lea r ly  re so lv e d  b a n d  co n to u r— t h a t  o f  th e  541 cm “  ̂
b a n d  p la ce s  i t  u n e q u iv o c a lly  in  th e  c la ss  o f  th e  stru c tu r e  (or th e  c la ss  o f  
th e  s tru ctu r e). N e ith e r  o f  th e  B — F  s tr e tc h in g  b a n d s  h a v e  th e  re so lv e d  b a n d  
co n to u r s  w h ich  are p red ic te d  u tilis in g  th e  fo rm u la e  o f  G erhard a n d  D enn ison  [16] 
a n d  B ad ger a n d  Zum w alt [17]. H o w e v e r  th is  fa ilu re  to  r e so lv e  th e  b a n d  co n to u r  
o f  h ig h  fr e q u e n c y  m o d es  is  in  th e  a u th o r s’ e x p er ie n c es  v e r y  co m m o n . C om p arison  
w ith  c o m p u ta tio n s  le a d s  to  th e  u n a m b ig u o u s a ss ig n m e n t o f  th e  1372 cni~^ b a n d  to  
th e  E  c la ss  a n d  th e  1155  cm “  ̂ b a n d  to  th e  B^ c lass.

T h e in fra -red  a c t iv e  F B B  d e fo rm a tio n  is  a sso c ia te d  w ith  th e  b a n d  a t  32 4  cm~^ 
th o u g h  th e  o b ser v ed  in te n s ity  is  lo w  co m p a red  w ith  t h a t  ex j ie c te d .

G ayles  a n d  S e l f  co n sid er  th e  y  or o u t-o f-p la n e  B — B Fg m o d e  to  b e  a sso c ia te d  
v d tli a  b a n d  a t  660 cm~^. I n  our sp ec tr a  th is  is  o v er la jip ed  b y  a  d o u b le t  o f  m o d era te  
in te n s ity  w h ich  is  p r e su m a b ly  d u e  to  a n  im p u r ity . A  c o m p u ta tio n  o f  th e  e x p e c te d  
b a n d  in te n s it ie s  u s in g  th e  in te n s ity  p a ra m eters  o f  B F g  d er iv ed  b y  M cKean [18] 
in d ic a te s  th a t  th is  u m b re lla  ty p e  m o d e  b a n d  sh o u ld  b e  o f  co m p a ra b le  s tr e n g th  to  
th e  541 cm ~ i b a n d  for b o th  th e  Vh  a n d  V d  s tru c tu r es  w h erea s  i t  is  le ss  th a n  A t h  o f  
th e  in te n s ity .  T h e  a b so lu te  g a s  p ressu res are o n ly  v e r y  a p p r o x im a te ly  k n o w n  due  
to  th e  m e th o d  o f  ce ll-filin g  e m p lo y e d  (co n d e n sa tio n  in  a  co ld  finger w ith in  th e  ce ll), 
a n d  c o n se q u e n tly  o n ly  r e la t iv e  in te n s it ie s  are s ig n if ica n t. C o m p u ted  a n d  o b ser v ed  
in te n s it ie s  are g iv e n  in  T a b le  4.

T h e  o b ser v ed  co m b in a tio n  b a n d s h a v e  b een  d iscu sse d  b y  G a y les  a n d  S e l f  
w h o  h a v e  d ed u c ed  th e  in fra -red  in a c t iv e  fre q u en c ie s , in c lu d in g  th e  to r s io n  fre 
q u e n c y , fro m  th e ir  a ss ig n m e n ts . T h u s  i t  is  c lear t h a t  th e  m a jo r  u n sa tis fa c to r y  
fe a tu r e  o f  a n  in te r p r e ta t io n  in  ter m s o f  a  r ig id  V d  m o lec u le  is  th e  fr e q u e n c y  an d  
in te n s ity  o f  th e  y  b en d in g  m o d e . T h e  a ssu m p tio n  o f  a  Vh  s tru c tu r e  a ffords b e tte r  
fr e q u e n c y  a g re em en t w ith  e x p e c ta t io n , b u t  th e  e x p e c te d  in te n s ity  is  s t ill  far  to o  
h ig h  a n d  th e  b a n d  co n to u rs  are irreco n c ila b le .

F ree R otation

L on guet-H igg ins [7] d efin es th e  m o lec u la r  sy m m e tr y  grou p  as th e  s e t  o f  all 
fea s ib le  p e r m u ta tio n s , P ,  o f  p o s it io n s  a n d  sp in s  o f  id e n tic a l n u c le i an d  o f  a ll fea sib le  
P P *  w h ere  P *  is  th e  in v e r s io n  o f  a ll p a r tic le  p o s it io n s . F o llo w in g  th is  m e th o d  o f  
a n a ly s is  th e  c o m p le te  se t  o f  s y m m e tr y  e le m e n ts  is  P ,  ( 1 2 ), (34), (a 6 )(I3 2 4 ), (a6 )(1423), 
(1 2 )(3 4 ), (a 6 )(1 3 )(2 4 ), (a 6 )(1 4 )(2 3 ), a n d  th e ir  p r o d u c ts  w ith  P * .  1 , 2 , 3 a n d  4  lab el
th e  flu orin e n u c le i, a  a n d  h th e  b oron  n u c le i a n d  th e  b r a c k e ts  are c o n v e n tio n a l  
cy c lic  p e r m u ta t io n  b ra ck ets  [18]. T e d io u s  t e x t -b o o k  te c h n iq u e s  fo r  d e term in in g

[16] S. L . G e r h a h d  and  D. M. D e n n i s o n ,  P hys. Rev. 43, 197 (1933).
[17] R . M. B a d g e r  and  L. R . Z u m w a l t ,  J .  Chem. P hys. 6, 711 (1938).
[18] D. E . LITTLE WOOD, The Theory o f Group Characters, C larendon Press, Oxford (1950).
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th e  irred u cib le  r e p r esen ta tio n s  o f  th e  a p p ro p r ia te  grou p  le a d s  to  th e  ch a ra cter  
T a b le  5 w h ic h  is  iso m o rp h o u s w ith  th e  D̂ Ĵ  p o in t  grou p .

W h ils t  th is  in d ic a te s  th e  e ffe c tiv e  sy m m e tr y  grou p  fo r  th e  v ib r a tio n s  i t  s t ill  
rem a in s to  d e ter m in e  th e  d is tr ib u tio n  o f  th e  v ib r a tio n s  in  th e  c la sses  a n d  th e ir  
o p tic a l a c t iv it ie s .  T h e m e th o d  u sed  b y  th e  a u th o rs  is  a n  e x te n s io n  o f  th e  in te r n a l  
co -o r d in a te  m e th o d  for co n v e n tio n a l p o in t  g ro u p s. T a b le  5 l is ts  th e  ch aracters  
Xi{B)  w h ere  R  is  th e  in te rn a l co -o r d in a te  a n d  i  th e  p e r m u ta tio n . T h en  th e  n u m b er  
o f  v ib r a tio n s  a s so c ia te d  w ith  th e  in te rn a l co -o r d in a te  R  in  sp e c ie s  F  is

i

% T(P) is  th e  ch a ra c ter  for  p e r m u ta t io n  i  in  th e  ir red u c ib le  r e p r e se n ta tio n  F ,
is  th e  d e g e n e r a c y  a n d  g  is  th e  t o ta l  n u m b e r  o f  p e r m u ta tio n s  or th e  d egree  o f  

th e  g ro u p . T o  d e ter m in e  th e  t o ta l  n u m b er  o f  v ib r a tio n s  in  e a c h  irred u c ib le  rep re
se n ta tio n  i t  is  n e c e ssa r y  to  r e m o v e  th e  r e d u n d a n t s y m m e tr y  co -o r d in a te s . T h ese  
w ere id e n tif ie d  b y  in sp e c t io n  (T a b le  5).

T h e im p o r ta n t  r e su lt  t o  b e  n o te d  is  th a t  o n e  p a ir  o f  B F  s tr e tc h e s  a n d  o n e p a ir  
o f  a n ti-sy m m e tr ic  in -p la n e  a n g le  b en d s fo rm  th e  s y m m e tr y  co -o r d in a te s  for  on e  
d eg en er a te  c la ss  w h ils t  th e  o u t-o f-p la n e  y  m o d es  go  in to  th e  o th e r  d eg en er a te  c la ss . 
T h e fu ll im p o r ta n c e  o f  th is  b eco m e s a p p a r en t w h e n  th e  in fra -red  a c t iv it ie s  are c o n 
sid ered . U n fo r tu n a te ly  a co m p le te  tr e a tm e n t  h a s n o t  y e t  b e e n  w o rk ed  o u t, b u t  th e  
im f)lica tio n s  are clear. T h e r e p r esen ta tio n  fo r  th e  tr a n s it io n  m o m e n t a lo n g  th e  
m o lecu la r  B — B  a x is  is  F 3 . T h is  is  m o st  e a s ily  se en  b y  n o tin g  th e  e q u iv a le n t  s y m 
m e tr y  o p era tio n s  to  th e  p e r m u ta tio n s  (T a b le  5). I n  d ed u c in g  th e se , th e  p r o p e r ty  
is  u sed  t h a t  th e  tw o  B F g  u n its  ca n  b e  fr e e ly  r o ta te d  w ith  r e sp e c t  to  o n e  a n o th er  to  
b rin g  th e  m o le c u le  b a ck  in to  i t s  o r ig in a l co n fig u ra tio n . O P  is  a  (7g r o ta t io n  o f  
th e  n u c lea r  d isp la c e m e n ts  a sso c ia te d  w ith  th e  B F g  u n it  ca rry in g  th e  flu orin e la b e ls  
1  a n d  2 . Gg-^’’ is  a  Cg r o ta t io n  a b o u t  a n  a x is  J J  t o  th e  B — B  b o n d .

T h e  tr a n s it io n  m o m e n ts  f i x  a n d  f j i y  m u st  fo rm  a  d eg en er a te  p a ir  b u t  n o  clear  
m eth o d  fo r  d ed u c in g  w h e th e r  t h e y  b e lo n g  to  Fg or F^g h as b een  w o rk ed  o u t  as y e t .  
T h e a u th o r s ’ fe e lin g  is  th a t  t h e y  b e lo n g  to  Fg. H o w e v e r  i t  is  c lear t h a t  th e  n u m b er  
o f  in fra -red  a c t iv e  fu n d a m e n ta ls  is  le ss  for  a  free  ro to r  BgX^ th a n  fo r  a n y  f ix e d  
co n fig u ra tio n .

D iscussion

T h e fa ilu re  to  o b ser v e  a  b a n d  o f  th e  e x p e c te d  s tr e n g th  fo r  th e  y  t y p e  m o d e  
in  th e  ra n g e  1 0 0 0  t o  600  cm~^ m a y  b e d u e  to  free  r o ta t io n  a b o u t  th e  B — B  
b ond . I n  th e  case  o f  a sm a ll p o te n t ia l b arrier ( <  h T )  a  fr a c tio n  o f  th e  m o lec u le s  
( =  e x p  { — ù iE jk  T )  w h ere  A E  is  h e ig h t  o f  p o te n t ia l barrier) w ill b e  v ib r a tin g  in  th e  
p o te n tia l tr o u g h  w liils t  th e  rem a in d er  w ill b e  u n d erg o in g  free  r o ta t io n . I t  is  th u s  
a p jiaren t t h a t  a  w e a k  y  m o d e  an d  w ea k  co m b in a tio n  m o d e s  in v o lv in g  th e  to r s io n  
can  b e  g e n e r a lly  e x p e c te d  in  a n  a lm o st  free ro tor .

T h e  s h if t  o f  t h e  in fra -red  a c t iv e  in -p la n e  b e n d  to  lo w e r  fre q u en c ie s  re su ltin g  
from  c o n d e n sa tio n  to  th e  liq u id  p h a se  re p o r ted  b y  G a y les  a n d  S e l f  is  in  a cco rd  
w ith  a  free  ro to r  str u c tu r e  in  th e  g a s  p h a se  as w e ll as w ith  a> V d  t y p e  s tr u c tu r e . I n  
b o th  ca ses r e m o v a l o f  th e  d eg e n e r a c y  w ill le a d  to  a  sp lit t in g  o f  th e  fr e q u e n c y  c o m 
p o n e n ts  w ith  th e  lo w er  fr e q u e n c y  b e c o m in g  th e  u n g e ra d e  c o m p o n e n t o f  th e  y  t y p e
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m o d e . T h e  fa ilu re  to  see  a  B — B F g d e fo rm a tio n  b a n d  o f  e x p e c te d  in te n s ity  is  
th e re fo r e  p r o b a b ly  d u e  to  th e  fa c t  t h a t  m o s t  o f  th e  m o le c u le s  are u n d erg o in g  free  
r o ta t io n . G a y l e s  a n d  S e l f  h a v e  e x p la in e d  th e  lo n g  w a v e le n g th  ta ils  o f  th e  657  
an d  325  cm~^ b a n d s b y  p o s tu la t in g  th e  e x is te n c e  o f  a  v e r y  lo w  fr e q u e n c y  to rs io n  
m o d e . T h is  is  a lso  in  a ccord  w ith  a  lo w  p o te n t ia l barrier.
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Vibrational Spectra of some Hetrocyclic Boron Compounds
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The fundamental vibrational frequencies and modes have been computed for some 5- and 6- 
membered cyclic boron compounds using a modified valence force field and treating CH2 units 
as point masses. The results are discussed in relation to previous assignments of BO, CO and B—Cl

O O
/ \  / \

vibrational bands in compounds containing the skeleton Cn B—Cl and Cn B—phenyl.
\ y  \ /o o

H eterocyclic boron com pounds o f  the general form ulae

_ / ^ \
B—Y  and (C H 2 );, B—Y

have attracted considerable attention. In com pounds o f  the first type in  which  
X =  oxygen and Y  =  phenyl, the antisym m etric BO and CO stretching m odes were 
identified with tw o strong bands, at 1326 and 1238 cm ~b respectively, which were 
insensitive to the exact structure o f  the arom atic m oiety. 1 H owever, bands assigned  
to the sym m etric vibrations were o f  variable strength and highly sensitive to the 
substituents. The BO assignm ents agree w ell w ith those g iven  for the open chain  
(RO)z B-phenyl systems.^ The chem istry and som e o f  the therm odynam ic prop
erties o f  com pounds o f  the second type in  w hich X  =  oxygen, Y  =  chlorine, and  
n =  2 or 3 [2-chloro-l,3 ,2-d ioxaborolan  (I), and -dioxaborinan (II), respectively] 
have been investigated.^, 4  One feature is the varying degree o f  association  o f  I, 
in liquid and solution  phase,4 resulting from  relief o f  the ring strain inlierent in  the 
m onomeric five-m em bered m olecule. A ssociation  doubtless occurs as a result o f  
a change in hybridization at the boron atom  {sp^-^sp^). Boron-oxygen bridging, 
probably in  a “ stacking ” arrangement such as (A ), is presum ably preferred to  
chlorine bridging as in  (B) :

Cl.

(B)

Either form  o f  bridging should  in  principle be reflected in  a difference in  vibra-* 
tional spectrum  between that o f  the m onom eric, and that o f  the associated, m ole
cule, since the change in  structure w ill change the conditions for zero overall internal

2125
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m om entum  and, for chlorine bridging, the change in  the B— Cl force constants w ill 
affect the appropriate observable frequencies.

The spectra o f  m any m olecules o f  the second class are know n and som e tentative 
assignm ents have been proposed.^, 6  The attem pt to identify characteristic B— Cl 
stretching bands in  the spectra o f  com pounds I  and II was unsuccessful with 
com pound I. This m ay be due in part to som e B<-C1 bridging, but the principal 
reason is the kinetic effect. The mass o f  the boron atom  is so sm all com pared with 
that o f  the chlorine atom  that m ixing o f  the B— Cl stretch w ith  the O— B— O angle 
deform ation and the sym m etric O— B stretching co-ordinates is expected to be 
large. However, in  the six-m em bered ring system , arguments have been given for 
assigning a band at 549 cm ~i to the B— Cl stretching mode,5 in  accord with the 
analogous assignm ents o f  Lindem ann and W ilson  ? at 696 cm “ i in  B F 2 CI and o f  
Lehmann, Onak and Shapiro 8  at 642 cm ~i in  (C H 3 0 ) 2 BC 1 . Gerrard and co
workers have preferred a B— Cl assignm ent close to 900 cm~t.9« 1 0

The approach to the above problem s w hich is reported here was to com pute 
the vibrational frequencies and m odes o f  specific m olecules, in particular com pounds 
I  and n  and som e related system s, using a m odified valence force field transferred 
from  related m olecules and to com pare calculated and observed transition frequencies.

COMPUTATIONS 

m o l e c u l e s  o f  GENERAL FORMULA C 2 Y 2 B X

The skeletons o f  (C H 2 ) 2 0 2 B X  m olecules are essentially planar ; thus the problem  
m ay be separated in to  the in-plane and out-of-p lane m otions if  w e treat the CH 2  

unit as a point mass. The assum ed geom etry is that expected for 2-chloro 1,3- 
dioxoborolan, I, the principle m olecule o f  interest, other system s being treated as 
isotop ic hom ologues, and is shown in  fig. \a .

The vibrational problem s were solved on the London U niversity Mercury 
Com puter as the eigenvalues and eigenvectors o f  the m atrix D +FD  where DD + =  
G and G and F are the usual kinetic and potential matrices. The principal advantage 
o f  this technique is that redundancies in  the sym metry co-ordinates are irrelevant, 
since the problem  is transform ed in to  cartesians. Further, the m atrix D  FD  is 
sym m etric, thus perm itting the use o f  fast program m es, such as Householders, 
to derive the eigenvalues and eigenvectors. The com puter input consists o f  the 
F  matrix, a list o f  the atom ic m asses and the B matrix. The B m atrix entries are 
trivial and given by the co-ordinate com ponents o f  the Eliashevich-W ilson S  v e c to r s . 1 2  

For the O —B— Cl deform ation the deform ation co-ordinate was defined as the angle 
change between the B— Cl bond  and the internal ring angle bisector.

The F  m atrix requires com m ent. The force field is based on force constants for 
BCI3 , H 3 BO3 and aliphatic alcohols. The form er m olecule serves to determine 

/ b c i  and frf}. The force constants for B— O and O— B— O deform ations were 
deduced from  an analysis o f  the boric acid  assignm ents o f  H ornig and Plumb 
and Servoss and Clark i 4  by ignoring the hydrogen atom s and assum ing D^n sym
metry. F or the sym m etry co-ordinates,

S j  =  ^ ( A r  1 H-Ar2-h Arg),

^2a =  'U7(^Ar 1  — A rg—Arg),
, / 6

S'3„ =  ^ ( 0 1 2  +  ^ 3 1 -2023),
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where Art is the stretching co-ordinate o f  the zth B— O bond and is the angular 
deform ation o f  the angle between ri and Vj, then

G i l  =  1/mo, F l l = / , + 2 / , ^ ,

G22 =  l/w o  +  3/2mB, F22 =

G33 =  3/mo +  9/2mB, F33 =  fg-fog>,

G23 =  3^/^/2mB, F23 =  fro—fro' =  0 (assum ed)

where fro refers to interaction between a stretching co-ordinate and one o f  its ad
jacent angles and fre refers to non-adjacent interactions.

•56

5 3
Fig. 1.—Internal co-ordinate definitions for compounds I and n.

For the a' class the B— O stretch is identified w ith  the band at 8 8 6  cm ~i. In  
the e' class the BO stretch and the OBO deform ations are at 1430 and 544 cm ~i 
respectively. This leads to  the alternative sets o f  force constants

(i) fr  =  5 62 m dynes/Â , (ii) 3 94 m dynes/Â ,

frr =  0 89 m dynes/Â , 1-74 m dynes/Â ,

f^ i f e —foe) =  0 74 m dynes/Â . 1 58 m dynes/Â .

The first set is m ore satisfactory in that (i) frrjfr is much less and (ii) fg  is m ore in  
line w ith the values for other B X 3  com pounds. The rem aining problem  is the 
choice o f  a m agnitude for / c c o  for which no literature value cou ld  be found. Such 
angle force constants are expected to be determ ined principally by the central atom  
since the restoring forces arise from electron orbital deform ations around this 
atom. A  com parison o f  force constants for deform ation X C Y  leads to a value o f  
0 43 m dynes/Â . The com plete list o f  force constants used is given in table 1. W hilst
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T able 1

int value for co-ordinate (mD/Â)
BCI 3 93
OB 5 62
OB/OB 0 89
BCI/OBO - 0  27
CO 5 4
CC 4 57
O B O x d 0 74
B O C x D 0 61
O C C x i? 043
C lB O x r 0 4 6
torsions 0 0 4
Cl w.r.t. OBC X r 0-414

such force constants m ust give on ly  a poor approxim ation to the true force field 
the com puted eigenvalues, or frequencies, are generally satisfactory— much more 
so  than the eigenvectors. Even so the eigenvectors can be expected to  give a good

V =  1 3 9 5 V =  13 72
(13 8 0 (12 SB) (IZI0)

y  1 = 1 2 4 6  
■̂ (M58)

^ = "̂ 1044 
( 9 5 1 )

y =765

VT='^ 29  2 
( 2 4 5 )

Fig . 2.— Norm al co-ordinates for C 2 O 2 B C K I )  and C 2 S 2 B C I  (frequencies 
o f  latter in parentheses).

qualitative picture o f  the vibrational m odes, though they are unreliable for deducing 
dipole gradients from  intensities.

The vibrational skeletal frequencies o f  CzSoBCl and C 2 O 2 BH were computed 
treating the system s as isotop ic varieties o f  1. The com puted frequencies for C 2 O 2 BCI,
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C2 O2 BH and C2 S2 BCI are given in table 2 and the modes o f C2 O2 BCI shown in  
fig. 2. The class designations follow from the recommendation o f M u llik e n .i s  
The modes o f C 2 S2 BCI are similar to those o f C 2 O2 BCI and are indicated in fig. 2 
by quoting the analogous C2 S2 BCI frequencies in parentheses.

T able 2.— Computed an d  observed frequencies (cra~i)

C 2O 2  BCI  C 2 S2  BCI C 2O 2B H  C 3O 2BCI
calc. syra. obs. calc. sym. calc. sym. sym.

1 3 9 5 «1 1 4 7 5 13 8 1 a \ 2 6 7 7 «1 1 4 2 2 a i
1 3 7 2 b i 14 2 1 1 2 5 8 b i 1 3 9 6 b i 1 3 2 4 b z
1 2 7 1 a i 1 3 2 0 1 2 1 8 « I 1 3 4 8 a i 1 3 0 0 b z
1 2 4 6 b i 1 2 1 3 1 1 5 8 b i 1 2 6 8 b i 1 2 6 6 a \
1 0 4 4 «1 1 0 5 1 9 5 1 a \ 11 9 1 «1 1 1 3 4 b z

7 6 5 a \ 7 1 9 6 0 4 b i 9 9 0 «1 1 0 9 1 a i
6 9 0 b i 6 6 7 5 7 7 a i 8 4 6 b z 9 8 7 a \
4 2 7 a \ 3 6 8 a \ 6 8 9 b z 7 5 8 a i
2 9 2 b i 2 4 5 b 2 6 8 4 a \ 6 3 1  

5 0 8  
4 8 0  . 
3 9 0  
3 7 6  
2 2 6  
1 3 2

a i
m
b z
b z
a i
b z
a i

2 -C H L O R O -1,2,3 D IO X A B O R IN A N

The F matrix is similar to that for the borolan except in that out-of-plane terms 
have to be introduced. However, the complexity o f the B matrix warrants its descrip
tion. Where internal co-ordinates are related by simple transformations o f  the 
type the transformation coefficients alone are given for the second and
further co-ordinates. The elements o f the B matrix are the partial derivatives o f  
the internal co-ordinates with respect to the cartesian co-ordinates, and are written 
down by inspection from the definitions o f the internal co-ordinates in terms o f  the 
cartesian displacements X i ,  Y i ,  Z i ,  o f  the ith atoms. These relationships are given 
below. The internal co-ordinates are as shown in fig. 1.

A rj2  =  sin ^ 2  +  ̂ 1  cos ^2 — ^ 2  cos ^2 — ^ 2  sin

AR 2 3  =  X 2  cos I y  j  sin /? 2  +  3 '2  sin ( y  j +  cos ) cos

—X3 cos sin ^2“ Ta sin )—Zg cos | ) cos ^2,

A T ? 2 4  =  4 -  % 3  —  A 4 ,

AT?45 =  A/?23

A R s 6  =  AT?23

A/?67 — “ Â 6+A"7,
ARj2 = A/?23

2->5 X - ^ - X
3-^4

Z-* —z.
2->5 x - * - x
3-^6 Y - ^ - Y

Z - + - Z ,

2-̂ 2 x ^ x
3-+7 Y -* -Y

Z-^Z.

]
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i?23A«2 =  - 2%2 sin sin ^2 -  %  sin ^ y ^  cos P 2  +  X 3 sin ^ y ^  sin P 2

—  Y 2 cos I y  l +  Z ) sin ( y  I COS ^2 +  ̂ 7  siu I y  ) sin /?2

-  F7 cos l^ y j + Z7 sin l^y j  cos p2- 

i?2aAa3 =  %2|^cos ^ y ^  cot (%3 sin j?2 +cosec « 3 ^ +  7 % cot 0(3 sin ^ y ^

+  Z2 cos ^ y ^  cot «3 COS j?2

+  X cosec «3 — cot «3^ cos ^ y ^  sin P2 ~  ^cosec «3 — cot «3

+  Y 3^^—— cosec 0C3 — cot (%3̂  sin ^ y  

+  Z 3 |^ ^ ^  cosec « 3 —cot «3^ cos ^ y ^  COS P2

— % 4 ^ ^ jc o t  (X3 +  C0S ^ y ^  sin p2 cosec « g j — si n ̂ y ^  cosec «3

J?2a f  n—Z ^ y -  COS I y  I COS P2 cosec «3.

JR4 5 A0C4  =  T?23 A(%a 2—>5 X—> — X
3 ^ 4  Y - ^ Y
4 —>3 Z —>■—Z,

jR4s A(%5 =  T?23 Ai%2 2—>5 X—* — X
3->4 Y-» Y
7 —>6 Z - * —Z

jRsgAocg =  T?23 Ai%a 2 —>5 Y —> — Y
3->6 Y ^ - Y

4->7 Z - > - Z ,
T?27A(%7 =  T?23 A(%a 2—>2 Y—>Y

3->7 Y -^-Y
4->6 Z->Z.

r r . r
rAy =  —Y j cos )?24 "Zi sin )S2—Y 3 —— cos j?24 -Z3—— sin P2 — Y 7 ——  cos ^2

T̂ 23  T<23  T<23

4-Z7— sin ^2 4-Y 2^cos ^2 +  ̂ —  00s ^ 2^ “ Z2 sin ^2^1 —

rAP =  sin A  sin cos cos /!, sin ( ^

+ ^ ’2 ^  ( y )  I 2
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1?23'̂ 23 =  X 2 COS p2~--- : — — ^2 cot «3  COSCC «3  COS I ^  ) COS ^ 2
sill 0C2 \  2

+  Z2I cot «2 sin )?2 +  cot «3 sin | —  ) —cosec «2 sin P2

+  %3 cot (%2 cos 8̂2 — E3 •^23
R 34

cos «3 I cosec^ «3 cos ( y  ) cos /?2

f Z g l  —̂  sin f ] —cot a ,  cosec a ,  sin
i?
j

R

31 —--- siii ^ y  j  —UUl «3 UUbCU «3 sin ^ y  ) —cot (%2 sin j?2

+  ^ 43^  cosec^ «3 COS I ^  I cos ^ 2 - ^ 4 ^  sin I ^  I cosec" «3

/? 14.̂ 34. — %---

T ? 3 4  '

— X-, cos P2 cosec «2 +  Z7 sin ^2 cosec «2- 

i?23 sin «3  ̂ i?23 sin^ «3 ^

T?34

+  y ,

a-
^  cos ^ y j  cos p  COS «3 COS ^ y j  COS P cos «4 COS ( ^  ) COS j8

+  ■

+

+

R

R 2 2  sin^ <%3

h  
2

sin^ «3 sin^ «4

3 4

« 2 \  . / « 2 \  . /(%5sin I - r - 1 COS (%3 Sin — cos 0(4 sin

T?23 sin^ «3
+ ■

sin^ «3
+

sin^ «4

a-
^  cos ^ y j  cos jS COS a4 COS ^ y  j  COS COS «3 COS ^ y  ) cos )S

i?45 sin^ (%4 sin^ «4 Sin" (%3

4-
T?3 4

a-
sin — cos (%4 sin — cos «3 sin —

a.

i?45 s i ir  «4 

^ ^ œ s ( ^ \ c o s P ^

Sin" %4 sin^ «3

i?45 sin^ «4 ^ i?45 sin -

T?45'I'45 =  T?23T23 2-^5 Y - - Y
3-^4 y - y
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The com puted m odes are shown in  fig. 3, the X Z  displacem ents being depicted as 
arrows from  the nuclear positions o f  the atom s 1 ,2 ,  3, 4  and 5. The designations
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F ig . 3.—Normal co-ordinates for CaOaBCKII). Displacements shown for atoms 1 to 5. The 
other displacements follow from the symmetric or anti-symmetric behaviour of co-ordinates with

respect to plane of symmetry.



A.  F I N C H  A N D  D.  STEELE 2133

symmetric and antisym m etric define the sym metry o f  the norm al m ode w ith respect 
to the plane o f  symmetry. Perpendicular displacem ents are quoted as [10t/(v^M;)^] Fy, 
where Y i j  is a term  in  the vector matrix o f  A  such that 7 7 +  =  Z . M ; is the mass 
in a.u. corresponding to  the yth co-ordinate.

D IS C U S S IO N

The agreement between calculated and observed bands for com pound I indicates 
that the in-plane vibrations m ay be analyzed in  terms o f  an isolated  m olecule  
m odel. H ence the know n strong interm olecular association o f  this com pound is  
not reflected in the vibrational spectrum, and it does n ot appear possible to  differ
entiate between the various associative structures on this basis. Thus the existence  
o f  chlorine bridging (B, above) for exam ple, m ay not be settled by attem pts to d is
tinguish a change in  the vibrational frequency o f  the B— Cl m ode between m on o
meric and polym eric species. A n inspection o f  the m odes shown in  fig. 2  show s  
that m ixing o f  the co-ordinates is very strong— especially in  the sym m etric class—  
and it is  particularly difficult to  assign the label B— Cl stretch to  any one m ode. 
An analysis o f  the potential energy distribution frequently assists in clarifying such  
a situation. The potential energy in a vibration i  arising from  any one force constant 

f j k  is h j k k f j k -  Since in  general, a useful sim plification is to  consider only
the diagonal force constants. In  table 3, the potential energy distribution (p.e.d.)

is tabulated in  the fo rm ^ i— r^ r- x 100. In this form  it is apparent that the 62
2j<nk)~Jkk

vibrations m ay be classified according to m ode type. M ore than 60 % o f  the 
potential energy in  each case is associated w ith one type o f  deform ation. H ow 
ever, the fli vibrations are strongly m ixed and any classification is artificial. The

T a b l e  3

frequency symmetry % potential energy associated with force constant for
r d D R dOL Dy R r#

13 9 5  cnr-1 a i 1 6 2 6 2 5 11 16 1 6 0 0
1 372 b i 0 7 6 10 0 0 2 7 4
1271 12 21 14 4 4 2 1 5 0
1246 b i 0 15 6 7 0 0 2 11 5
10 4 4 a \ 7 2 5 4 31 0 2 4 0

7 6 5 a \ 2 3 2 8 0 7 18 1 7 6 0
6 9 0 b z 0 6 10 0 0 22 6 2 0
4 2 7 a i 4 9 3 4 0 2 7 15 2 0
2 9 2 b z 0 9 0 0 0 1 0 9 0

potential energy distribution indicates that the low est a i  vibration is the best can
didate as a B— Cl stretch. The reason that the p.e.d. shows this m uch m ore clearly  
than the diagram m atic representation o f  the m odes is that the am plitude o f  the 
vibration is apparent in the diagrams and the energy associated w ith the deform a
tion is proportional to the am plitude squared. Since the total energy is proportional 
to the frequency, the deform ation am plitudes o f  the high frequency m odes con 
tribute a com paratively m uch sm aller percentage o f  the energy to the m ode than  
do the corresponding deform ations o f  the low  frequencies m odes to their vibrational 
energies. If, then, we do assign the low est frequency vibration to  the B— Cl m ode  
it then becom es im possible to  affix the sym metric ring angle deform ation label to  
any single (observed) frequency. The best one can do is  to say that the different
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types o f  valence deform ations contribute largely to certain vibrations in the follow ing  
order o f  im portance :

C— C stretch 1271, 1044 cm “ i,
C— O stretch 1044, 1395 cm ”i,
B— O stretch 765, 1395, 1271 cm ~i,
B— Cl stretch 427, 765, 1395, 1271 cm -i,
OBO 427, 765, 1395 cm -i,
BOC 765, 1395, 427 cm ~i.

A  striking fact apparent from  this table— apart from  the severity o f  the m ixing  
— is that whenever the B— Cl stretch contributes largely to the p.e.d, so does the 
OBO angular deform ation. A lso , except for the lowest vibration the contribution  
o f  the B— O stretch parallels the contribution o f  the B— Cl stretch. These facts 
are exactly as expected from  qualitative kinetic considerations.

The assignm ents proposed i for phenyl boronates are confirm ed by the present 
w ork and, indeed, the agreement between the spectroscopic work and the calcul
ations affords a vindication o f  the present m odel. A s m entioned above, the anti
sym m etric m odes are pure individual co-ordinate deform ation m odes. The anti
sym m etric BO stretching m ode com puted to be at 1372 cm ~t in  com pound I is found  
at about 1320 +  6 cm "i in  the phenyl substituted analogues. The antisymmetric 
CO stretch com puted to be at 1246 cm "i is found at 1238 +  4 cm "i in the five- 
m em bered ring system s. H owever, the observed m ass sensitivity o f  the symmetric 
m odes is shown to arise from  a strong coupling o f  the vibrations. That the coupling  
is  far less in  the antisymm etric m odes is a natural consequence o f  the geom etrical 
configuration w hich permits relatively independent displacem ents in  the one case 
and not in  the other.

A n  exam ination o f  fig. 3 shows that m ost o f  what has been said for I applies
C— O  

\
to  II. H ow ever, the non-planarity o f  the B system  permits a smaller

c V
degree o f  coupling between the individual vibrations except that coupling between 
CO and CC antisym m etric is greater. The rriode at 631 cm "i is a “ good  ” B— Cl 
stretching m ode, but the sym metric vibrations near 1000 cm "i contain  scarcely 
any contribution from  this vibration. This confirms the B— Cl assignm ent given.s

1 Butcher, Gerrard, Howarth, Mooney and Willis, Spectrochim. Acta, 1964, 20, 79.
2 Bellamy, Gerrard, Lappert and Williams, J. Chem. Soc., 1958, 2412.
3 Finch, Gardner and Pearn, J. Chem. Sac., 1962, 1428.
4 Finch and Gardner, J. Inorg. Niicl. Chem., 1963, 25, 927.
5 Finch, Hendra and Peam, Spectrochim. Acta, 1962, 18, 51.
6 Finch and Pearn, Spectrochim. Acta, 1963, 19, 1621.
7 Lindemann and Wilson, J, Chem. Physics, 1956, 24, 242.
8 Lehmann, Onak and Shapiro, J. Chem. Physics, 1959, 30, 1219.
9 Blau, Gerrard, Lappert, Mountfield and Pyszora, J. Chem. Soc., 1960, 380.

10 Butcher, Gerrard, Howarth, Mooney and Willis, Spectrochim. Acta, 1963, 19, 905.
11 Steele, J. Mol. Spectr., in press.
12 see Wilson, Decius and Cross, Molecular Vibrations (McGraw-Hill, London, 1955).
13 Homig and Plumb, J. Chem. Physics, 1957, 26, 638.
14 Servoss and Clark, J. Chem. Physics, 1957, 26, 1175.
13 Mulliken, J. Chem. Physics, 1955, 23, 1997.
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Far Infra-red Spectra of Boron Tri bromide 
and Boron Tri-iodide
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The far infra-red spectra of boron tri-bromide and boron tri-iodide have been measured. 
Previous assignments of the former compound have been confirmed, and for the latter compound 
one small change has been found necessary. Evidence for complexing with benzene is presented.

The vibrational spectra o f  the boron halides have been extensively investigated  
with the principal aim o f  elucidating the force fields in  this series o f  sim ple m ole
c u l e s . 7, 8 Nevertheless the infra-red spectra o f  boron tri-brom ide and boron  
tri-iodide have been m easured only above 400 c m -i.u  2 The assignm ents for the 
former m olecule are relatively firm, being based largely on the Ram an spectrum.4-6 
However, som e m inor details rem ain to be clarified. F or exam ple, on ly  the iiB  
isotope band has been observed for the umbrella m otion (vg) and this but very weakly. 
Anderson, Lassetre and Y ost failed to observe it at all, though they recorded its 
overtone frequency.^ B oron tri-iodide is extrem ely difficult to  m aintain free o f  
iodine and this precludes the m easurement o f  its Ram an spectrum  using conventional 
mercury sources. The vibrational assignm ents o f  W entink and Tiensuu i are 
based solely on  the observation o f  the band due to  the antisym m etric stretching 
fundam ental (V3) and a num ber o f  very w eak com bination  bands. The re
m aining fundam ental bands are expected at frequencies w hich are below  the ac
cessible range in  that investigation. Clearly a m easurement o f  the far infra-red  
spectra o f  both  these com pounds is desirable.

E X P E R I M E N T A L

Boron tri-brom ide from  L. Light & Co., C olnbrook, Bucks., was fractionally distilled 
and the portion  boiling at 89-5° collected. F urther purification was obtained by repeated 
vacuum distillation through a  trap  m aintained a t 5"̂  in to  one a t —19°, until the vapour 
pressure was 18 5 m m  Hg at 0°,

Boron tri-iodide (3 N  purity) from  the above com pany, analyzed well for boron and 
iodine and was not further purified. (Found : B, 2 49 ; I, 96 6 . Calc, for BI3 : B, 2 76 ; 
I, 97 2 %.) All m anipulations were carried ou t in a  dry, oxygen-free atm osphere of 
nitrogen.

The spectra were measured using a  far infra-red grating spectrom eter designed and 
constructed in this departm ent and described in  detail elsewhere.^ M easurem ents were 
made over the range 430-100 cm~i on the pure boron tri-brom ide (fig. In) and  on  solutions 
of boron tri-iodide in carbon disulphide and  in benzene (fig. 16 and  Ic).

R E S U L T S  A N D  D IS C U S S I O N

BORON TRI-BROMIDE

The spectrum  o f  boron tri-brom ide is readily interpreted, as show n in  table 1, 
on the expected nuclear sym metry. Four fundam entals are anticipated w ith

203
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a class distribution of oi(R) -I- ̂ (̂I)+ 2g'(I,R). Activities are shown in parentheses. 
The observed isotope frequency ratio for the umbrella vibration agrees well with 
the theoretical (1-048, cf. 1-047). If the shoulder on the in-plane deformation band 
at 151 cm~i is assumed to arise from isotope splitting a far too large Redlich-Teller

200I C O 300

125,

oy
a

100 200 300 A 00cm
lOOJ

b
100̂

c
Fig. 1.—The far infra-red spectrum (redrawn) of (a) boron tri-bromide (pure liquid) 1 mm, 0 25 mm ; 

(6) boron tri-iodide in CS (50 % in 1 mm) ; (c) boron tri-iodide in Q H g (50 % in 1 mm).

Table 1.—Vibrational spectra of BBrg (liquid state frequencies)
i.r.“ (cm~i i.r.’’ (cm'i) Raman ® (cm“i) assignments

845 846 V3 lOB anti-symmetric stretch
802 800 V3IIB

429 mw 430 — Vi-{-V4
390 ms n.m. — V2 ^^B um brella deform ation
372 s n.m . 372 V2 IIB
301 w n.m. 2 X V4(a-|- e')
278 w n.m . 279 Vi symm etric stretch
155 ms sh n.m . V4~>2V4
151 s n.m . 151 V4 in-plane deform ation

o this work.
* ref. 1 : weak combination bands above 430 cm”  ̂ not included, 
c average data : ref. 4-6.
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product ratio results when combining the data with the anti-symmetric stretch 
data. It must then be assumed that the observed shoulder is due to hot bands.

It is scarcely surprising that at the Thicknesses employed the symmetric stretch 
transition results in a weak infra-red absorption. An accompanying band ' at 
301 cm"i is presumably due to the first overtone of V4 . This has the symmetry 
flj-fe' and may acquire some intensity by virtue of Fermi resonance with vj though 
it is also active in its own right.

BORON TRI-IO DIDE

The spectra were measured in solutions of carbon disulphide and benzene. In 
the frequency region above 200 cm“i the spectra agree well. No strong absorption 
appears in either case despite using concentrations of up to 4 parts of BI3 to 1 part 
of solvent in a 1 mm cell. This shows that the umbrella motion is far weaker than 
in BBr3 and would imply that the flow of electrons into the pz orbital during the 
umbrella motion is just sufiicient to compensate for the bond dipole movements. 
Only one component of the 300cm~i complex can be explained as due to V1 +V4  

and it would appear necessary to assume that the V2 fundamental has in fact been 
observed and corresponds to the 305 cm~i band. The weak combination bands 
observed by Wentink and Tiensuu and explained by postulating V2 = 336 cm~i 
cannot all be conveniently reassigned. The 717 cm~i band is 2 v2 +V4  in resonance 
with V3 ; but the 806 and 772 cm~i bands are not readily explained. The 772 cm~i 
band has in fact been observed in the present work as a weak shoulder on the funda
mental band (at 760 cm~i in the liquid phase), but no trace of absorption at 806 
cm~i could be seen in the liquid phase. Wentink and Tiensuu only noted this band 
in the vapour phase and therefore its existence must be suspect.

In the 200 cm~i region the benzene and carbon disulpliide spectra are vastly 
different. That of BI3 in CS2 shows weak absorption at the expected position for 
the symmetric stretch. In benzene solution this band appears with considerable 
intensity tliough its frequency is little changed. This is as might be expected if 
BI3 is complexing to tire benzene by some type of electron donation from the n- 
electron cloud to the vacant pz orbital of the boron, thus destroying the planarity 
of the BI3 . The 178 cm~i band may be due to the first overtone of a somewhat 
reduced V4.

Since the in-plane assignments for BI3 are imaltered by the present work the 
corresponding force constants derived in ref. 1, 7 and 8  remain unchanged. The 
corrected V2 frequency leads to a force constant for the umbrella motion of 0-065 
md/A. This value is to be compared with that of Wentink and Tiensuu of 0-079 
md/A (=  kA)/(3 /2), The value is still in line with those of the other boron halides.

T a b le  2.— V ib ra tio n  sp e c tr a  o f  BI3 ( s o lu t io n  freq u en cies)
CS2 (cm -J) CfiHe (cm -*) assignments

724 "  w s V3 lOB
692 “ vvs V3 “ B
n.m . 396 w V2+V4
320 w 320 w V2 lOB
305 m 306 m V2 I I B
295 w 294 w V1+ V 4 ?
206 vw 2 x v 4 lOB orv2—V4
202 vw 2 x v 4  " B
189 w 196 s Vl

178 ms 2XV4?
" ref. 1.
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The Vibrational Spectra and Structure of 
Cyclooctatetraeneiron TricarbonyP

R. T. B ailey , E . R . Lippincott, and D . Steele

C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  M a r y l a n d ,  

C o l l e g e  P a r k ,  M a r y l a n d .  R e c e i v e d  M a y  2 8 , 1 9 6 5

T h e  i n f r a r e d  ( 4 0 0 0 - 1 1 0  a n d  R a m a n  ( u p  t o  1 6 5 0

c m . ~ ^ )  s p e c t r a  o f  c y c l o o c t a t e t r a e n e i r o n  t r i c a r b o n y l  a r e  

r e p o r t e d .  T h e  R a m a n  s p e c t r a  w e r e  e x c i t e d  b y  t h e  

r u b i d i u m  r e s o n a n c e  l i n e  a t  7 8 0 0  A .  o b t a i n e d  f r o m  a  

r a d i o f r e q u e n c y - p o w e r e d  r u b i d i u m  p l a s m a  a r c .  T h e  s p e c 

t r a  i n d i c a t e d  a  l o w  s y m m e t r y  ( Q )  f o r  t h e  c o m p l e x ,  w i t h  

i d e n t i c a l  s t r u c t u r e s  i n  t h e  s o l i d  a n d  s o l u t i o n  s t a t e s ,  a n d  n o  

f r e e  r o t a t i o n  b e t w e e n  t h e  h y d r o c a r b o n  r i n g  a n d  t h e  

Fe(CC)i g r o u p .  T h e  r e s u l t s  w e r e  a l s o  c o n s i s t e n t  w i t h  

t h e  p r e s e n c e  o f  s o m e  - K - e l e c t r o n  d e l o c a l i z a t i o n  i n  t h e  

u n c o o r d i n a t e d  p a r t  o f  t h e  c y c l o o c t a t e t r a e n e  r i n g  s y s t e m .

Introduction

Several structures based on a variety o f  physical and  
chem ical evidence have been postulated for cyc loocta 
tetraeneiron tricarbonyl, (C O T )F e(C O )3.̂ ~® The pres-

(1) This work has been supported in part by the U. S. Atomic Energy 
Commission, the U. S. Public Health Service, and the Advanced Re
search Projects Agency, Department of Defense.

(2) T. A. Manuel and F. G. A. Stone, Proc. Chem. Soc., 90 (1959); 
J. Am. Chem. Soc., 82, 336 (1960).

(3) M. D. Rausch and G. N. Schrauzer, Chem. Ind. (London), 957 
(1959).

ence o f  a single, sharp proton  resonance in the nuclear 
m agnetic resonance spectrum  and the absence o f  a 
strong infrared absorption  attributable to an olefinic  
C = C  stretching vibration  were w idely interpreted as 
strong evidence for a planar cyclooctatetraene (C O T) 
ring in  the com plex. C hem ical evidence, indicating  
the absence o f  free olefinic double bonds, also in 
fluenced w orkers tow ard this con clu sion . T w o m o 
lecular orbital calcu lations, based  upon  a planar co n 
figuration o f  the CO T ring claim ed to have rationalized  
the b ond ing in the complex.®-® R ecent X -ray d if
fraction data, how ever, clearly established that in  the 
crystalline solid , at least, the Fe(CO)g group is bonded  
to the butadiene-like residue in  the C O T  ring.^ T he  
structure is shown in F igure 1. The dihedral CO T  
ring lies in tw o planes, the angle betw een w hich is 
41°. The Fe(C O )s group is associated w ith  only one  
pair o f  conjugated double b ond s, w ith  the rem aining

(4) A. Nakamura and N. Hogihara, Bull. Chem. Soc. Japan, 32, 880 
(1959).

(5) D. A. Brown,/. Inorg. Nucl. Chem., 10, 39, 49 (1959).
(6) F. A. Cotton,/. Chem. Soc., 400 (1960).
(7) (a) B. Dickens and W. N. Lipscomb, / .  Am. Chem. Soc., 83, 4062 

(1961); (b )/. Chem. Phys., 31, 2084(1962).
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pair form ing a second plane and having relative posi- 
^ ic y ? s  very sim ilar to those in butadiene. This struc- 

' • t u ^  however, leaves unexplained the presence o f  the 
single sharp proton  resonance in CS2 so lu tion; such a 
structure should  give rise to  a m ore com plicated  n.m .r. 
spectrum . This anom aly can be resolved in one o f  three 
ways: by assum ing a negligible relative chem ical
shift, a different geom etry in the solid  and solution  
states, or a dynam ical effect. D ickens and L ipscom b’*’ 
concluded  that a dynam ical effect, resulting in the 
equivalence o f  all the protons in the CO T ring, was 
the m ost p lausible explanation. T o  accom plish  this, 
the F e(C O )3 group is assum ed to be rapidly rotating  
around the CO T ring, i . e .

etc .

Fe(COk
Fe(CO).

This m echanism  has also been invoked to  account for 
the single proton  resonance observed in iron tricarbonyl 
com plexes o f  the tropylium  ion.®

In this w ork, the infrared and R am an spectra o f  
(C O T )Fe(C O )3 have been  studied in an attem pt to  
gain a better insight in to  the structure and chem ical 
bonding involved  in this com p oun d. The R am an  
spectra were o f  particular interest in the C = C  stretch
ing region, w here the infrared data were inconclusive, 
and also below  250 c m . - \  where the low -lying funda
m entals can be detected. , Several partial infrared in 
vestigations have been reported,^-®’® and Fritz and  
Keller®' m easured the infrared spectra o f  the solid  
com plex in K Br pellets from  4000 to  250 cm .~h  N o  
R am an data have previously been available for this 
com p oun d  since it is com pletely  opaque to  visible  
radiation.

Experim ental Section

(C O T )Fe(C O )3 w as prepared by the photochem ical 
reaction betw een CO T and iron pentacarbonyF'®  
and purified by recrystallization from  «-hexane fo l
low ed by vacuum  sublim ation. It w as obtained as 
dark red crystals, m .p. 9 4 °, stable in air and so lu b le in  
organic solvents to give dark red-brown solutions.

R a m a n  S p e c t r a .  T he R am an sp ectia  were obtained  
on solu tions o f  (C O T )Fe(C O )3 in benzene and carbon  
disulfide. The spectra were excited in all cases by the  
rubidium  resonance lin e  at 7800 Â . isolated  by tw o  
primary filter solutions. A  saturated solu tion  o f  
KgCrgO? rem oved radiation below  6000 Â . w hile a 
0.25 M  so lu tion  o f  N dC L  in 6 -mm . thickness effectively  
suppressed the intensity o f  the other Rb resonance line 
so that it did n ot excite R am an spectra. A  rad io
frequency-pow ered rubidium  plasm a discharge in a 
toroidal lam p provided the exciting radiation. D etails  
o f  the plasm a arcs and o f  their use in R am an spectros
cop y have been published previously. Photo-

(8) J. E. Mahler, D. A. K. Jones, and R. Pettit,/. Am. Chem. Soc., 86, 
3589 (1964).

(9) H. P. Fritz and FI. Keller, Chem. Ber., 95, 158 (1962).
(10) H. P. Fritz, ibid., 95, 820 (1962).

- (II) F. X. Powell, O. Fletcher, and E. R. Lippincott, Rev. Set: Instr., 
34. 36(1963).

(12) E. R. Lippincott, F. X. Powell, J. A. Creighton, and D. G. 
Jones, Develop. Appl. Spectry., 3, 106 (1964).

Figure 1. The structure of (C0T)Fe(C0)3.

graphic recording w as em ployed  using a Jarrell-Ash  
75-000 F6.3 grating spectrograph. A  plane grating 
ruled w ith 15,000 grooves/in . and blazed for 7500 Â. 
w as used to  give a dispersion o f  20 A ./m m . in the 
first order. H ypersensitized Eastm an K od ak  1-N  
photographic plates were used to record the spectra. 
W ith a slit w idth o f  200 p ,  exposure tim es o f  up to  30 
hr. were required. The R am an spectra were not ob 
served beyond 1650 cm.~^ ow in g to the rapid decrease in 
sensitivity o f  the photographic p lates beyond  9000 A. 
Polarization m easurem ents were possib le on ly for the 
strong lines due to the very lon g  exposure tim es re
quired. The plates were calibrated by m eans o f  a 
superim posed neon  spectrum  and m easured using  
standard techniques. The strong R am an lines are 
estim ated to  be accurate to  ± 2  cm .~h  but for weak  
or diffuse features the error m ay be greater.

I n f r a r e d  S p e c t r a .  T he infrared spectra o f  (C O T)- 
F e(C 0)3  were recorded as solu tions in CSo, CCL, 
and C2CI4 in the frequency range 4 000-240  cm .~h  
on a Perkin-Elm er 421 grating spectrom eter equipped  
w ith low -frequency interchange, and in the range 
250-110  cm.~^ as a solu tion  in benzene on  a grating  
spectrom eter designed and built at R oyal H ollow ay  
C ollege. The spectra o f  the solid  com plex were ob 
tained in N u jo l m ulls and K Br pellets. The observed  
infrared and R am an spectra are listed in Table I.

In general, the infrared data are in reasonable agree
m ent w ith those published by Fritz and Keller.® Som e  
discrepancies w ere apparent but m ost o f  these can  
probably be ascribed to calibration errors; the strong  
band reported at 1019 cm .“  ̂ w as not, how ever, o b 
served in this work.

Discussion

The excellent agreem ent between the infrared spectra  
o f  (C O T )Fe(C O )3 in the solid  state and in  so lu tion  is  
strong evidence for identical structures in both  states. 
Thus one possib le exp lanation  o f  the single proton  
resonance observed in so lu tion  is elim inated. The 
assum ption o f  a negligible relative chem ical shift is 
also rendered unlikely by the appearance o f  tw o proton  
resonance frequencies in the disubstituted com plex  
(C O T )Fe[(C O )3]2, in w hich there is very little T-orbital 
overlap betw een the com plexed  portions o f  the C O T  
ring. W e are therefore led to the con clusion , reached  
previously by D ickens and L ipscom b,”’ that tautom - 
erism o f  the CO T ring relative to  the Fe(C O )s group  
is the m ost probable explanation  o f  the single proton  
resonance. It should  be noted , how ever, that the 
tim e scales required for n .m .’’. equivalence and for 
equivalence in the vibrational spectra are totally  dif-

(13) R. T. Bailey and E. R. Lippincott, Spectrochim. Acta, 20, 1327
(1964).

(14) R. T. Bailey and E. R. Lippincott, ibid., 21, 389 (1965).
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Table I. Observed Vibrational Spectra o f  (COT)Fe(CO )3

■----------- Infrared, cm.“ ^ ----------- s Raman, cm.-^
Soln. Solid Soln.

3075 w
3040 vs
3022 s, sh

~2925 w
2879 w
2061 vs 2062 vs
1993 vs 1998 vs
1976 vs 1982 vs
1942 s 1947 w

r - l 895 m
1845 w
1768 w
1750 w
1708 w (1639)
1562 m 1563 m ,p
1490 m
1460 m 1460 s
1431 w 1431 m ,p
1419 s 1418 w (1406)
1401 vw
1383 w
1314 m 1313 w 1312 vw
1298 m 1299 w 1303 vw
1252 m 1256 vw 1255 w, br
1235 w ,sh 1244 vw 1230 w, p
1177 m 1172 w 1180 m

1150 vw 1147 m
1122 m 1125 w 1129 s

~1090 w
1075 vw (1080) 

1057 w 
1042 w

'^1040 w, br 1024 vw, br
995 w, sh
984 m 987 w 984 w
955 w ~945 w 951 m
922 m 918 w 924 m
898 s 898 m 889 w
864 s 868 m 875 w, br
846 m 845 w 849 w 

827 w
804 m 806 vw
777 m 778 m 782 w
765 m ,sh 765 w 766 w
743 m 741 vw 

715 vs
(730)

707 vs 708 vs 716 vw
698 s, sh 698 vs 690 w, p 

643 vw
672 vw

628 s, sh 627 s, sh
607 vs 610 vs 607 s
597 vs, sh 597 vs
561 vs 563 vs 563 m
537 vs 538 s 538 w
498 vs 498 s 498 w
485 s, sh
461 vs 458 s 456 w
404 w 400 vw, sh 

417 w
389s 388m 391 m, vbr
362 w ,sh 356 w ,sh
330 m 329 w, br 330 vs, br, p

275 w 279 w
263 m 262 w 262 s, p
224 m (238)
174 s 176 s 

137 m 
100 vs, vbr

ferent. Thus it does n ot necessarily fo llow  that 
equivalence o f  the protons in the CO T ring im plies a 
high m olecular sym m etry w ith respect to the no'fmal 
vibrational m odes.

T he vibrational spectra o f  the (C 0 T )F e (C 0 )3  com 
plex w ill now  be considered in relation to  its m olecular 
structure. It is at once apparent from  the large num 
ber o f  observed frequencies and coincidences between  
infrared and R am an bands that structures o f  high  
sym m etry are precluded. Thus, structures having a 
planar CO T ring and Csv sym m etry are n ot consistent 
with the observed data.

The observed vibrational frequencies can be co n 
veniently divided in to  three groups: (1) those be
lon gin g to the F e(C 0)3  group, (2) those associated  
w ith  C O T ring m odes, and (3) those arising from  vibra
tions betw een the CO T ring and the Fe(C O )3 group. 
T hese three groups w ill be considered separately. 
D escriptive assignm ents o f  som e o f  the observed  
frequencies are given in Table II.

Table II. Descriptive Assignments of Frequencies

Assign
ment,
cm.“ i

Descriptive
assignment

30751
3040 [ CH stretch
30221
20611
1993} CO stretch
1976J
1562 Sym. C = C  stretch
1490 C = C  stretch
1460 0 = C  stretch
14311
1419/ Ring deformation
1400
to > CH deformation

iiooj
750-500 Fe-C-O angle bending
475-350 Fe-CO stretch
404 Ring tilt
330 Ring metal stretch
1371
100/ C-Fe-C angle bend

“ p, polarized; v, very; s, strong; m, medium; w, weak; sh, 
shoulder; br, broad. Values in parentheses indicate strong source 
lines which probably obscure Raman lines. N.M. designates no 
measurement.

(7) T h e  F e { C O ) z  G r o u p .  A ssum ing identical struc
tures in the solid  and solu tion  states, the highest 
possib le sym m etry for (C O T )Fe(C O )3 is Cg. In  
m any organom etallic com p oun ds containing m eta l-  
carbonyl groups M (CO )x bonded to an organic ring 
system , the observed spectroscopic data can be readily  
interpreted by considering only the loca l sym m etry  
o f  the M (C 0)3  group and o f  the organic residue.
This approxim ation  w ould  be valid only, however, 
if  the M(CO):i- group is rotating freely w ith respect to  
the ring system  and there is no strong coupling between  
the vibrational m odes o f  the tw o groups. On this 
basis, the F e(C 0)3  group w ould belong to the Csv 
point group. The distribution o f  norm al m odes am ong

(15) R. T. Bailey and E. R. Lippincott, J. Chem. Phys., 42, 1121
(1965).

(16) F. A. Cotton in “Modern Coordination Chemistry,” J. Lewis 
and R. G. Wilkins, Ed., Interscience Publishers, New York, N. Y., 
I960, p. 301.

(17) F. A. Cotton, A. O. Liehr, and G. Wilkinson, J. Inorg. Nucl. 
Chem., 1, 175 (1955).
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the various symmetry species for the Csv point group 
is; &4ai, +  a2 +  5e. A ll species are infrared and 
Rani an active except ag which is Raman active only. 
The .normal modes can be described approximately as 
follows; two C = 0  stretching (ai +  e), two Fe-C O  
stretching (ai +  e), four F e-C -O  angle bending (ai 
+  ag +  2e), and two C -F e-C  angle bending (ai +  e). 
Thus, two infrared-active C = 0  stretching vibrations 
would be expected, whereas, in fact, three frequencies 
at 2061, 1993, and 1976 cm.~^ are observed in the CO 
stretching region. This indicates a lower symmetry 
than Csv {i.e., Cg) resulting in the splitting o f the de
generate e-class CO stretching vibration. Thus, an 
asymmetric Fe(CO ) 3  group not freely rotating in 
space is implied, contrary to the conclusions of Cot
ton.® This is supported by the X-ray data which show  
the Fe(CO)s to be slightly asymmetric.’*’ However, 
the vibrational data do not rule out a hindered or 
restricted rotation o f the Fe(CO)s group. The re
duction in symmetry will also result in a splitting o f the 
other degenerate Fe(CO)g modes. In the case o f the 
low-frequency modes, however, this may be too small to 
be observed under the present experimental conditions. 
A  broadening of the degenerate modes should, how
ever, be observed. The metal-carbonyl stretching 
frequencies are significantly lower than the corre
sponding modes in Fe(CO)s at 2117, 2034, and 2014 
cm.~h^® This is principally caused by back-donation  
from the filled d orbitals on the iron atom to vacant 
antibonding tf orbitals on CO. This compensates for 
the formal negative charge im posed on the iron atom  
by coordination to the butadiene-like residue. There 
is also the possibility o f some ^-electron donation from  
bonding CO to vacant d orbitals on the metal atom, 
but this should be relatively small. This mechanism is 
consistent with the observed Fe-C O  bond length which 
is about 0.17 A . shorter than the normal single bond  
distance.’*’ The assignment o f the other Fe(CO ) 3  

modes is rendered rather difficult owing to overlapping 
with COT and ring-metal modes. Several C -H  de
formation and ring deformation modes o f COT are 
found below 700 c m .-h ’® In general, M -C -O  angle 
bending modes lie at higher frequencies than M -C O  
stretching modes, but they sometimes overlap.®® 
In (COT)Fe(CO)s, the M -C -O  angle bending modes 
probably lie in the range 500-750 cm.~^ and the M -C O  
stretching modes in the range 350-475 cm .~k The 
M -C O  stretching modes generally fall within a shorter 
frequency interval than M -C -O  bending modes and 
in the neutral species rarely rise above 500 c m .-’-. The 
C -M -C  angle bending modes generally are found near 
100 c m .- ’. The frequencies at 176 and 100 c m .- ’ prob
ably belong to these modes. Since the 100-cm .-’ band 
is very broad, it is assigned to an unresolved splitting o f  
the degenerate vibration. It is possible, however, that 
the C O T -F e-(C O ) 3  bending modes will also occur in this 
region and overlap the C -F e-C  bending modes.

(2) The C O T Ring M odes. Assum ing Cg symmetry 
for the COT ring, eight infrared-active C -H  stretching 
modes should be observed. Only two strong bands 
are found in the C -H  stretching region in the infrared

(18) W. F. Edgell, W. E. Wilson  ̂ and R. Snmitt, Spectrochim. Acta, 
19, 863 (1963).

(19) E. R. Lippincott, R. C. Lord, and R. S. McDonald, J. Am. 
Chem. Soc., 73, 3370 (1951).

(20) D. M. Adams,/. Chem. Soc., 1771 (1964).

Spectra o f the complex. This implies a higher sym
metry than Cg for the COT ring. Cyclooctatetraene 
has two strong bands in the C -H  stretching region at 
2955 and 3004 c m .-’. The corresponding frequencies 
in (COT)Fe(CO ) 3  are found at 3002 and 3040 c m .-’, 
a shift toward the benzene frequencies at 3047, 3062, 
and 3099 c m .-’ implying an increase in aromatic 
character o f the C -H  stretching vibration. The 
strong infrared bands at 1609 and 1635 c m .- ’ in cyclo
octatetraene, characteristic o f  the stretching o f con
jugated double bonds, are not observed in the complex. 
The Raman data for (COT)Fe(CO ) 3  in this region are 
somewhat uncertain owing to the presence o f a strong 
cesium resonance line at 1639 c m .-’, but no Raman 
lines could be detected in this region. Manual and 
Stone® and Cotton® assigned the strong infrared band 
at 1416 c m .-’ to the C = C  stretching vibration since 
no other strong bands were found in this region. This 
was cited as evidence for a planar regular octagonal 
structure for the COT ring. Fritz and Keller,®-’® 
from infrared measurements on solid (COT)Fe(CO ) 3  

in KBr, assigned a band at 1464 c m .- ’ to the C = C  
stretching m ode and frequencies at 1414 and 1372 
c m .-’ to the C -H  deformation modes.

In this work, bands at 1562, 1490, and 1460 c m .-’ 
were found in the solution spectra, and it is probable 
that these are attributable to C = C  stretching modes. 
The highest frequency at 1562 c m .- ’ is polarized in the 
Raman spectrum and may result from symmetric 
stretching o f  the conjugated double bonds in the un- 
complexed portion o f the COT ring. This band has a 
somewhat lower infrared intensity than is normally 
associated with bands derived from C = C  stretching 
modes, but this may be due in part to the planarity of 
this part o f the ring which has also acquired som e aro
matic character. Some delocalization in the uncom- 
plexed portion o f the COT ring would also explain the 
lower C = C  stretching frequency observed, compared 
to free COT. The existence o f partial delocalization  
over the dihedral form o f  the ring is supported by the 
calculation o f overlap integrals between SCF carbon r  
orbitals.”’ The calculated overlap integral o f 0.25 
between C-1 and C-3 indicates an appreciable tt- 
orbital interaction between the complexed butadiene
like residue and the remainder o f the ring. Further
more, the free half o f the ring is alm ost planar as re
quired for maximum overlap. There is a continuous 
TT-electron overlap o f 0.16 or more around the dihedral 
COT ring.

The assignment of the bands at 1414 and 1372 c m .-’ 
to C -H  deformation modes®-’® seems questionable 
since the corresponding modes in COT are found at 
1221 and 1202 c m .- ’. ’® The highest in-plane C -H  
deformations in ferrocene and benzene are found at 
1178 c m .-’. It appears probable that the frequencies 
found at 1431 and 1419 c m .- ’ in this work are derived 
from ring deformation modes.

(5) Ring M etal M odes. The ring-metal m odes will 
consist o f a ring-metal stretch, a ring-tilt, CO T-Fe(CO ) 3  

bending m odes, and an internal rotation o f the Fe(C0)3  
group relative to the COT ring. The latter mode 
should give rise to a fairly high frequency in view of the 
strength o f the ring-metal bonding which is sufficient 
to distort the COT ring. The exact location o f this 
frequency is, however, uncertain. The ring-metal
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stretch, found  at 303 c m .- ’ in  ferrocene,®’ 298 c m .- ’ 
in CcHcCr(CO)3,®® and 279 c m .- ’ in (C«HaCr,®® is 
expected around 300 c m .- ’. This vibration w ould  also  
involve a large change in polarizability and should, 
therefore, give rise to  a strong R am an shift. The

(21) E. R . L ip p in c o tt  a n d  R . D  N e lso n , Spectroch im . A c ta , 10, 307 
(1958).

(22) H . P. F r itz  a n d  J. M a n c h o t,  ib id ., 18, 171 (1962).
(23) H . P. F r itz , W . L littk e , H . S ta m m re ic h , a n d  R . F o rn e r is ,  ib id ., 

17, 1068 (1961).

very strong polarized band at 330 c m .- ’ is m ost likely  
derived from  this m ode. This line is, however, broad  
and so m ay overlap a CO T m ode. In ferrocene, 
CGHBCr(CO):i, and (CeHojCr®® the ring-tilt is found at 
388, 330, and 333 c m .- ’, respectively. The w eak band  
at 404 c m .- ’ m ay belong to this m ode. The C O T -  
Fe-(C O )a bending m odes should be very low , below  
100 c m .- ’, and were probably n ot observed in this 
work.
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Intensity measurements on the boron halogen symmetric stretching frequency of boron tri
bromide +  benzene and boron tri-iodide+ benzene systems indicate the existence of 1 :1  complexes. 
This is supported by h b  nuclear magnetic resonance spectra of boron tribromide4- benzene systems ; 
cryoscopic measurements gave inconclusive results.

T he infra-red-inactive fundam ental frequency vi (symmetric stretching) o f  boron  
tri-iodide appears as a weak band in carbon disulphide solu tion  but the intensity  
was observed to increase sharply w hen benzene was used as a so lvent.i It was 
suggested that tliis m ight be due to weak com plex form ation through interaction  
o f  the 7t-electron system  o f  benzene with the boron halide. The resulting increase 
in the p-character o f  the boron hybridization and the consequent non-planarity o f  
the B I3 w ould  allow  the appearance o f  the sym metric stretching band. W e have 
investigated the variation o f  intensity o f  this band (at 196 cm ~i) with the com 
position o f  the m ixture and m ade a similar study o f  the boron tribrom ide 4- benzene 
system. i^B chem ical shifts o f  the boron tribrom ide 4-benzene system  supported  
the form ation o f  a loose  com plex. Phase diagrams o f  the boron tribrom ide4- 
benzene and boron tri-iodide 4- benzene system s were inconclusive.

E X P E R I M E N T A L

Boron tribrom ide (L. Lights) was purified as described previously.^ Boron tri-iodide 
(L. Lights) was recrystallized from  benzene (found : B, 2-9 ; I, 96 4 ; calc, for BI3 : B, 
2-8 ; I, 97 2 %). All transfer operations were carried out in an atm osphere o f dry nitrogen. 
The far infra-red spectra were recorded on a  grating spectrom eter constructed in  the depart
ment and described elsewhere.^ A conventional liquid cell fitted with high-density poly
thene windows was used to  contain the samples. Cell path  lengths of 0 30-0 40 cm were 
employed. HB chemical shifts (m easured relative to  pure boron tribrom ide) were obtained 
on a  Perkin-Elm er nuclear magnetic resonance spectrom eter operating a t a frequency of 
12-83 Mc/sec. Cryoscopic measurem ents were m ade using apparatus constructed in the 
departm ent and described elsewhere.-)

R E S U L T S  A N D  D IS C U S S IO N

Plots o f  (log { l o l l ) )  against com position (m ole fraction o f  boron halide) for the 
boron tribrom ide 4- benzene and boron tri-iodide 4-benzene system s are show n in 
fig. 1. A t lower concentrations o f  boron trihalide, a Beer law p lot w as obtained  
but the shape o f  the curve at higher concentrations strongly suggests com plex  
form ation. In both system s, the m axim um  value o f  (log (7o//)) was observed at 
a m ole fraction o f  approxim ately 0-5. Fortunately, no shift in frequency between  
vi for pure boron tribrom ide and the solutions in benzene was observed. H ence,
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it  is sim ple to com pute the theoretical shape o f  the curve (assum ing the form ation  
o f  on ly a 1: 1 species) from  a knowledge o f  the initial slope and the value o f  log  ( /o //)  
for pure boron tribrom ide. The com puted part o f  the curve is shown as a dotted  
line in fig. 1. The observed deviation from  the com puted curve could be explained  
in  terms o f  a d issociation o f  the type ;

K

-(-BBrg.

0-40

0-30

Fia. l.rr-Log (Iq/I) pf symmetric stretching 
band against mole fraction, of boron trihalide. 
A, BI3+benzene in 0 30cm cell; B, BBrs+ 
benzene in 0 40 cm cell ; C, computed points 
curve for BBr3+benzene system (calculated 
from the initial slope and log (/o/f) for pure 

BBrs, assuming complete 1 :1  association).

O 2 0

O 'l O -

Oi-OO-l 0-2 0-3 0-4 O-S 0-60-7 Q-BO-Q 1-0
mole fraction boron trihalide

Equating activities w ith concentrations, a value for K  can be obtained for the system  
from  the relation

K  =  [a h ]/[u o  -  0 h] [ho -  a b],

where ao and b o  are the concentrations o f  BBr^ and CçHe,. based on the quantities 
used to prepare the system , and [ a h \  is the concentration o f  the species. CôHùBBr). 
[ a b ]  is then given by

r  . - 1  _  (log  { I o l I ) ) o b s — E q ^ O ^

where (log  (/Q//))obs is the value o f  the optical density corresponding to the com  
centration ao, I  is the path length o f  the çell, E a  is the extinction coefficient o f  pure 
BBra and E a b  is the extinction coefficient o f  the species CgHoBBrs, obtained from  the 
in itial Beer law  p lot. T he m ean value obtained for K  was 4-S+O-S m ole~ i 1.

A  sim ilar determ ination cou ld  n ot be m ade on- th e b oron  tri-iod id e4-benzene 
systein as n o  value for th e extinction coefficient o f  pure B Ij was obtained. M olar



A, FINCH, P, N, GATES AND D, STEELE 2625
ratios o f  B is  greater than 0  70 were not achieved because o f  solubility lim itations 
(e.g., a m olar ratio o f  0 67 BI3 requires 8-9 g o f  B is to be dissolved in 1 m l o f  benzene). 
A  Beer-law p lot for B is  in benzene gave an extinction coefficient o f  0-328 m ole~t cm 2 
(compared to 0-156 m ole~t cm 2 in the BBrs benzene system ). M aking the reasonable 
assum ption that the bond dipole o f  B— Br is greater than that o f  B— I, these values 
imply that there is a larger distortion o f  planarity in the boron tri-iodide. This 
implies that the donor acceptor interaction between benzene and the tri-iodide is 
the stronger o f  the two, in  accord w ith previous results 4. 5 on  the acceptor pro
perties o f  these tw o halides towards electron-pair donors.

T he observed absorption intensity against concentration curve show s con
clusively tlse existence o f  a 1 :1  species. On the basis o f  absorption strength

1-0 -

0-9

0-7

g 0-6  -
4

0-5 -
w
% 0-4-

0 -2 -

0 - 0  0-2 C-T 0 -4  0 -5  0 -6  0*7 0 -6  0*9 1-0
mole fraction BBra

Fig. 2.—ojg chemical shift, against mole fraction BBr; ; O BBra-f benzene ; A BBra-f cyclo-
hexane.

and the ability to fit the calculated curve to the observed using a dissociation  
constant for the 1 : 1 association, it w ould  n ot appear that any 1 ; 2 com plex  
(CôHô : 2BBrs) o r  [(C6H 6)2BBrs] o f  m ore than a transient character exists.

It m ight be expected that any loss o f  planarity o f  the BBrs m olecules w ould  
be apparent from  dipole m om ent measurem ents. A  determ ination  ̂ o f  the dipole  
m oment o f  BBrs in benzene yielded a value o f  0-194 e.s.u . Since very low  values 
are unreliable it was inferred that the BBrs was planar. H ow ever, in  view o f  the 
present evidence, it  is possible that this value m ay represent a  real deviation from  
zero. A ccordingly, further evidence w as sought using cryoscopic and n.m .r. 
techniques.

In the phase diagram for th e boron tribrom ide+ benzene system  only a single 
eutectic p oin t at c a .  —56'’ w as observed. In the boron tri-iod ide+ benzene system  
an eutectic at c a .  - ^ T  w as found ; a slight d iscontinuity o f  the curve at a m ole frac
tion o f  0-5 indicated incongruency. H ow ever, no p ositive indication o f  com plex  
formation could be inferred from  these m easurements.
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Variation o f  the iiB  chem ical shifts (in  p.p .m . relative to  pure BBrs) w ith  com 
p osition  o f  the boron tribrom ide 4- benzene and boron tribrom ide-1-cyclohexane 
system s is shown in fig. 2. Separate signals for “ free ” and “ com plexed ” boron  
tribrom ide were n ot observed, this being consistent with a rapid exchange between  
BBrs and benzene m olecules, thus giving rise to an average value for the chemical 
shift. This averaging m ay be used to estim ate the lower lim it to the mean life
tim e T between exchanges. A ccording to G utow sky and Holm ,? x < y j 2 / n ô H  sqc, 
where ô H  i s  expressed in  c/sec.' This leads to t < 0-035  sec, but in  view o f  the bulk 
solvent effect this is probably an over-estim ate. It m ight be expected that a plot 
o f  chem ical shift against com position  w ould  show  a gradient change at 0-50 if  a 
1 : 1  ispecies were form ed. The m onotonically  increasing high-field shift with 
dilution in benzene suggests that the shifts arise m ainly from  a bulk solvent effect 
rather than from  changes in  the electron density at the boron atom . N o  gradient 
change (in the p lot o f  chloroform  proton  shift against com position) was observed  
by R eeves and Schneider » for the chloroform  4- m esitylene system  in w hich it was 
well-established that 1 : 1 com plex form ation occurs.

The iiB  shifts at infinite d ilution in  benzene and cyclohexane are 1-05 and 0-55 
p.p.m . respectively. (These are to  be com pared w ith  a high-field shift o f  45 p.p.m . 
observed 5 in  the com plex triethylam ine 4- boron tribrom ide.) The increase o f  the 
chem ical shift w ith dilution in cyclohexane can be accounted for entirely on  the 
basis o f  the bulk diam agnetic susceptibility o f  the system . M easurem ent o f  the 
volum e susceptibility o f  BBrs gave a value o f  —0-900 c.g.s, units and the observed  
shifts in  cyclohexane vanish when a correction is m ade for this effect. However, 
the shifts in benzene solution  cannot be w holly accounted for on  this basis and there 
was still a residual high-field shift o f  0-48 p.p.m . after the correction was made. 
This residual high-field shift strongly suggests that the principal orientation o f  boron  
is above and below  the plane o f  the arom atic ring (where circulation o f  ring electrons 
causes a m agnetic field w hich opposes the applied field). This is consistent with  
an interaction holding the m olecules in this configuration. Such an interaction  
m ight w ell cause the loss o f  planarity o f  the BBrs m olecule, hence accounting for 
the variation in  intensity o f  the sym m etric stretching band. These results clearly 
elim inate the possibility o f  a hydrogen bonded com plex (fig. 3)

Br

- - - Br B ^

Br
F ig . 3.

in  w hich case the boron trihalide w ould  experience an enhanced field from  the 
TT-electron circulation, w ith a consequent low-field shift.

Reeves and Schneider 8 have show n how  chloroform  proton shifts in chloroform
4 -benzene system s can allow  the average distance between the arom atic ring and the 
proton  to be estim ated. A  sim ilar calculation applied to the BBrs-hCeH e system  
yields an average value for the boron —benzene distance o f  4-7 A . A n  attem pt to 
carry out sim ilar infra-red measurem ents on  the m esitylene 4-boron tribromide 
failed due to a very strong absorption by m esitylene in the sam e region as the 
symmetric B— Br stretching frequency. The shift at infinite d ilution in m esitylene 
gave a higher value (1-20 p .p .m .) than in benzene w hich suggests that the average 
distance between the boron and the arom atic ring m ay be smaller.
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Vibrational Spectra of some Heterocyclic Tin Compounds

By A r th u r  F in c h  * R. C. P oller  f  a n d  D . Steele *

R e c e i v e d  2 3 r d  J u n e ,  1965

The infra-red spectra of some crystalline dithiastanna-cyclopentanes and cyclohexanes have been 
measured to 110 cm~i. Interpretation has been helped by computations of frequencies and modes 
of l,4,6,9-tetrathia-5-stannaspiro [4,4] nonane(I) and of a model compound, the 3,7 dimethyl 
derivative(II). A correlation of ring C—C stretching frequencies with the number of adjacent 
C—C bonds is proposed. The antisymmetric C—S frequencies are found near 920 cm~Hri, and 
the symmetric modes near 850 cm'Kri- The methylated spiran absorbs ca. 30 cm~i lower. Tin- 
sulphur stretching vibrations are variable, ranging from 392 to 330 cn i'i (symmetric) and 363 to 
267 cm~i (antisymmetric).

In  a recent paper i vibrational assignm ents for a number o f  5- and 6-membered  
rings containing boron were m ade, and com pared with experim ental data. The 
availability o f  a series o f  5- and 6-m em bered l,3-dithia-2-stanna-cyclo-pentanes 
and -hexanes, o f  general skeletal form ulae :

Sn ’̂  and ^  \

—  S

prom pted the present investigation. The spiro-com pounds I and II are o f  particular 
interest because o f  the uncertain stereochem istry o f  the strained spirocyclic system.

I n
I, l,4,6,9-tetrathia-5-stannaspiro [4,4] nonane.
II, 3,7-dim ethyl-l,4,6,9-tetrathia-5-stannaspiro [4,4] nonane.
Interpretation o f  the spectra o f  the 5-m em bered system s was attem pted on  the

assum ption o f  planar rings. This gives F a  sym m etry for I ; non-planarity o f  the 
rings will result in rem oval o f  the degeneracies and relaxation o f  the selection rules. 
T o a good  approxim ation the skeletal m odes m ay be considered independently  
o f  the C H  m odes. In this approxim ation the skeletal vibrations o f  I have the group

* Royal Holloway College, University of London, Englefield Green, Surrey, 
t  Queen Elizabeth College, Campden Hill Road, London, W.8.
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representations A 2 - \ - 2 B \ - \ - 4 B 2 - \ - 5 E .  The ring torsions, usually o f  low  fre
quency and intensity, account for \ A 2 - \ - \ B 1 A \ E .  Classes B 2 and E  are infra
red-active and classes A \ ,  B i ,  B 2 and E  R am an-active. The dithia-stannacyclo-
pentanes are o f  symmetry C z v  for tw o sim ilar tin  substituents and no ring sub
stituents. In this case the classification is 6 A i - \ - A B i + 2 B 2  +  A z ,  excluding the ring
torsions. C om putations o f  the skeletal frequencies o f  I and II have been carried
out to facilitate assignm ents.

E X P E R I M E N T A L *

l,4,6,9-Tetrathia-5-stannaspiro [4,4] nonane, m.p. 182-3°; 2,2-dibutyl-2-stanna- 
1,3-dithiacyclopentane, m.p. 59-60°; 2,2-diphenyl-2-stanna-1,3-dithiacyclopentane, 
m.p. 108-9°; 2,2-dibutyl-2-stanna-l,3-dithiacyclohexane, m .p. 63-64°; arid 2,2- 
diphenyl-2-stariria-l,3-dithiacyclohexane, m.p. 103-4°, have already been reported.^®-

3,7-D im ethyl-l,4,6,9-tetrathia-5-stannaspiro [4,4] nonane, m .p. 76-77° (found: 
C, 21 6 ;  H , 3 7 ;  Sn, 35 9 ;  C 6H n S 4Sn requires C, 21 7 ;  H , 3 65; Sn, 35-9 %) 
was prepared by a sim ilar method.zc The sharp m elting point obtained for this 
com pound indicated that only one o f  the three possible geom etrical isomers was 
obtained.

Spectra were measured in KBr discs on a U nicam  SP 100 with 130 grating ac
cessories and in polythene discs 3 on a far infra-red spectrometer, details o f  which 
have been reported .^  The observed frequencies are listed in table 1.

C O M PU TA TIO N S

The eigenvalues and eigenvectors o f  the vibrational problem  were evaluated  
from the secular equation in cartesians in the form  D+FD Y  — YA where D D + =  G, 
the inverse kinetic energy matrix, Y  is the eigenvector matrix in cartesian co-ordin
ates and A  is the eigenvalue matrix, the individual values o f  which are related to  
the frequencies by k i  =  4 n ^ v ^ c ' ^ I N .  D  is form ed from  the transform ation matrix 
between internal and cartesian co-ordinates, B, by post-m ultip lication by the diagonal 
matrix M ^ , the diagonal elem ents o f  which are the inverses o f  the square roots o f  
the atom ic masses.

The problem  w as sim plified in tw o ways. First, the hydrogen atom s were ig 
nored, and secondly the torsion force constants were assum ed to be zero. The 
latter assum ption was m ade on the grounds that the contributions to  the potential
energy are very small and w ill have little effect on  the calculated frequencies and
modes. In any case it is difficult to estim ate the value o f  these force constants due 
to lack o f  reliable values for other alicyclic system s.

The B matrices w ill not be reproduced here as their evaluation is sim ple, and 
they are available on request. The geom etrical parameters o f  the m olecules are 
unknown but the follow ing values are unlikely to be far from  the true values :

/•cs =  1-82Â , CCS =  113°,
rgns = 2  0 A , SSnS =  94° 46%

r c -c  (ring) =  1 52 A , CSSn =  109° 37'.
^c-cHj =  T 5 4 À ,

The force constants were estim ated from com parisons with related m olecules. 
The values chosen were :

* The authors thank Miss J. A. Spillman who kindly supplied some of the compounds used.
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/c s  =  3 65 mdynes/A, /‘ssn/ssns =  0 06 mdynes/A, '
/c s /c s  =  1 04 mdynes/A, I 'c c f c c s  =  0 28 mdynes/A,

f e e  =  4-58 mdynes/A, /c s /c s s n  =  0 2 mdynes/A.
/sns =  2 25 mdynes/A,

The com puted frequencies for I are: Ai,  1192, 716, 361 and 1 6 4 cm ~ i;  Bi,  1192, 
716, 422 and 214 cm ~i ; A z,  108 cm ”i ; E, 850, 450, 366 and 105 cm ~i. N on 
degenerate m odes are shown in fig, 1. The form  o f  the com puter programme

r - " V   r - \

V ■ 716 cm 

/

\
\  V =214 cm ' V - 164 cm'  V » I O 0 c m '

Fig. 1.—The arrows represent nuclear displacement amplitudes on an arbitrary magnified scale. 
For the 108 cm~t mode the displacement arrows have been drawn on half the scale used for the 
others. The numbers (0 64) used in drawing this mode are simply related to the arrows by noting 
that the displacement represented must equal the displacement represented by the corresponding

arrows for the second ring.

prevents the degenerate eigenvectors being evaluated in the orthogonal form. 
H ow ever, the potential energy distribution is readily determined. This is given in 
table 2  for the degenerate vibrations. The available routines used for solving the

T able 2 .— C om puted  po tential  energy  distributions  for  the degenerate  vibrations

O F I
% po ten tia l energy d is tr ib u tio n

frequency
cm - 1 SnS cs c—c SSnS SnSC SCO

850 0 80 0 0 0 20
450 0 0 0 1 39 60
367 60 16 0 0 2 22
105 1 0 0 99 0 0

eigenvalue problem  were inapplicable to matrices o f  order greater than 29. This 
prevented a com plete solu tion  o f  the skeletal vibration problem  o f  the dimethyl 
derivative II. H owever, as the principal problem  is to determ ine to w hat extent 
the m ethyl group interacts with the ring C— C and C— S vibrations, a satisfactory 
answer can be obtained by treating the m olecule as i f  it were a substituted dithia- 
stannacyclopentane. This is possib le because o f  the negligible interaction between 
the C— C and C— S vibrations in  the tw o rings (see fig. 1). Com puted frequencies 
and potential energy distributions are given in table 3.
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T a b l e  3 .— C o m p u t e d  p o t e n t ia l  e n e r g y  d i s t r ib u t i o n s  f o r  t h e  h ig h e r  f r e q u e n c y

MODES OF II
% potential energy distribution

frequency
SnS cs c—c

(ring)
C — C H ] SSnS SnSC see eccH]

S C C H ]

1288 0 18 45 31 0 1 3 0
1111 0 8 41 31 0 1 5 14
893 0 64 0 13 0 0 9 12
817 0 65 0 13 0 1 1 19
486 16 5 1 4 0 10 6 59
425 71 9 0 3 0 4 6 6
412 46 4 2 4 0 0 1 40
394 98 0 0 0 2 0 0 0

t  lower frequencies

V IB R A T IO N A L  A SSIG N M E N T S

COMPOUND I.— In addition to  the skeletal frequencies, the frequencies o f  which  
have been com puted (cf. previous section), the C H 2 units give rise to fundam ental 
vibrations which have the group representations 3 ^ i +  3y42 +  3Ri +  352 +  6£ . H ow 
ever, interaction between the ethylenic units o f  the two rings w ill be very sm all and 
it is m ore useful to  consider the vibrations involving the hydrogen atom s sim ply  
as if  they belonged to  a cis 1,2-disubstituted ethane. The vibrations now  fall into  
the classification 3^ i (rcn, R ,  ô )  +  2 B i  (/ en, R ,  ô )  +  3 B 2 (/"en, T ,  W )  +  3 A 2 ( r e m  T ,  W ) .  

The nature o f  the m odes is show n in parentheses ; rcn, R ,  S ,  W ,  T  represent C H  
stretching, C H 2 rock, C H 2 deform ations, C H 2 wag and C H 2 tw ist m otions respec
tively. The expected frequency ranges for these vibrations are c a .  2900 cm ~i for 
stretching m otions, 1430 cm ~i for the deform ations, 1330 cm ~i for the w ags, 1200- 
1150 cm ~i for the tw ists and 950-850 cm ~i for the rocking vibrations. These are 
based on com parison o f  spectra o f  1 :2  disubstituted ethanes in the gauche con
form ations. A  com parison o f  calculated skeletal frequencies and expected C H 2 
modes with the observed spectra leaves little scope for am biguity in  the assignm ent 
(see tables 1 and 4). The purity o f  the degenerate ring angle deform ation at 442

T a b l e  4. — C o m p u t e d  a n d  a s s ig n e d f r e q u e n c ie s  FOR THE MODES OF I
calc, skeletal approximate expected obs. frequency

frequency CH2 frequency mode
cm~i cm-t cm -i

1430 1410 6CH2
1330 1289/1283 CH2 wag

1192 (A ) 1248 vC—C
1170 1156/1122 CH2 twist

c a .  900 997 CH2 rock
850 (£ ) 922 as. vC—S
716 (£]) 840 J V C — S
450 (£ ) 442 ring def.
422 ( B Ù 388 s  vSn—S
366 ( E ) 327 as. vSn—S
214 ( B Ù 233 ring def.

cm~i is o f  interest. The lack o f  any contribution from  the Sn— S stretching vibra
tion suggests that it should  remain constant in form  and in frequency for 2 ,2- 
substituted dithia-cyclopentanes and cyclohexanes.* The entirely satisfactory assign
ment on  the basis o f  V a  symmetry is good  evidence for the planarity, or near- 
planarity, o f  the individual rings.
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COMPOUND II.— Introduction o f  the tw o methyl groups into com pound I will 
have the principal effects o f  : (i) reducing symmetry and thus splitting the degener
ate m odes and also perm itting activity o f  form erly infra-red inactive A i  m odes; 
(ii) introducing m ethyl groups vibrations ; (iii) coalescing pairs o f  m ethylene w a g s , 
deform ations, and rock s; (iv) splitting o f  ring C— C m odes through interaction  
with the C— CH3 m od e; (v) introducing m odes due to m ethyl ring deform ations 
w hich m ight interact with ring deform ations.

The calculations reported in  the com putational section indicate that the new 
C— C frequencies should  be 90 cm ~i above and below  the C— C frequency o f  I, 
and that the ring-methyl deform ations do n ot interact appreciably with ring modes. 
The form er fact w ould suggest that the C— C vibrations lie near 1340 and 1160 cni~h  
The 1372 cm^i band, together w ith the 1445 cm ~i band, m ust be correlated with  
the m ethyl group deform ations. There remain bands at 1302(j), 1264(j), 1222(j), 
1176(m) and 1099 cm -i (j). It is clear that interaction with the CH^ m odes is 
strong and any designation is artificial. H ow ever, on  the basis o f  intensities and 
expected frequencies the bands at 1302 and 1099 cm ~i are classified as the C— C 
m odes. The remainder o f  the assignm ents above 800 cm “i fo llow . There can be 
little uncertainty about the C— S m odes. This indicates that the strong bands 
at 694 and 597/540 cm ~i which have no counterparts in I m ust arise from  ring methyl 
deform ations. Their com puted frequencies are som ew hat low er (486 and 412 c m -i) .

. A s expected, the ring angle deform ation is the sam e as that in I. A lso  the sym
m etric SnS stretch is the sam e. The presence o f  tw o strong bands at 363 and 341 
c m -i show s that the m ethyl group has rem oved the degeneracy effectively enough to 
give an easily observable splitting.

DIPHENYL AND DIBUTYL COMPOUNDS.— Characteristic vibrations o f  the phenyl 
groups are readily identified from  the tables o f  R andle and Whiffen,^ and by com 
parison w ith the spectrum o f  phenyltin tribrom ide 6 (see table 1). The dibutyl 
frequencies can also be readily correlated with the frequencies o f  the n-butyl group 
in di-n-butyltin dichloride.? A ll the major spectral features above 600 cm "i can 
n ow  be explained w ithout difficulty. One tentative correlation o f  observed bands 
with ring size follow s. C om pound II and the cyclohexanes absorb strongly at 
1308-1302 cm ~i and also near 1260 cm ~t. The pentanes absorb at 1286 and 1248, 
1287 and 1252, and 1280 and 1246 cm -t respectively. This suggests that a chain 
o f  tw o carbon atom s w ith tw o sulphur attachm ents can be distinguished from a 
chain o f  three. Clearly m uch m ore data are necesary before this can be confirmed 
as a m eaningful correlation.

The sim plicity o f  the spectrum  o f  di-n-butyltin dichloride, and its close similarity 
with that o f  the dibutyl cyclic tin  com pounds suggests that in both  m olecules the 
butyl groups are principally in the extended conform ations. Both spectra differ 
m arkedly from , say, that o f  butylbrom ide.

W e gratefully acknowledge partial financial support from  the Office o f  Naval 
Research, U .S . European Research Contracts program m e for research in far infra-red 
spectroscopy.

I Finch and Steele, Trans Faraday Soc., 1964, 60, 2125.
2(a) Backer and Drenth, Rec. trav. chim., 1951, 70, 559. (6) Poller, Proc. Chem. Soc., 1963,

312. (c) Poller and Spillman, unpublished work.
3 Smethurst and Steele, Spectrochim. Acta, 1964, 20, 242.
4 Hendra, Lane and Smethurst, J. Sci. Instr., I960, 40, 457.
5 Randle and Whiffen, Molecular Spectroscopy (Institute of Petroleum, London), 1955.
 ̂Finch and Steele, unpublished work.
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Vibrational Spectra of Some Heterocyclic Boron Compounds
Part 2 .— 2-Chloro- and 2-Phenyl-1,3,2-D ithioborolans

B y  A r t h u r  F i n c h ,  J. P e a r n  a n d  D . S t e e l e  

D ept, o f  Chemistry, R oyal H ollow ay C ollege, Englefield Green, Surrey

R eceived  28 //i Septem ber, 1965

The infra-red and Raman spectra of 2-chloro- and 2-phenyl-1,3,2-dithiaborolans have been 
measured. Evidence is presented for non-planarity (Ca symmetry) of the thioborolan rings. A 
partial vibrational assignment, consistent with the computations of part 1 and with assignments 
of similar molecules, is proposed.

In  part l , i  com putations o f  vibrational frequencies and m odes o f  5- and 6 -mem
bered cyclic boron com pounds were presented. In  addition to the general frequency 
pattern is was dem onstrated that severe m ixing o f  B— Cl stretching m odes with other 
.vibrational m odes occurred where this was perm issible on  sym metry grounds. The 
extent o f  m ixing was such as to  m ake the label B— Cl stretching vibration inappro
priate for any real m ode in these system s. Lack o f  experim ental data other than 
liquid phase infra-red data m ade detailed com parisons between calculations and obser
vations inappropriate.

In  this paper experim ental data are presented on the (I) 2-chloro- and (II) 2- 
phenyl-l,3 ,2-ditliiaborolans. This system  is characterized by considerable pyrolytic

& (I) X  =  Cl
(U) X  =  CôHs

stability.2 ® M olecular weight studies 2 b have shown that, unlike the oxygen ana
logues, there is no association in dilute benzene solution ; assum ing that this is also 
true in the pure phase, then the com plications o f  the effects o f  dim erization and 
polym erization on  the vibrational spectra are avoided. The 2-chloro-l,3,2-dioxa- 
borolans and borinans proved too unstable for their Ram an spectra to be obtained 
under norm al conditions.

E X P E R IM E N T A L

The infra-red spectra were run in the pure liquid phase on a Unicam SP 100 with grating 
accessories over the range 2000-400 cm“i, and at lower frequencies on a grating spectro
meter designed and built in the department.3 Raman spectra were recorded on a Cary 81 
spectrograph utilizing slit widths o f 8 cm~i and the mercury 4358 Â line for excitation. 
Polarization measurements were made using the method o f  Edsall and Wilson.^ The 
observed values were corrected from calibration curves for the instrument determined using 
the true polarization ratios of carbon tetrachloride evaluated by Rank, Pfister and Grimms 
Observed spectra and frequencies are shown in tables 2 and 3 respectively.
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Com pounds were prepared by established procedures 2 " and manipulated in dry, 
oxygen-fiee enclosures. Satisfactory characterization was made by analysis and checking  
physical constants.

2 - c h l o r o - 1 ,3 ,2 - d i t h i o b o r o l a n .— B.p. 25-26°C/0 05 mm, =  1 5776 (lit. values, b.p.
24-25/0-1 mm, n]s‘ =  1-5778); found % Cl, 25-5; % B, 7-78; C2 H 4 S2 BCI requires Cl,
25-6; B, 7-82.

2 - p h e n y l - 1 ,3 ,2 - d i t h io b o r o la n .— B.p. 90-92/0-05 mm, =  1-6348 (lit. values, b.p.
90-92/0 05 mm, =  1-6346) ; found B, 5-39 ; CgHpS^B requires B, 5-56.

A S S I G N M E N T S  *

It was assum ed i that the 5-membered boron heterocyclic rings were planar. 
Follow ing M ulliken 6 (recom m endations 3 and 5a lead to z-axis as sym metry axis 
and A'-axis as perpendicular to plane o f  m olecular skeleton) the fundam ental vibra
tional m odes o f  1 classify as

5ai-}-4/)2 +  26 i-l-a2 (skeletal m odes),
-{-3 a i 3^2 "b 3a 2 +  3Z)i (GHz m odes).

Tw o possible structures o f  lower symmetry exist. First, if  the skeleton exists 
in the envelope form  the m olecular symmetry is Cs  and the a\ and bi and the ai 
and bi classes coalesce. In the puckered ring configuration the symmetry is C2 
and the ai and a? and the bi and 62 classes coalesce.

T a b le  1.— P o t e n t i a l  e n e r g y  d i s t r i b u t i o n  in  C 2 S2BCI

sym B— Cl B— S C— S c c SBS ESC se e CIBS

1381 a\ 26 22 5 21 16 9 1 0
1258 bi 0 80 5 0 0 3 5 7
1218 ai 15 14 12 49 5 0 4 0
1158 bi 0 23 16 0 0 1 53 7
951 «1 1 0 76 18 0 0 4 0
604 62 0 3 20 0 0 23 54 0
577 « I 20 47 0 7 9 11 6 0
368 «1 40 1 1 4 34 18 1 0
245 bi 0 12 0 0 0 1 0 87

2- c h LORO-1 ,3 ,2 - D ITHIABOROLAN (I)
There is a striking agreem ent between the frequencies and intensities o f  the 

bands above 600 cm ~i o f  com pound (I) and o f  the non-phenyl vibrations o f  the 
phenyl analogue (II). The only appreciable differences occur near 950 cm ~i, the 
distribution o f  intensity am ongst the com ponents o f  the intense absorption com plex  
being a little different in the tw o cases, and the frequencies o f  the chloro-com pound  
being a little above those o f  the phenyl derivative. Corresponding Ram an lines 
are strongly polarized. The band com plex o f  the phenyl derivative is naturally  
assigned as due to the phenyl boron stretching m ode by analogy w ith corresponding  
m ass-sensitive bands o f  other phenyl derivatives.? T w o arguments refute such a 
simple explanation. In the first case the com putations presented in part 1 showed  
how considerably the B— Cl stretching m ode mixed with other m odes. Indeed, 
for the dioxa-analogue the band near 1 0 0 0  cm ~i was com puted to have a relatively 
low B— Cl contribution. The mass changes inherent in substituting sulphur for 
oxygen could  seriously affect the potential energy distribution, so this has been

* The subsequent discussion relates only to frequencies below ca. 2000 cm'L
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com puted for (I) (table 1 ). This indicates an even smaller B— Cl contribution. 
H owever, the cause o f  the m ixing is the kinetic condition o f  m om entum  conservation  
m ore than the force field effects. The second argument is based on the spectra. 
It is difficult to estim ate the effective m ass o f  the phenyl ring but it ought to be less 
than that o f  the chlorine atom  ; first, the vibrational frequencies o f  the arom atic 
ring are close to the frequency o f  the band in question. C oupling o f  the m odes 
w ill therefore occur rather than the phenyl unit vibrating as an entity. This in
dicates that the effective mass should probably be w ithin twice that o f  an isolated  
carbon atom . Further, the B— Cl force constant is less than that o f  the B— C 
force constant in boron trim ethyl.s This, in turn, should  be less than that o f  the 
B-phenyl due to the tt electron contributions to the bonding. This again w ill tend 
to  reduce the “ natural ” B— Cl frequency as com pared to the “ natural ” B-phenyl. 
The experim ental evidence is that the frequency o f  the com plex is higher for (1) 
than for (II). By the rule o f  m ass effects 9 this indicates that the natural B-phenyl 
frequency lies above 920 cm ~i and the natural B— Cl frequency lies below  970 cm ~i. 
M ixing o f  m odes then depresses the frequency o f  the intense com plex in (11) but 
increases it in (1). It is believed that the principal contributing m ode to both these 
com plexes is the B— S stretching m ode.

F or a planar ring skeleton there are five di skeletal m odes and tw o «i C H i m odes, 
a wag and a scissoring deform ation. By analogy with the 1,2 disubstituted ethanes lo 
the w ag and scissoring m odes are expected near 1250 and 1430 cm “ b The calcula
tions o f  part 1  predict that the tw o highest skeletal m odes are near 1380 and 1 2 2 0  cm ~b  
These points show  that the five strong polarized R am an bands at 996, 948, 6 6 8 , 477 
and 338 cm ~i and the less strong 841 cm ~i band are to be associated with the three 
rem aining ai fundam entals. The 996, 948 cm ~i pair are readily explained as a funda
m ental in Fermi resonance with a com bination band. T he 840 cm ~i band m ight be 
2 X 420 cm “i, though an alternative explanation is noted later. It seem s unlikely that 
any o f  the other polarized bands arise from  Ferm i resonance and it is necessary to de
duce that the skeleton is non-planar. The obvious m ode possible for the additional 
band is the low-frequency rock. Other C H 2  m odes occur at too  high frequencies to be 
responsible for the observed bands. The low-frequency rock belongs to the A class o f  
gauche X C H 2 C H 2 X  system s and is thus the out-of-phase m ode. This w ould belong 
to  the fully sym metric class o f  group C2  but not Q  show ing that a th ioborolan  ring 
is puckered and does not have the “ envelope ” configuration. T he £ -class rock  
is to  be expected between 900 and 800 cm ~b Strong infra-red absorption  occurs 
at 840 cm ~i but a R am an band with this frequency shift is polarized. For the B 
rock to  be polarized the ring m ust assum e the envelope configuration but this is 
inconsistent with the previous analysis leading to a puckered ring unless the C— S— B 
angles are non-equivalent. This seem s unlikely. The polarization o f  the Raman 
band is consistent with it being the overtone o f  a 420 cm “ i fundam ental. The 
strength o f  the infra-red absorption m ay be due either to som e acquired intensity 
for the 1010-920 cm ~i com plex or from  overlapping with the R-type rock.

In the trans and in the gauche 1,2 disubstituted ethanes, the C H 2  scissoring 
deform ations all occur in the range 1460 to 1410 cm ~b In the gauche halogeno  
ethanes, the A and B  deform ations are n ot resolved and the Ram an bands are 
depolarized. The 1430 cm ~i bands are consequently identified with these modes. 
Four ring m odes and four twisting and wagging m odes remain to  be located at 
frequencies above 1000 cm ~i. On the present evidence they cannot be identified 
with certainty. The assignm ent presented in table 2 is based on the results o f  the 
com putations as given in part 1  on the basis o f  a planar ring structure and on the 
expected ranges for the C H 2  m odes based on the analogous frequencies o f  the
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ethylene dihalides . 8  These lead to the follow ing approxim ate anticipated frequencies : 
A  m odes (skeletal) 1380, 1220 (C H 2 ), 1325 and 1200 cm ~ i; B  m odes (skeletal) 
1260, 1160 (C H 2 ), 1350-1250, 1250-1100 cm ”i. Clearly it is possib le to identify all 
the m ajor unassigned bands with the skeletal m odes alone or with the C H 2  m odes 
alone, A  com parison o f  intensities with those o f  the ethylene dihalides w ould  
favour slightly the asterisked assignm ents.

2 - p h e n y l -  1 , 3 , 2 - d i t h i o b o r o l a n  ( I I )

A  com parison o f  the observed spectra with those o f  phenyl boron dichloride  
leads to  a classification o f  all absorption bands as phenyl vibrations or as alicyclic 
vibrations. The correspondence o f  frequencies and intensities is excellent through
out. W e note the extreme weakness o f  the characteristic phenyl vibrations at 
1500 cm “ i which is due to  an ai C— C stretching m ode. This band is also  
very weak in the spectra o f  the corresponding borinan, but not in the —1,3,2- 
dioxaboroland and -borinans. It thus appears that this characteristic m ight 

— S \
be diagnostic o f  the n B— ^  grouping when used in conjunction with the presence

- s /
o f other characteristic phenyl vibrations. It is to  be expected that the B— cf) stretch  
will be near 1200 cm ~i and it is certain that the very intense polarized Ram an com 
plex near this frequency is largely due to  this m ode probably interacting through  
Fermi resonance with the ai C H  deform ation. O f the rem aining five m ass-sensitive 
vibrations o f  the phenyl group ? only three can be assigned with any degree o f  
assurance. T he ai vibration labelled r  by Randle and W hiffen ? and the low  
frequency vibration x  have not been identified, but by com parison with other 
atom atics can be expected near 800 cm “i and near 2 0 0  cm ~i respectively.

T a b l e  2 .— O b s e r v e d  v i b r a t i o n a l  f r e q u e n c i e s  o f  2 - c h l o r o - 1 ,3 ,2 - d i t h i o b o r o l a n  a n d
THEIR ASSIGNM ENTS

assgnm entsi
Raman infra-red ring m odes CHz m odes

1433 VS dp 1428 s A, B  ((5)
1360 w ( ^ 0  1 5 ) 1378 m ai (calc. 1381)
1291 m (0-4i) 1282 s A(W )
1262 mw dp 1258 m 6 2  (calc. 1258) * B(W )
1215 w ( - 0  8 ) 1197 w A (T )*
1173 s (O 6 1 ) 1162 w fli (calc. 1218) *
1128 ms dp 1118 m 6 2  (calc. 1158)* RCD
996 s 
977 sh 
948 m

(073)

(OI9 )

1 0 1 0  vs 
970 w s  
942 w s  
920 vs

ai (calc. 951) 
>- H-(2x477)

+  (338+668)

841 m (O6 0 ) 840 s-vs 2 x 4 2 0 B(R)
760 vw 755 w 

669 w-m
6 6 8  w s  
477 w s

(0 2 ?)
(O-Oli)

664 s 1 ai (calc. 577)+ A(R)

460 sh 457 w
420 m dp 410 m b i (calc. 604)
338 vs (0 4 i) 326 m 

294 vw
oi (calc. 368)

2 2 0  s dp bz (calc. 245)

* preferred assignm ents dp  m easured ratios 0  8-0 9
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The non-arom atic bands above 600 cm ~i are explained in  a similar mariner to 
their counterparts in the chloro-com pound. The low-frequency spectra o f  the 
tw o ring com pounds do not agree, showing that the low-frequency m odes are much  
m ore sensitive to the ring substituent. This is as expected but renders assignm ents 
m ore difficult. A s a result o f  the increased restoring force on the inter-ring bridging 
carbon atom  as com pared with that on the chlorine, and as a result o f  the higher 
m ass o f  the chlorine atom , it is to be expected that the phenyl substituent frequencies 
w ill be appreciably higher than those o f  the chloro com pound. In particular, it 
seems reasonable that the 477 cm ~i band o f  the chloro derivatives should be increased 
to  above 600 cm “i and it is proposed that the two intense polarized R am an lines 
at 675 and 642 cm ~i are due to  two «i fundam entals in resonance. H owever, it is 
disconcerting to have a strong polarized Ram an band at 260 cm “i which m ust be 
com pared with the 338 c m 'i band o f  C 2 S 2 BCT. Other low-frequency assignm ents 
are difficult to  justify and are listed as tentative proposals.

T a b le  3 .— O b s e r v e d  v i b r a t i o n a l  f r e q u e n c ie s  o f  2 - p h e n y l - 1 ,3 ,2 - d i t h io b o r o la n  a n d  
THEIR a s s ig n m e n ts ,  TOGETHER W IT H  THE RELEVANT D A T A  FOR PH EN Y L  

b o r o n  DICHLO RIDE

present in
. S— (CH])^— S— B— <l> f^BCI; I------------------------1 assignment

infra-red Ram an infra-red Ram an S— (CHzIz— S— B— Cl

1641 m
1597 ms 1600 w s  dp 1592 s ^(^U'cc,

62 vcc
1548 w dp

1495 vw 1499 ms 1488 w 0«iVcc
(05?)

1436 s 1439 s dp 1433 ms ( f ^ b z V c c
1427 m yes Ac ring

mixed
1336 w 1345 w ai (1381)+

CH2 def
1313 vw 1311 w
1284 m 1289 ms 1271m  yes Ac ring? or

CH2 twist
1263 ms 1261 sh yes Ac ring? or

CH2 twist
1248 m 1244 s
1236 vs 1238 w s  1233/1221 vs ( p a i V B - < p

(036)
1188 w 1193s(0-4i) 1188 m.s
1164 m.w 1163 vs (0 66) 1160 v.w ^ b z ^ c n
1114 w 1117m  dp yes Ac ring

b z ^ c s
1075 v.w 1074 m (0 4i)
1034 vw 1036 vs (0 3%) ( f ^ a i p c u
1002 m sharp 1000 vs (0-4) 1001m  1005 ring
990 mw

. 955 ms 957 w dp 968 m
953 s r   ̂ Ac. ring «i

936 m i
913 vs 908 w dp 920 vs

vcs
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T a b le  3,— contd.

à—(C H 2)2- -S— B—
<ÿBCl2

infra-red Raman infra-red Raman

904 VS 899 vs "

842 m s 854 w >■

803 w dp
751 s 758 m  dp 757 s
694 s 691 s
665 m 675 vs (0 6?)
632 s 642 vs (0-5s) 633 m 640 m
618 w 626 s dp 618 w 626
579 VW 597 v.w
547 m 543 dp 565, 551 m
535 s
454 w 462 m  dp
435 443 vs dp 445 vw

407 w 402 w
392 m
347 vw
304 s

268 s 260 s (0'4i)

182 s

present in

Ram an S— (CJh[2)2— S— B— Cl

yes

yes

234

142

assignm ent

Vcc+ CH 2  

rocks

(f>biycH
4>biycH

^6iy.^Bring

4>t>2̂ CC

0 vib.

(j) vib. y  
Ac 5ccs  
042^CC

A c ring 
buckle 

A c «1 ring 
def.

A c torsion

ABBREVIATIONS

Ac =  acyclic, ^ =  phenyl, vib. =  vibration, s =  strong, m =  moderate, etc.
Numbers in parentheses refer to measured polarization ratios where these differ from 6/7. Due 

to experimental conditions, these values are not as reliable as for chloro analogue and little weight 
is to be attached to second significant figure.

t Finch and Steele, Trans. Faraday Soc., 1964, 60, 2125.
2  (a) Finch and Pearn, Tetrahedron, 1964, 20, 173. (6 ) Finch and Gardner, J. Inorg. Nucl. 

Chem., 1963, 25, 927.
3 Hendra, Lane and Smethurst, J. Sci. Instr., 1963, 40, 457.
4 Edsall and Wilson, J. Chem. Physics, 1938, 6 , 124.
5 Rank, Pfister and Grimm, J. Opt. S ic . Am er., 1943, 33, 31.
<5 Mulliken, J. Chem. Physics, 1955, 23, 1997.
? Randle and Whiffen in Report o f  the Alolecidar Spectroscopy Conference (London, 1954) 

(Institute of Petroleum, 1955), p 111.
5 Ladd, Orville-Thomas and Cox, Spectrochim. Acta, 1963, 19, 1911.
 ̂(i) Rayleigh’s rule—see Wilson, Decius and Cross, Molecular Vibrations (McGraw-Hill, 
London, 1955), p. 190. (ii) Steele and Whiffen, Trans. Faraday Soc., 1959, 55, 369.

30 Brown and Sheppard, Trans. Faraday Soc., 1952, 48, 128.
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Phosphorus Halide-Boron Halide Complexes. 
Spectrum of PI3/BI3
By G. W. Chantry, Arthur Finch, P. N. Gates, and D. S teele

Part I. The Infrared

The Infrared spectrum of the com plex PI,,BI; has been measured in the solid state betw een 30 and 1000 cm ."'. 
Normal co-ordinate calculations sh o w  that the best fit to experimental data is obtained by assum ing a force constant 
for the stretching of the P -B  bond of 1 0 millidyne per A. The P -B  bond dissociation energy has been estim ated  
to be ca. 16 kcal. m o le -'.

Phosphorus trihalides act either as Lew is acids or 
Lewis bases, and interesting exam ples of the latter are 
the com plexes form ed w ith  boron halides. A lthough the  
stoicheiom etry of several of these adducts is  now  
established, especially  since the careful work of H olm es,' 
no quantitative description of the interm olecular bonding  
has been attem pted . One of th e objects of the present 
work is the derivation of such  inform ation through a 
study of the bonding in  b oth  therm ochem ical and  
spectroscopic term s. T he adduct P I,,B Ig  w as selected  
for initial in vestigation  because (a) it  m ay  be assum ed  
to exhibit th e greatest (therm odynam ic) stab ility ,
(b) no possib ility  of halogen-exchange exists,'* * and
(c) recent work has established  relevant ancillary  
physical data  for th e con stituent molecules.®"® N o  
energetic or detailed  structural d ata  are available.

' R. R. Holmes, J . Inorg. Nuclear Chem., 1960, 12, 266.
* E. Wiberg and K. Schuster, Z. anorg. Chem., 1933, 213, 94.
* A. Finch, P. J .  Gardner, and I. J .  Hyams, Trans. Faraday  

Soc., 1965, 61, 649.
* A. Finch, I. J .  Hyams, and D. Steele, Trans. F araday Soc., 

1965, 61, 203.

Previous work on P Ig ,B l3  is lim ited  to  a brief N o te  ® 
describing its  characterisation, and a very recent Paper ? 
in  w hich, inter alia, th e infrared spectrum  above 280 cm."' 
is  reported. Since m any of the fundam ental vibrations 
lie below  th is region, w e have in vestigated  th e spectrum  
down to  30 cm."' and attem p ted  a detailed  analysis of 
the results.

experimental

T he adduct w as prepared as described
previously.*'’

In fra re d  S p ec tra .— Solid-state spectra w ere recorded for 
N u jol m ulls betw een silver chloride (400— 1000 cm."') or 
high-density  P olythene (30— 400 cm."') plates. T he region  
betw een 30 and 150 cm."' w as covered using a R esearch and  
Industrial Instrum ents Co. interferom eter, and th a t betw een  
1 2 0  and 1 0 0 0  cm."' w ith  a far-infrared grating spectrom eter

* A. Finch, P. J .  Gardner, and I. H. Wood, J . Chem. Soc., 
1965, 746.

• R. F. Mitchell, J .  Bruce, and A. Armington, Inorg. Chem., 
1964, 8 , 915.

’ A. H. Cowley and S. T. Cohen, Inorg. Chem., 1965, 4, 1200.
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described elsewhere.® An interferom etric spectrum  in the  
region 100— 400 cm .“  ̂ confirmed in  detail the spectrum  
obtained on th e  grating spectrom eter in  th is region. For 
com parison w ith  the spectrum  of th e  com plex, the spectrum  
of P i g  w as measured in  benzene and carbon disulphide over 
th e  range 400— 120 cm.~^. T he observed bands, a t 325s 
and 303m  cm .“*, are in  excellent agreem ent w ith  earlier 
R am an data.®

COMPUTATIONS

The procedure w as to  set up th e  B -m atrix  relating  
internal co-ordinates, R , to  cartesian co-ordinates, q, in  the  
sense R  =  B q, and then to  solve for th e  eigenvalues and  
eigenvectors o f (BM"*)+F(BM"*), where F  is the m atrix  
of force constants for th e  internal co-ordinates, and  
is the diagonal m atrix w ith  non-zero entries equal to  the  
square-roots of th e  reciprocals of the atom ic masses. T his 
is equivalent to  solv ing the problem  in cartesian co
ordinates, and has the advantage o f rendering redundancies 
irrelevant.

B elow  are listed  the u n it vectors, e«^, from  w hich the  
B -m atrix elem ents are obtained b y  substitu ting in to  the  
appropriate equations.^® T he atom s are labelled as shown

\

V
I

3

I
8

F i g u r e  1 Numbering of the atoms in P ig ,B ig

in  Figure 1. T he P -B  bond lies along th e  Y -axis w ith  
atom s 6 , 1, 2, and 3 ly ing in th e  A ’Y-plane.

U n it vectors, e^g 
ei2 =  +  Y
egg =  + X  cos 19° 28' - f  Y  sin  19° 28'
eg. =  - X  cos 54° 44' cos 35° 16' +  Y  cos 54° 44' sin 35° 16'

-)-Z sin 54° 44'
egg =  - X  cos 54° 44' cos 35° 16' - f  Y  cos 54° 44' sin 35° 16' 

- Z  sin 54° 44' 
e „  =  - X  cos 19° 28' -  Y  sin  19° 28'
e „  =  + X  cos 54° 44' cos 35° 16' -  Y  cos 54° 44' sin 35° 16'

- Z  sin 54° 44'
e „  =  f X  cos 54° 44' cos 35° 16' -  Y  cos 54° 44' sin 35° 16' 

+ Z  sin 54° 44'
The calculations w ere perform ed on th e  U n iversity  o f  

London A tlas Computer.

RESULTS AND DISCUSSION

The infrared absorption spectrum  of P Ig ,B l3  as a m ull
in N ujol is shown in Figure 2, and the bands are listed
in Table 1. The frequencies previously listed  ’ are
essentially  in agreem ent w ith  our spectra where overlap
occurs, w ith  th e exception  of the h ighest frequency,
w hich we observed a t 647 cm."^ (cf. 698 cm .“̂ ^). The

® P. J. Hendra, R. D. G. Lane, and B, Smethurst, J . Sci. 
Instr., 1963, 40, 457.

* H. Stammreich, R. Forneris, and Y. Tavares, J . Chem. P hys., 
1956, 25, 580.

E. B. Wilson, J. C. Decius, and P. C. Cross, “ Molecular 
Vibrations," McGraw-Hill, New York, 1955, p. 54.

bands observed in carbon disulphide solution b y  these 
workers appear to  be due to dissociated B ig  and Pig, as 
we did not observe them  in the solid state.

Since one of the prim ary objects of these measure
m ents w as to  obtain an estim ate of the strength of the 
P -B  bond (as m easured b y  its stetch ing force constant), 
it  was necessary to  assum e values of certain force 
constants, and then  to  com pute sets of vibrational 
frequencies for a series of values of each of the more 
uncertain force constants. This procedure w as necessary  
owing to  a lack of isotopic data. A lso, ow ing to  lack of

5 0  I C O  l O O 3 0 0 6 0 04 0 0

( c m .- )

F i g u r e  2 Infrared spectrum of P ig ,B ig  in Nujol 

T a b l e  I
Infrared absorption bands of P i g , B i g

647s; 550m; 495m; 419w; 379s; 367w,sh; 327m; 303s; 
285w; 165w; 128m; 117s; 97s, 94s,sh, and 92s; 84m, 78m, 
and 74m; 45m; 38m

w, weak; m, medium; s, strong; sh, shoulder.
Force field (millidynes A‘ )̂

Stretches 
/ b p  (see Table 2) 
/ b i  (see Table 2) 
/ pi =  1'21

Angle bends 
/iBi =  012  
/ip i =  0T8

see Table 2

Stretch-stretch interaction 
/ b i / b p  =  0  1 0  
/ b i / b i  =  0 41
/pi/pi =  0  06
/P I /B P  =  0 1 0

Bend-bend interactions 
/ iB I / lB l  =  —0 06
/ipi/iPi =  0 03
/ iP I /IP B  =  0 01
/XBI/IBP =  0 01

structural data, assum ptions were m ade as follows; 
(a) a  staggered ethane-like configuration (Cg« sym m etry) 
w as assum ed, w ith  all angles tetrahedral, and (b) B -I  
and P -I  bond lengths were taken as equal to  the values 
in  the parent com pounds (2T 0 and 2 47 Â , respect
ively) ; th e P~B  bond length  was taken to  be 2-20 Â 
(estim ated from th e sum  of th e Pauling covalent radii). 
T he P -I  stretching and bending force constants were 
taken d irectly  from th e values for Pig.® This part of 
the com plex is exp ected  to  undergo relatively  little 
change of geom etry upon com plex-form ation, the bond 
angle being 102° in P ig  itself. The change in the 
geom etry of B ig  is m ore drastic, from planar {sp^) in 
B ig to  tetrahedral (s/>®) in  the com plex. I t  has also 
been estabhshed th a t the B - F  bond in am ine-boron  
trifluoride com plexes is longer than  in the parent BFg, 
and th a t th is is due to  a  decrease in double-bond  
character. Such an effect w ould be considerably smaller

T. Wentinck and V. H. Tiensuu, J . Chem. P hys., 1958, 28,
826.

S. M. Swingle, personal communication in P. W. Allen and 
L. E. Sutton, A cta Cry st., 1950, 3, 46.

S. Geller and J. L. Hoard, A cta Cryst., 1951, 4, 399.
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in B ig com plexes b ut m ay still be appreciable. Other 
recent spectroscopic studies on am ine-boron trihalide 
complexes showed th a t the antisym m etric B - X  stretching  
frequency is reduced on com plex-form ation. Accord
ingly, the B - I  stretching force constant has been given  
the value 1*50 m illidynes per Â  (as against 1-88 m illi- 
dynes/Â for B ig  itself i®). The greatest uncertainties in 
the force constants m ust lie in the P -B  stretching and 
IPB and IB P  angle bending values. Sets of frequencies 
have been com puted for different com binations of these  
(assumed) force constants, and these are listed  (together

J. Chem. Soc. (A), 1966
favour the force field given  in  colum n 11. The good  
agreem ent obtained w ith  this force field for the observed  
low -frequency bands (38 and 45 cm."^) strongly suggests  
th at these are fundam entals rather than lattice  
vibrations. H ow ever, several of the low-frequency  
bands show  fine spHtting under the high-resolution  
conditions used, and it  seem s very  probable th at these  
are due to  crystal la ttice effects.

T he rem aining observed bands, excep t for the 367w  
and 327m bands, are satisfactorily  explained as binary  
com bination bands. The bands at 367 and 327 cm."^

T a b l e  2

Com puted fundam ental frequencies (cm. )̂ and potential-energy d istribution for P i g , B i g

/p_B (millidynes 
/b-t "

1 2 3 4 5 6 7 8 9 1 0 1 1

Â-Ï) 2 -0 Ô 
1 60

2  0 0  

188
1 50 
1 8 8

L50 
1 8 8

1 0 0  

1 - 8 8

1 - 0 0

1 - 8 8

1 - 0 0

1-70
1-60
1-70

2-50
1 - 8 8

2 - 0 0
1 - 2 0

1 - 0 0

1-50
Potential-energy 

Obsd. Species distribution
0 1 0 0  1 0 0  1 0 0 15 0-15 0 - 1 0 0 15 0 - 1 0 0-15 0 - 1 0 0-15 (%)

616 678 678 705 704 678 677 649 705 562 645 647 E 6 6  BI str, 10 BI def, 
15 IBP def, 8  IPB def

708 721 647 662 583 566 575 656 801 699 566 550 A y 51 PB str, 21 BI str, 
17 IBP def, 11 IB l def

367 368 368 377 377 368 375 368 377 364 374 379 E 8  BI str, 65 PI str, 16 
IP l def, 7 IPB def

310 319 315 326 317 307 315 313 333 303 313 303 A y 12 PB str, 13 BI str, 20 
PI str, 16 IPB def, 24 
IP l def

147 150 149 151 148 145 146 147 155 143 144 128 A y 13 PB str, 28 BI str, 44 
PI str. 9 IBP def

99 1 0 0 99 107 106 98 106 99 108 99 106 117 A y 26 PI str, 11 IB l def, 
16 IPB def, 20 IBP  
def, 20 IP l def

92 96 96 99 99 96 97 94 99 87 . 94 95* E 44 BI str, 13 PI str, 18 
IB l def, 9 IPB def, 9 
IB P def

8 6 8 6 8 6 87 87 8 6 87 8 6 87 8 6 87 84 E 19 PI str, 24 IB l def, 
46 IP l def

65 6 6 6 6 72 72 6 6 72 6 6 72 65 72 76* E 11 IB l def, 15 IPB def, 
22 IBP def, 49 IP l def

37 37 37 45 45 37 45 37 45 37 45 45 E 58 IPB def, 42 IB P def
30 31 30 41 40 30 40 

* Average values;

30 41 

see Table 1.

30 40 38 A y 8  PB str, 36 IB l def, 
49 IBP def

with observed frequencies) in Table 2. I t  can be seen  
that the best fit to  the experim ental d ata  w as obtained  
using a force constant for th e P -B  bond stretching of 
10 m illidyne/Â  (column 11). Most of the calculated  
frequencies agree w ell w ith  the observed values for all 
the sets of force constants, and adjustm ents were 
necessary on ly  to  bring the tw o highest frequencies in to  
agreement. I t  can be seen from Table 2 (column 10) 
that it is possible to  produce a plausible fit to  the  
observed data b y  using a very low  value for / b_i together 
with a value for A -n  of 2 0 m illidynes/Â . These values 
give rise to  a frequency of 562 cm .“̂  for the B - I  anti
symmetric stretch  w ith  th e P -B  stretch at 699 cm .“̂ . 
However, the low  value (1 20 m illidynes/Â ) required  
^or/s-i to  produce th is result seem s im probable, and w e

R. L. Amster and R. C. Taylor, Spectrochim. Acta, 1964, 20,
1487.

have been assigned as the ternary bands 2 x  128 -}- 
95 =  351 (B), and 2 x  95 -j- 128 =  318 [A^,E). Ferm i 
resonance w ith  th e adjacent E  and fundam entals 
accounts for their appreciable intensity.

T he vibrations have n o t been labelled in term s of 
specific distortions, as for m any of the bands this w ould  
b e quite m eaningless. Included in Table 2 are the  
potential-energy distributions, w hich show the m otions 
m aking the major contributions to  each m ode.

In  general, force constants can on ly  be used as a 
relative m easure of bond strengths in a series of sim ilar 
com plexes. In  the present situation  w e cannot m ake  
such com parisons, and an attem p t to  obtain  an order of 
m agnitude for the dissociation energy for the P -B  bond  
has been m ade. In  Figure 3 a p lot of bond-dissociation

J. A. Ladd, W. J. Orville-Thomas, and B. C. Cox, Spectro
chim. Acta, 1963, 19, 1911.
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energy against the stretching force constant for several 
halogens, hydrogen halides, and other diatom ic m olecules

S

'h c i

4 Hbr

3
ici

2

O
65432O

f  ( m i l l i d y n e s  A  ' )

F i g u r e  3  Plot of dissociation energy against force constant 
for various diatomic molecules

gives a roughly straight line. E xtrapolation  o f th is p lot 
to  1 0  m illidyne yields a value of 0-7 ev , or 16

899

kcal. m ole”̂ , for the dissociation energy of the P -B  bond, 
as defined b y  the h ypothetical process

PIs.BlaCg) ► Pl*(g) +  Bla(sp>)(g) '

Calorimetric (solution) m easurem ents on th is molecule 
are in  progress; however, the in stab ility  of the com
pound renders it  difficult to  envisage an y  m eans by  
w hich relevant therm odynam ic gas-phase d ata  could be 
obtained. H ence, direct evaluation  o f the dissociation  
energy is probably n ot feasible, and the approxim ate 
value quoted above rem ains the on ly  estim ate to  date. 
Later, a correlation betw een spectroscopic and thermo
chem ical param eters of th is and other m em bers of the 
general class P X 3 ,BXg w ill be attem pted.

W e thank  Dr. K . K . Sen G upta for a sam ple of 
and th e  U .S . Office o f N ava l R esearch for financial 
assistance. P art of th is w ork w as carried ou t in  the 
research program m e o f th e  N ational P hysical Laboratory.

R o y a l  H o l l o w a y  C o l l e g e , E n g l e f i e l d  G r e e n , S u r r e y .
(G. W. C.) N a t i o n a l  P h y s i c a l  L a b o r a t o r y ,

T e d d i n g t o n , M i d d l e s e x .
[6/042 Received, Janu ary  13/A, 1966]
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The vibrational spectrum of or/ho-phosphoric acid in  
som e non-aqueous solvents*

R . J . L e v e n e , !  D . B . P o w e l l J  a n d  D . S t e e l e §

{R eceived  8  F eb ru a ry  1966)

Abstract— T he infra-red spectrum  o f or/7iO-phosphoric and deutero or//io-phosphoric acids h ave  
been m easured in  acetonitrile, d ioxan, acetone and tetrahydrofuran. T he frequencies associated  
w ith  th e  sym m etric P — O and P = 0  stretching vibrations are observed to  m ove apart from  their  
observed frequencies in aqueous solutions. T he observed data  is show n to  be con sistent w ith  
accepted  values o f  force constants for P = 0  and P — O bonds. There is uncertain ty  in  the fre
quency o f  th e  low est e fundam ental.

T h e  p u b l i s h e d  lite ra tu r e  [1 -7 ]  o n  th e  in fra-red  a n d  R a m a n  sp ec tra  o f  ortho- 
p h o sp h o r ic  a c id  is  e n tire ly  r e s tr ic te d  to  sp ec tra  m ea su red  e ith er  in  th e  so lid  p h a se  
or in  a q u eo u s so lu tio n . X -r a y  s tu d ie s  [ 8 ] h a v e  sh o w n  th a t  in  th e  so lid  s ta te  th e  a c id  
e x is ts  in  th e  fo rm  o f  a  “ m acro” m o lecu le  in  w h ich  th e  in d iv id u a l P O 4  u n its  are  
b o u n d  to g e th e r  b y  h y d ro g en  b o n d s. W h ils t  th e  m acro  u n its  are b ro k en  u p  in  
aq u eo u s so lu t io n  h y d r o g en  b o n d in g  th ro u g h  th e  w a te r  m o lecu les  is  s t il l  a s stro n g , 
a n d  as ca n  b e  e x p e c te d , con sid erab le  v ib r a tio n a l fre q u en cy  sh ifts  from  th o se  
e x p e c te d  for  iso la te d  m o lecu les  are in  ev id e n c e  in  th e  in fra-red  a n d  R a m a n  sp ec tra . 
P r e v io u s ly  l i t t le  a llo w a n ce  h as b een  m a d e  for th is  e ffec t, e x c e p t  b y  C h a p m a n  et a l.
[9], w h e n  d iscu ss in g  th e  o b serv ed  sp ec tru m .

I d e a lly  o n e  w o u ld  s tu d y  th e  in fra -red  sp ec tr a  in  d ilu te  so lu tio n  u sin g  a  so lv e n t  
su ch  as carb on  te tra c h lo r id e  to  b reak  d o w n  th e  h y d r o g en  b o n d in g . U n fo r tu n a te ly  
o rth o p h o sp h o r ic  a c id  w a s fo u n d  to  b e  in so lu b le  in  carb on  te tra ch lo r id e , te tr a -  
ch lo r e th y len e  a n d  sim ilar  so lv e n ts . I t  w a s  so lu b le  h o w ev er  in  a ce to n itr ile , d io x a n , 
a c e to n e  a n d  te tra h y d r o fu ra n  an d  i t  ap p ears from  ou r r e su lts  th a t  th e  a c id  h y d ro g en  
b o n d s p re fe ren tia lly  to  th e  so lv e n t . T h e  o b ser v ed  v ib ra tio n a l fre q u en cy  sh ifts  for  
th e  o rth o p h o sp h o ric  a c id  a n d  i t s  d eu tero  a n a lo g u e  in d ic a te  ch an ges in  th e  stre n g th  
o f  th e  h y d r o g en  b o n d in g  to  th e  P O 4  grou p in gs. T h e  n u c lear  m a g n e tic  reson an ce  
sp ec tr a  o f  th e  so lu t io n s  confhm i th e  ch a n g es in  h y d r o g en  b o n d in g  stren g th s .

* Presented  in  part a t th e  8 th  European Congress on M olecular Spectroscopy, Copenlaagen. 
A ugust 1965.

f  D epartm ent o f  C hem istry, Sir John Cass College, Je-wry Street, L ondon, E .C .3.
X School o f  Chemical Sciences, U n iversity  o f  E a st A nglia, W ilberforce R oad , N orw ich.
§ D epartm ent o f  Chem istry, R oya l H ollow ay College, E nglefield  Green, Surrey.

[1] C. S. V e n i c a t e s w a k a n ,  P ro c . I n d ia n  A c a d . S o i. 3A, 25 (1936).
[2] A . S im o n  and F. F e h e r ,  Z. A n o rg . CJiem. 230, 289 (1937).
[3] A . SrMON and G . S c h u l z e ,  Z. A n o rg . C h em . 242, 313 (1939).
[4] J . P . M a t h i e u  and J . J a c q u e s ,  C onip t. R e n d .  215, 346 (1942).
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[7] A . C. C h a p m a n  and L . E . T h i r l v t : l l ,  S p e c tro c h im . A c ta  20, 937 (1964).
[8 ] S .  F u r b e r g ,  A c ta . C h em . S c a n d .  9 ,  1557 (1955).
[9] A . C. C h a p m a n , D . A . L o n g  and D . T. L . J o n e s ,  S p e c tro c h im . A c ta  21, 633 (1965).

5 2033



2034 R. J. L e v e n e ,  D. B. P o w e i x  and D. S t e e l b

I t  w o u ld  b e  e x p e c te d  th a t  th e  O H  stre tc h m g  fre q u en cy  w o u ld  b e  a ffec ted  m o st  
b y  h y d r o g en  b o n d in g , a s  i t  is  in  p h e n o ls  an d  a lco h o ls , a n d  i f  th e  b o n d m g  w ere  
b rok en  d ow n , a  sh ift  to  h igh er fre q u en cy  w o u ld  b e  e x p e c te d . S p ectra  w ere o b ta in ed  
b y  co m p en sa tin g  th e  a b so rp tio n  d u e  to  th e  so lv e n t , b u t  as a ll th e  so lv e n ts  s tu d ie d  
a b so rb ed  in  th e  reg ion  o f  rO H  n o  re lian ce  co u ld  b e  p la ce d  o n  th e  sp ec tra  o b ta in ed .

I t  w o u ld  a lso  b e  e x p e c te d  th a t  m o d es  to  w h ich  th e  P = 0  stre tc h in g  co n tr ib u tes  
a p p r ec ia b ly  sh o u ld  b e  a ffected , s in ce  th e  h y d r o g en  b o n d  to  th is  o x y g e n  a to m  w ill 
ca u se  an  e ffe c tiv e  d ecrease in  b o n d  order. T h u s, i f  th e  h yd i-ogen  b o n d in g  to  th e  
P = 0  is  red u ced  b y  d isso lv m g  th e  ac id  m  a  n o n -p o la r  so lv e n t  or b y  b o n d in g  p refer
e n t ia lly  to  a  d ifferen t accep to r  a  sh ift  in  fre q u en cy  is  e x p e c te d . D a a s c h  a n d  S m it h
[10 ] d ed u ced  from  stu d ie s  o f  th e  in fra -red  sp ec tr a  o f  o rgan op h osp h oru s co m p o u n d s  
t h a t  m  th e se  co m p o u n d s th e  P = 0  s tre tc liin g  fre q u en cy  is  r e la ted  to  th e  e lec tr o 
n e g a t iv it ie s  o f  th e  r e s t  o f  th e  grou p s o n  th e  P  a to m . I f  h y d r o g en  b o n d in g  w ere  
a b se n t  from  p h o sp h o r ic  a c id  o n e  w o u ld  e x p e c t  th e  r P = 0  to  b e  n ea r  t h a t  o f  r P = 0  
in  tr im e th y l p h o sp h a te  [10] (1275  cm “ i)  w h ereas C h a p m a n  a n d  T h i r l w e l l  [7] 
sh o w  i t  occurs a t  1165 cm “  ̂ in  a q u eo u s so lu tio n .

E x p e r i m e n t a l

Spectra*in th e  reg io n  4 0 0 0 -6 5 0  cm~^ w ere o b ta in ed  o n  a  H ilg er  H  900 sp ec tro m eter  
a n d  in  th e  reg io n  1 0 0 0 -2 5 0  cm~^ on  a  H ilg er  H  800 sp ec tro m eter . A b so r p tio n  d u e  
t o  so lv e n ts , w h ere  p o ss ib le , w a s co m p en sa te d  u s in g  a  v a r ia b le  p a th  le n g th  ce ll w ith  
K B r w in d o w s a n d  th e  sp ec tr u m  o f  th e  a q u e o u s ac id  w a s  o b ta in e d  b e tw e e n  Ir tra n s  
f la ts . ISnME. sp ec tra  w ere o b ta in ed  o n  a n  A E I  R S 2 .

R e s u l t s  a n d  D i s c u s s i o n

F ig u res  1 -3  sh o w  ex a m p les  o f  so m e o f  th e  sp ec tra  o b ta in e d  a n d  T a b le  1 l is ts  th e  
freq u en c ies  d u e  to  p h o sp h o r ic  a n d  d eu terop h osp h or ic  ac id  in  v a r io u s  so lv e n ts . T h e  
freq u en c ie s  d id  n o t  v a r y  w ith  th e  co n ce n tr a tio n  o f  th e  a c id  o v er  th e  co n cen tra tio n  
ra n g e  stu d ie d . I n  com p arison  w ith  th e  sp ec tru m  o f  th e  a q u e o u s so lu t io n  (F ig . 1) 
t h e  m o s t  s ig n ifica n t fea tu r e  is  th e  d isap p earan ce  o f  th e  1165 cm~^ b a n d  a n d  th e  
a p p ea ra n ce  o f  a  s tro n g  b a n d  arou n d  1240  cm~^. W e h a v e  a ss ig n e d  th is  fre q u en cy  
t o  th e  r P = 0  s tre tc h . I t  is  to  b e  n o tic e d  th a t  o n ly  th is  fre q u en cy  is  p a rticu la r ly  
s e n s it iv e  to  so lv e n t  e ffec ts , th e  fre q u en cy  b em g  h ig h e s t  in  a ce to n itr ile  w h ere  th e  
h y d r o g en  b o n d in g  is  e x p e c te d  t o  b e  le a s t . T h is  is  confii-m ed b y  th e  ISTMR m ea su re
m e n ts  (T ab le  2). A  sh arp  r ise  in  r  v a lu e s  is  o b ser v ed  in  g o in g  from  d io x a n  a n d  
a c e to n e  to  a ce to n itr ile . I n  th e  la t te r  so lv e n t  th e  s li ift  m o v e s  to  h ig h  fie ld  w ith  
in crea sin g  d ilu tio n . T h ese  r e su lts  are in  a cco rd  w ith  e x p e c ta t io n s  from  h y d ro g en  
b o n d in g  [11]. T h e  a b so rp tio n  p e a k  a t  a b o u t  1000 cm~^, a ss ig n e d  to  th e  a n t i
sy m m e tr ic  P — 0  stre tc h in g  m o d e  o f  th e  E  c la ss , occu rs a t  th e  sa m e fr e q u e n c y  in  
a q u e o u s so lu tio n . W e  h a v e  a ssig n ed  th e  876  cm~^ a b so rp tio n  p e a k  t o  th e  sy m 
m etr ic a l P — 0  s tr e tc h  {A y  c la ss). T h ere are tw o  v ib ra tio n s  arou n d  500  cm~^ w h ich  
w e  h a v e  a ss ig n e d  to  b en d in g  m o d es , b u t  th e  E  c la ss  b en d in g  m o d e  w h ich  h a s  b een  
o b se r v e d  in  th e  R a m a n  sp ec tra  in  a q u eo u s so lu tio n  w a s n o t  o b ser v ed  in  th e  in fra-red

[10] L . W . D a a s c h  and  D . C. S m it h ,  A n a l.  C hem . 23, 853 (1951).
[11] J . A . PoPLE, W . G. ScHNEXDEB and H . J . B e r n s t e i n ,  H ig h  R eso lu tio n  N u clea r  M a g n e tic

R esonan ce S p e c tro sco p y , Chap. 15, M cGraw-H ill, N ew  Y ork (1959).
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Table 1. Calculated and observed frequencies o f  orthophosphoric acid  (in cm“ )̂

Calculated 

Set 1 Set 2 Acetonitrile

Solvent

Acetone
Tetrahydro

furan D ioxan
Aqueous®
Infra-red

Aqueous
Raman

DjPO^ in  
Acetonitrile

1287 1278 1242 s 1235 s 1220 s 1227 s 1165 vs 1190 wp 1240 s
791 836 876 m 880 m 870 m ____6 885 w 890 sp 850 sh
550 527 513 w 500 w 514 w 517 w — 600 wp 500 w vb
911 1010 1000 vs 1002 vs 1000 vs 998 vs 1007 vs 1008 w 1000 vs
534 532 492 w 493 w 494 w 497 w — 390 w 500 wvb
510 484 — — __c — — 345 w —

Abbreviations: s. strong, vs. very strong, m. m edium , w. weak, sh. shoulder, p. polarized, vb. very broad  
® Bands also observed in the infra-red at 1250 sh, 1070 w  and in the Raman at 1060 wp. Assignments o f these 

frequencies have been m ade b y  Chapmak and Thtrlweij:, [7].
** A  very sharp band a t 827 cm ~i was observed, but due to  very strong solvent absorption around 880 cm“  ̂

assignm ent o f this frequency was not attem pted.
® An absorption at 385 cm“i  was observed at 50 per cent concentration o f H3PO4 .

T able 2. NI\IR R esu lts proton chem ical sh ifts

T values
Solvent cone. (I) cone. (2 )

A cetonitrile +  1  2 2 +  1 99
D ioxan -  0  1 1

A cetone -  0-15

T he concentration o f  orthophosphoric acid  in  (1) w as tw ice  
th a t  in  (2 ).
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T able 3

V alue in  m .d yn /A  

Force con stan t Set 1 Set 2 Constraints

A  ( P = 0 )  9 2 8 2
Sr  (P— O) 4.31 4-9 frp  = f R f i  = f n x '

In teraction  / ™ = / « . = / « r  =  0
In teraction

fa  T  ̂ 0 9 0 9Y  In teraction  _ _
Jra —  0 2

sp ec tr u m  o f  th e  ac id  in  th e  so lv e n ts  u sed . A  v e r y  w ea k  ab so rp tio n  p ea k  a t  385 cm~^ 
in  te tra h y d ro fu ra n  so lu tio n  m a y  b e d u e  to  th is  v ib ra tio n .

T h e  freq u en c ie s  w ere  ca lcu la ted  u sin g  th e  W ilso n  G .F .  m a tr ix  m e th o d  ; w e  
c a lc u la te d  th e  (z -m atrix  from  first p rin cip les a ssu m in g  a  sy m m e tr y  for  th e  
m o lecu le  (F ig . 4) a n d  th is  w a s in  ag reem en t w ith  th e  (r-m atrix  ca lcu la ted  b y  Lo])fG 
a n d  T h o m a s  [12] for a  m o lecu le  ty p e  M X gY . F o r  our p u rp oses w e  a ssu m ed  th e  O H  
grou p  to  b e  a  s in g le  u n it  o f  m a ss 17, a s th is  s im p lifies th e  p ro b lem  co n sid era b ly  a n d  
a s w e  w ere n o t  ab le  a n y w a y  to  o b serv e  th e  O H  stre tc h m g  fre q u en cy  for  reason s  
e x p la in e d  a b o v e . T h e  v a lu e s  o f  th e  F -m a tr ix  e le m e n ts  t h a t  w e  to o k  are ta b u la te d  
in  T a b le  3 a n d  th e  p rob lem  w a s so lv e d  u sin g  sy m m e tr y  co -o rd in a tes  b y  e v a lu a tin g  
U G U +  a n d  U F U '^  u s in g  a  [ /-m a tr ix  d u e  t o  L o n g  [13] (T ab le  4). T h e  co m p u ted  
freq u en c ie s  are g iv e n  in  T a b le  1. F ro m  th e  e q u a tio n  ^  =  AA i t  w a s o b v io u s
from  th e  coeffic ien ts o f  th e  A / ’s th a t  cer ta in  freq u en cies w ere a ffec ted  p r in c ip a lly  
b y  v a r y m g  certa in  force co n sta n ts . U tiliz in g  th e se  p rm cip a l ter m s a  n e w  se t  o f  
force  c o n s ta n ts  w a s ch o sen  to  t r y  to  im p r o v e  th e  fit  b e tw e e n  o b serv ed  an d  ca lcu la ted  
freq u en cies . W ith  t in s  in  m in d  th e  force constant/j.^  w a s in tro d u ced  in to  th e  p rob lem . 
T h is  is  a n  a n g le  b e n d /o p p o s ite  b o n d  s tre tc h  in te r a c tio n  force c o n s ta n t  ( th e  u m b rella

T able 4

[/-M atrix

i ?2 jR g  r  R a^  P « 3  R ^ i R 2̂

^ 3
— 1 — 1 — 1 — 1 — 1 — 1

“  ~  “ V 6 V 6 V 6 V 6 V 6 " V 6

 ̂ V 6 v'6

s  —  —  —  _ _
® V 6  V 6  V 6

s —  - - - - - -  - L . S Z }  : z l
® v' 6 V 6  V 6

[12] D . A . L o n g  and A . G. T h o m a s , P ro c . R o y . Soc. (London) 223A, 130 (1954).
[13] D . A . L o n g ,  P ro c . R o y . Soc . {L on don )  217A, 203 (1953).
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Table 5

AAi =  0-084AA -  0 043AA^ +  0 040AA^ +  0 016A /^  +  0 0 3 2 A /^  +  0-06lA /« +  0 -0 6 lA /j
AAs =  0-008AA -  0'023AA_R +  0 038AA^ +  0-052A/^ +  0-102A /^ ^  +  0-002A/a +  0 002A / ,
AAg =  0-003AA -  O OOSAAiü +  0 018AA^ +  0-002A /j . +  0-004A /^^ -f 0-08lA /« +  0-081A f p

AA4 =  0-364AA^ +  0-088A/^ -  0-088A /^^ +  O-IOIA/» +  0-088A/^
AAg =  -  0-006AAjs +  O-OOlA/jj -  O-OOIA/^^ +  0-119A/a +  O.OGOA/^
AAg =  -  0 IIOAA^ +  0-014A/^ -  0-014A/^j^ -f 0 03 2 A /. +  0-084A

co n sta n t)  a n d  h a s b een  sh o w n  b y  A ld o u s  a n d  JM tlls [14] to  b e  v e r y  im p o r ta n t in  
m o lecu les  o f  sy m m e tr y . W ith  th is  n ew  se t  a n  im p r o v ed  f it  w a s  o b ta in ed  (T ab le  
1), b u t  w ith  th e  s ix th  fre q u en cy  s t il l  far from  th e  v a lu e  o b serv ed  in  th e  a q u e o u s  
so lu tio n . T o  force a  fit  t o  th is  v a lu e  w o u ld  n e e d  u n r ea lis tic  v a lu e s  o f  th e  force  
co n sta n ts . T h e  m o d e  a sso c ia ted  p rim a rily  w ith  th e  P = 0  v ib ra tio n  is  s t ill  ca lcu la ted  
36 cm~^ h ig h  com p ared  w ith  i t s  v a lu e  in  a ce to n itr ile . H o w e v e r  B e l l a m y  a n d  
co-w ork ers [15] h a v e  sh o w n  th a t  th e  P = 0  m o d e  o f  (C H 3)gH P 0 is  v e r y  se n s it iv e  t o  
so lv e n t  e ffec ts  a n d  is  32 cm~^ low er  in  a ce to n itr ile  th a n  in  v a p o u r  p h a se  (1257 cm~^ 
cf. 1289 cm ~ i).

I t  ap p ears p o ssib le  from  ou r o b serv ed  a n d  c a lcu la ted  freq u en cie s  t h a t  th e  s ix th  
fre q u en cy  m ig h t  occu r arou n d  500 cm~^ a n d  m a y  b e  a c c id e n ta lly  c o in c id e n t w ith  
on e o f  th e  o th e r  v ib ra tio n s  n ear th is  freq u en cy . T h e  s e t  o f  s im u lta n eo u s e q u a tio n s  
o b ta in ed  from  th e  seco n d  s e t  o f  force c o n s ta n t  are l is te d  in  T a b le  5, in d ic a t in g  th e  
d ep en d en ce  o f  th e  freq u en cies  o n  th e  p a rticu la r  force co n sta n ts .

T h e  force c o n sta n ts  w e  o b ta in ed , p a rticu la r ly  th e  v a lu e s  o f  /p = o  / p _ o  (8-2  
an d  4-9 m d y n /Â ), w ere  in  fa ir  ag reem en t w ith  th o se  ca lc u la te d  b y  C hap m an  et a l. 
[9] u s in g  C ru ik sh an k s’ m e th o d  o f  r e la tin g  force  co n sta n ts  to  b o n d  order. T h e  fo rc e  
co n sta n ts  are, o f  course, v e r y  a p p r o x im a te , b u t  th e y  sh o w  t h a t  in  th e  p h osp h or ic  
ac id s th e  P — 0  force c o n s ta n ts  are in  rea so n a b le  ag reem en t w ith  th o se  d ed u c ed  
p r e v io u s ly  for o th e r  sy s te m s  c o n ta in in g  P — 0  a n d  P = 0  b o n d s. I t  is  con firm ed  
t h a t  th e  u n u su a l v a lu e s  o f  C hap m an  et a l. d ed u ced  from  d a ta  o n  a q u e o u s so lu t io n s  
are d u e  to  h y d r o g en  b o n d in g  d e str o y in g  th e  d is t in c tio n  b e tw e e n  th e  b o n d s.

A cknow ledgem en ts— W e are grateful to  D r. R . F . M. W h i t e  o f Sir Joh n  Cass College for m easur
ing th e  NIVIR spectra and to  th e  GLC for providing a research assis tantsh ip  for one o f  us (R .J .L .).

[14] J . A l d o u s  and I . M. M i l l s ,  S p ectroch im . A c ta  1 9 ,  1567 (1963).
[15] L . J . B e l l a m y ,  C. P . C o n d u i t ,  R . J . P a c e  and R . L . W i l l i a m s ,  T ra n s . F a ra d a y  S oc . 55, 

1677 (1959).
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JO U R N A L  OF M OLECU LA R SPECTRO SCOPY  16, 103-114 (1965)

The V i b r a t io n a l  S p e c t r a  o f  C o m p o u n d s  
C o n t a i n i n g  The D i m e t h y l a m i n o  G r o u p i n g

P a r t  I. D imethylomine a n d  T etrak is -d im ethy lam ino  Diboron

A. F i .n c h , I. J. H y a m s , AND D . S t e e l e

D eparlmcnt o f  C’hcntislry, Royal  Holloway College, Universi ly  o f  London ,  London ,  E ng land

T he vibrational frequencies and approxim ate m odes of d in iethylam ine have  
been comput ed using the technicjue of K ing and Crawford. It is shown that the  
band at 724 cni~^ is due to the sym m etric— not the an tisym m etric-N H  deform a
tion . T he elTect of increasing the m ass of the am ine hydrogen atom  through  
the range 1 to ItX) amu is explored and the results used to reinterpret the sp ec
trum  of tetra-k is d im ethylam ino diboron.

IN T R O D U C T IO N

W hen assigning (lie spectrum  of a com plex m olecule it is im portant to take  
in to  consideration the degree of coupling betw een vibrations. In an y  particular 
case, say  R — Y ,  certain vibrations of R  w ill be h ighly sensitive to the effective  
m ass of atom  or group Y .  It m ay occur th a t as the m ass alters th e frequency  
of these v ibrations m ay or m ay not alter considerably. W hat is m ost im portant, 
how ever, is that a vibrational frequency that originally applied to  an R — Y  

stretch  m ay now refer to  another stretching or even deform ation vibration . A 
sa iisfactory  answer m ay be had by so lv ing  the com plete secular equation, though  
in large m olecules th is is often not practical. If a m ore approxim ate answer is 
sought the m olecules m ay be considered as a fram ework to w hich groups of point 
m ass arc attached  ( i ) .  T h is treat merit certainly provides useful results but errone
ous conclusions are often m ade when assigning those vibrations that are not isolated  
to the group or fram ework. A ccount of such vibrations m ay be taken by use of a 
m ethod  developed b y K in g  and Crawford ( 2 )  w ho h ave shown how  9  and 
m atrices m ay be reduced b y  factoring off m odes w hich are characteristic of a 
group. T h e m ethyl group has been discussed in detail. T w o of the C— H  d e
form ation  m odes and the C— H  stretching vibrations are factored ou t leaving  
only  tw o degenerate deform ation m odes and the C— A" stretching vibration to be 
considered, X  being th e atom  or group attached  to the C H ,,.

T h e follow ing work is concerned w ith th e d im ethylam ino group attached  to an 
atom  or group of varying m ass. A  com parison for each frequency of the potentia l 
energy d istribution  g ives an im m ediate picture of how the type of vibration and

103
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extent of coupling varies w ith  the m ass. T h e ex ten t of th e agreem ent between  
calculated frequencies of d im cthylam ine and the observed values w ill serve as a 
test both for th e va lid ity  of the assignm ent and the usefulness of th e m odel.

D ISC U SSIO N

Spectroscopic and electron diffraction stud ies of am m onia, d in iethylam ine, and 
trim ethylam ine have indicated a pyram idal structure (1, 3 -6 ) .  I t  w ould, there
fore, seem  reasonable to expect th is structure to be retained for (C H J a N — A' 
d erivatives so long as th e X  retains its trigonal form . T h e calcu lations have been 
based upon Ch sym m etry (F igure 1 ) , and even though, for steric reasons, the 
m olecule m ay be slightly  displaced from  th is configuration, th e results are ex
pected  to suffer little  alteration.

K ing and Crawford have shown that the four internal vibrations of the m ethyl 
group are little  affected b y  the character of th e m olecular fram ework and can
therefore be separated from  th e rem ainder of the vibrational problem . I'or
m ethyls attached  to a liphatic su b stitu en ts th ese  h ave th e frequencies 2932 
c n K ^ A i) , 3051 c m ~ \ E ) ,  1451 c m ~ \ E ) ,  and 1378 cm “\ A i ) ,  if w e em ploy the 
sam e force con stants as do K ing and Crawford. T h e sym m etries shown in paren
theses assum e C%v m olecular sym m etry.

T h e inverse k inetic energy m atrix in sym m etry  coordinates g  and th e corre
sponding force constant m atrix ff, were constructed from  the follow ing rela
tionships :

J  =  C F  C t, (1 )

S = C C C t ,  (2)

w here U  is defined as

,8 =  C F  (3 )

and C f  is the transpose of U .

S  is the m atrix of sym m etry  coordinates and R  th e  corresponding m atrix for 
th e  internal coordinates.

9  and are given  in T ables I and II , resp ectively . T h e force con stants listed  
in T ab le I I  w ere taken from th e literature as w ere th e  m olecular jjarameters 
in Fig. 1. B y  allow ing X  to take on th e  m asses 1, 2, 5, 10, 20, and 100 m ost 
of th e  im portant su b stitu en ts are covered. T h e effect of d ev ia tion s of the X — A" 
force con stant from the assum ed X — H  va lu e w ill in general b e sm all and pre
d ictable. F actorization  of th e characteristic m eth y l m odes from  th e  com plete  
problem  is effected b y  corrections to  9  and ff. F ollow in g  K in g  and Crawford 9^  
and ff"*" w ill be used to represent 9  and in reduced form . T h e relationship  bo-
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T A B L E  II
F o i k 'E C o n s t a n t  jM a t i î i c e s  a n d  S y m m e t r y  C o -o h d i n a t e s

tfi;i.l4 =  fd  4- fdd fflô.lô =  fy  4- fyy' fa  = 0 . ( ) 1  mdyiis,A^
T 1 ;i. 14 — " \/ 2fd R O' 1 a . 1 6 =  \ 7 2 fyy  ' fd  =  4.6 n id y n s /A
tfi.'I.lS =  /(/-> +  Jd'y 3'lG.lO =  f y ’ f i i  - 6.2 m dyns/A ^
3̂ 13.16 =  y / 2 Jd'y T|9.19 =  fd  — fdd fid  -  0.64 m d y n s /A
U 1 4 .14 ~  f  R Î 1 9 .2O =  f d ’y — fdy fdR  =  0 . 1  m dyns/Â ^
TI 4 .1.5 =  v / 2 f  Ry T 2 0.2 0 — fy  ~  fyy fy  =  0.45 m d y n s /A
3" 14,16 =  J r fy  =  0.31 m d y n s /A k
3"17,17 =  TlS.is =  a 2 | . 211 =  T 22.22 =  /tf — fdfi • o d io rs  zero

Si:i — (1/\ / 2 ) (A(/| +  Ad-i)
Su = A/̂
Sis = (f//\/2 ) (A7 1  +  Ay-:)
Si G = dAyî
Si 7 =  ( (■/- \ / Ï 2  ) (2A /31 +  A^i +  A/3.-1 +  2A0^ +  A0h +  A ^f,)

S is  =  (>'/2) (Adî  — A(3;{ — A d 5 T" A/3fi)

Si 9 = ( l / \ / 2)(Ad i — Adi)
5 20 =  (A 71 — A 72)
5 21 =  (î’/ ' \ / l 2) (2A/3i +  A 2̂ 4" Ajâs — 2A .̂i — Aj3r, — A/3g)
5 22 =  ( ' ' /2) (A 2̂ — A/3,3 4" A ^ s A ^g)

R = I.O IA  r = 1 .0 8 A  

d = 1 .4 6 Â

a  = /3 = y  = 1 0 9 °2 8 '

F i g . 1

tw een  3̂  and is particularly sim ple:

(3"''’)i4,i4 =  J n - x  —  0 .06 =  (T) 14,14 — 0.06,

(3 '^ )l7 .17  =  (:4'^)i8,1S =  ( 5 ^ ) 21,21 =  (0 ' ’̂ )22,22

=  //3 — 4“ 0.08 =  (i? )i7,i7 +  0 .08, etc.

lu  9 ^ th e corrections take the form of changes to  th e effective m asses of the  
m oving atom s. T h ese changes are nonisotropic. E xcluding th e m eth y l rocking  
coordinate the correction changes the effective reciprocal carbon m ass along the  
Csv axis ( d c )  of the m ethyl group to 0.0676 amiE^ and along the perpendicular 
axes ( d e l ’' )  to 0 .0727 am u“\  For th e m eth y l rocking m odes d c  takes on the
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d o "  v a lu e  a b o v e  a n d

d n ^  =  0.73G1 +  0.790a -  0.014a

where a is the ratio of the C H  bond length  to the C— N  bond lengt h. Off-diagonal 
9"̂  elem ents are com puted from Eqs. (2 0 ) and (3 3 ) in R eference 6 .

T h e solution  of the secular equation:

9+3+JE+ -  f+ A +  =  0

w as achieved  using a Ferranti A tlas com puter.
T h e eigenvector m atrix is related to the norm al coordinate m atrix and

m atrix S  previously defined by

S  =  eigenvalues Xi • • • X„ . (4 )

A”̂  is the diagonal m atrix of the noncharacteristic eigenvalues.
In order to interpret a particular m ode in term s of th e fam iliar bond stretch  

or deform ation  vibration  it was decided to follow  the m ethod used b y XIorino 
and K uchitsu  (7 )  by determ ining how  the potential energy is d istributed  am ong  
the sym m etry  coordinates.

T ab le I I I  lists the valu es for £ % £  in percentage form . S ince 3"̂  is essentia lly  
diagonal on ly  th e term s (T"^),• ,,(£ ) /,„  have been evaluated .

R E SU L T S

It is im m ediately  obvious from T able III  th a t som e frecpiencies w ill remain 
constant for any su bstitu tion . T w o of the three m eth y l rocking m odes in par
ticular remain very pure and (juite constant in frequency. In  fact th e A "  rocking  
m odes alter less than 1 cm."^ for an increase 4/^ from 5 to 100 am u. T h e a n ti
sym m etric C X  stretch also show s this marked independence of . T h e sm all 
sh ifts w hich do occur are all in the sense expected  for sm all k inetic in teractions 
w ith the deform ation m ode and are in com plete agreem ent w ith  the interpolation  
rules. T h e lower frequency A '  rock is extrem ely m ass sensitive and for >  5 
the m ode is strongly m ixed w ith C X  and X X  stretching m odes. T h e higher 
frecpiency rock vibration is very  constant in freciuency, dropping m onotonically  
from  1220 cm “  ̂ for 4 /x  =  1 to 1210 cnC' for 4/^ =  100. R ather surprisingly the  
principal m ixing of th e  X — X  stretch  occurs w ith  one of th e jS m odes. For large 
m asses the tw o v ib rations becom e indistinguishable.

IH M E T H Y L A M IN E

Com parison of these results for d im cth ylam in e w ith  a previous assignm ent 
( 8 )  show s that lit tle alt erat ion is required (see  T able IX^). T h e A '  band calculated  
at 1226 cm “ ‘ is observed a t 1245 cm “  ̂ and is m ainly a m eth y l deform ation. T he  
N — H  stretch  calcu lated  at. 3349 cm~* is observed at 3355 cm \  T h e bands 
assigned to the A '  and A "  C X  stretch  and A '  CgX deform ation at 930, 1024, and



T A B L E  III  
D i s t r i b u t i o n  o f  P o t e n t i a l  ICn e r o y

M uss: 1 anm

Vibration Freq 
(cm ‘) ................. 3349 1227 1159 967 796.5 388 1390 1157 1048 982

CN 1 17 3 68 0 5 0 33 9 60
N X 99 0 0 0 0 0
C N N 0 5 4 3 88 1 100 6 0 0
CNC 0 4 1 2 1 92
H CN 0 1 88 9 2 1 0 1 68 25
H CN 0 73 3 18 8 2 0 60 23 15

Mtiss : 2 amu

Vibration Freq. 
(cm"')................. 2462 1220 1133 965 618 384 1162 1060 1010 981

CN 0 17 2 70 2 5 30 9 5 57
N X 98 1 2 0 0 0
C N X 0 3 2 1 90 2 2 22 74 3
C N C 0 5 1 2 3 90
H C N 2 0 91 7 2 0 5 67 7 28
H C N 0 74 2 21 3 3 63 1 15 12

M ass :: 5 amu

Vibration Freq. 
(cm"')................... 1768 1215 1057 958 477 369.5 1160 1051 983 736

CN 2 14 0 74 5 4 31 9 60 0
N X 85 3 13 1 6 0
C N X 1 3 0 0 71 17 0 0 0 100
CN C 1 5 0 2 16 75
H C N 11 0 87 1 1 0 6 70 25 0
H C N 0 75 0 22 1 4 63 21 15 0

M ass : 10 amu

Vibration Freq. 
(cm"*)................... 1528 1213 987 907 429 349 1160 1051 983 614

CN 5 12 29 40 1 3 31 9 60 0
N X 64 0 9 27 2 0
C N X 1 3 0 0 50 46 0 0 0 100
CN C 2 4 0 1 46 47
H C N 27 2 51 23 0 0 6 70 25 0
H C N 0 78 12 8 0 5 63 21 15 0

M ass: 20 amu

Vibration Freq. 
(cm"')................... 1432 1211 975 791 402 310 1160 1051 983 543

CN 8 11 51 17 2 1 31 9 60 0
N X 46 0 3 48 3 1
C N X 1 3 0 2 17 77 0 0 0 100
C N C 3 4 1 0 77 16
H C N 41 4 27 31 0 0 6 70 25 0
H C N 0 78 18 2 0 4 63 21 15 0
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T A B L E  II I— Conlinued

109

M ass: 100 amu

Vibration I'Acq. 
(nn"')................ 1.176 1210 972 643 379 234 1160 1050 983 478

C N 4 13 (35 13 2 1 31 9 60 0
N X 31 (3 1 49 5 11
C N X 1 3 0 12 0 82 0 0 0 100
C N C 3 3 1 1 90 3
H C N 49 5 17 24 0 0 (3 70 25 0
H C N 1 70 1(3 1 2 3 (33 21 15 0

T A B L E  IV 
D i m e t u y l a m i n e

S p lits into 1150 and 1178 
{‘m“ * in solid  

W eak in infrared m e
dium  Raman

M oves to 882 in solid

OI)served 
in gas

Fundamental frequencies

Assignment Calc.

3355 cm ' A '  N H  stretch 3349 (
2967 .1" (149(3 +  146(3) or CH stretch
2912 .4" CH stretch
2855 .4 ' CH S t retell
2802 .4' (2 X  1404) or CH stretch
1496 A "  CHg deform ation

|l4 5 1
14(36 .1 ' CH:, deform ation
1404 .4' CHs deform ation 1378
1245 .4' C H g deform ation 1227
1155 A ' and A "  CH:, deform ation 1159,

1157
1078 .4" CH:, deform ation 1048

1024 .4 " C N  stretch 982
930 .4 ' C N  stretch 9(37
724 .4' N — H deform ation 797
397 .4' C jN  deform ation 388
290 CH., tw istin g
250 CH., tw istin g

397 c n r '  agree well w ith  the calcu lations. T h e band centered at 1155 cm"' appears 
to be com plex. From  the calcu lations it appears th at tw o vibrations m ust be 
assigned to th is band: the A '  and A "  CH» deform ations th a t are calculated at 
1159 and 1157 cm "', respectively . In order to  verify  th is, the low  tem perature  
work of S tew art ( 9 )  w as repeated using a sim ilar cell. T o be certain that the  
sam ple of d in iethylam in e w as in a crystalline form it w as annealed b y perm itting  
the tem perature to rise to about tw en ty  or th irty  degrees below  the m elting
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p oint and then  slow ly cooled to — 196°. T h e process w as repeated until the 
spectrum  rem ained unchanged. T h e spectrum  obtained agreed w ith  th at re
ported previously. T h e salient features of th is work are as follow s: ( f)  T h e band  
observed a t 1155 cm"' in the gas sp lits in to  tw o in the solid, one at 1150 and tlie 
other a t 1175 cm"'. T he failure to observe sp litting  in other bands indicates that 
these com ponents m ust result from the tw o vibrations previously m entioned  
and are not crystal sp littings. ( / / )  T h e band at 724 cm"' in the gas m oves to 882 
cm "' in the solid. Such a large shift w ould be expected  if, as appears quite reason
able, th is band is an N — H  deform ation pushed to higher frequencies in the solid 
b y  hydrogen bonding. Previously  ( 8 )  th is band w as assigned to the an tisym 
m etric N — H  deform ation; how ever the calculations lead to an unecpiivocal 
assignm ent in the A '  class. T h e A "  N — H  deform ation m ode is calculated at 
1390 cm"' and is probably one of the bands in the 1400-cm "' region. I t  m ight 
w ell be the band observed at 1430 cm"' in the solid though it is difficult to under
stand  w hy a sh ift equivalent to  th a t for the A "  band is not; observed, and this 
peak could therefore equally w ell belong to one of the m eth y l deform ation m odes.

T h e on ly  band not characteristic of th e CH;, group w hich now rem ains to be 
assigned is the one calculated at 1048 cm"'. X o  band was observed in this region 
by Barcelo and B ellanto ( 8 )  but other w oikers have seen a w eak absorption near 
here ( 1 0 )  and a band of m edium  in ten sity  is observed in the R am an ( 1 1 ) at 
1078 cm"'. T h is band is a m ethyl deform ation vibration  of th e A "  class. T he  
selection rules lead one to expect th is v ibration  to be both  R am an and infrared 
active. It is difffcult to see w hy this band does not appear m ore strongly  in the 
infrared.

A part from  the low frequency CHa tw istin g  m ode the rem aining vibrations  
are characteristic of the m ethyl group. For standard CH;,X m olecules they  
h ave been calcu lated  at 2932 and 3051 cm"' for the sym m etric and degenerate 
stretch ing vibrations, respectively  ( 6 )  and at 1378 and 1451 for the m ethyl 
deform ations w hich beong to the sym m et ric and degenerate classes, respect ively. 
T h e deform ation vibrations were observed as strong bands w ith  peaks at 1404, 
1466, and 1496 cm"'. T h e low  frequency band is p iob ab ly  the sym m etric v iln a -  
tion and th e tw o at higlier frequencies are the com ponents of the degenerate  
vibration  split b y  the lower sym m etry  of d in iethylam ine. T h e discrepancies 
betw een  the observed and calculated frequencies of th e C X  stretch ing vibrations  
were used to derive im proved values of /c n  and /cn /cn  • T h is is just ifiable on 
account of the high percentage purity  of the m odes (68  and 60% ) and because 
the principal m ixing is w ith  CHy m odes for w hich the force con stants are com 
p aratively  reliable. From  £^AT£ =  AA, A/cn and A /cn/cn were derived to be 
0.05 and 0.61 m d y n /Â  leading to /cN  =  4.65 m d y n /A  a n d /c n /cn  =  1.25 m d yn /A . 
T h is va lu e of the interaction constant is som ew hat higher than  a previous 
estim ate.
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TITPRAKIS (D IM E T H Y L A M IN O ) D I BO RON B ffN (C H O ,],

T h is com pound has been studied by Becher e t  a l .  ( 1 2 )  in the infrared and  
R am an, On steric grounds the overall sym m etry  is not expected to be above , 
and com parison of the infrared and R am an indicates that the effective sym m etry  
is not lower.

V arying degrees of approxim ation can be em ployed in interpreting the spectra  
of th is m olecule. Becher discusses the BoXT skeleton  vibrations in som e detail. 
T h is still leaves undecided the degree of coupling betw een the d im ethylam ino  
group and the skeleton. T o determ ine the extent of this w e m ay consider the  
spect ra in the light of the previous calculât ions. T he effective m ass of the skeleton  
attached  to the — XR0113)2 group must be greater than 11 am u but it is unlikely  
to exceed 20 am u. This would lead us to an tic ip ate the fundam entals in the range 

OH;; rocking m odes 1220-1200 cm"'
Cdl;, rocking m odes A "  ca. 1100 and ca. 10.10 cnV'
CH;i um brella m ode A '  and A "  1.378 cm"'
CH;; an tisym m etric deform ation A '  and A "  14.10 cm"'
C X C  defoi-juat ion .4  ̂ 430-400  cm"'
C X B  deform ation A '  3.10-310 cm "’
C X B  deform ation A "  000-140  cm"'
CH;; rocking m ode 1.100-1400 cm"'
C X  stretch *1̂  900-970  cm"'
X X  stretch .4' 900-790  cm"'
C X  stretch  .4'  ̂ ca. 1000 cm"'.
That the B — X  stretch and CH., roi k are (juite sen sitive to m ixing m ay be 

seen from T able H I. T h is could well result in m ixing betw een the CH;, rocking  
m odes of different d im ethylam ino groups. T able V lists the frequencies reported  
in Reference 1 2  slightly  corrected to agree w ith  m easurem ents performed in the  
au th ors’ la liorato iy .

T w o intense polarized R am an lines occur at .180 and 1370 cm"'. T he former 
m ust certain ly arise from the B — B stret(4hng vibration, but there are tw o con
tenders for the latter. T hese are the internal déform ai ion of the CH;, group that 
is predicted at 1378 cm "', and the sym m etric B X  stretch as suggested in R efer
ence 12 . It is most probable that the band is due to the latter m ode but w ith som e  
contribution from the m ethyl vibration. In the infrared th e band is found at 
1307 cm "'. T h e tw o bands calculated near 420 and 330 cm"' are good exam ples 
of the coupling which m ay arise. B oth  contain .10% C X B  and XCb deform ation  
vibrations of th e A '  class of X — X M c2 for M ^  = 10. If the d im ethylam ino groups 
in the diboron com pound are vibrating alm ost independently of one another, 
which is reasonable, these vibrations w ill behave like a sym m etric group v ib ra
tion and appear as polarized lines in the R am an. T w o polarized R am an lines 
a ie  observed at 38.1 and 3.12 cm"'. If during this vibration the boron has an effec-
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T A B L E  V
T e t r a k i s  ( D im e t h y l a m i n o ) D i b o u o n  F u n d a m e n t a l  F r e q u e n c i e s  

Raman Infrared Assignment

B N î deform ation  
NBo deform ation  
N B î deform ation  
C N B  deform ation  
C N C  deform ation  
C N B  deform ation  
B— B stretch

BN-> deform ation and B  out-of-p lane

B out-of-p lan e and m ixed .1' mode

N C  stretch  A "
N C  stretch  
CH» deform ation  
CHs deform ation  
C om bination band?
B N  antisym m etric  stretch  

/C N  stretch  ? or com bination  bands 
1(2 X  5(17?)
CHa A "  deform ation  
CH;i A ' deform ation
C oupled vibration in v o lv in g  B —N  stretch?  
Sym m etric B N  coupled w ith  sym m etric CH: 
B N  antisym m etric  stretch

CH;i A ' rocking deform ation

254 m 259 in 
28 5  v.w .

327 V.W .9 318  m
3 6 2  w .p .
3 85  m ,p . 460  w 

567 in
586 s ,p

608  ml 
639 mj

836  w - e :
895  in 892  m
937 m ,p

1049 in
1066 m ,d p . 1063 m 

1101 w
1110 w 1117 s 

1128 wl
1139 m ,p 1140 wj 

1186 in  
1216 s

1342 in 1343 m
1376 s,p 13(37 s
1414 s 1409 in
1447 s 1450 s i  

1502 s /
2 795  s 2798 s
2850  s 28(32 s
2872 s 2870  s
2928  s 2890  s 

29 0 0 , 2923
2983 m 2978  s

CH stretch  
CH stretch  
CH stretclff 
CH  stretch  
CH stretchy 
(2 X  1502) or CH s(retch )

CH stretch es in resonance w ith com 
b ination  bands

liv e  m ass greater than  11 the 385-cm "' line will belong to the NCh and tlie  352 
cm"' to the C N B  deform ation. P reviously both were assigned to NCh deform a
tions. F ive  or four m ore vibrations below  600 cm"' are now expected; tw o w ill be 
degenerate for V , i  sym m etry, and th e assum ption of negligible coupling bet ween 
dim ethylam ino groups is again assum ed. T h e sym m etric BNT deform ation m ode 
appears at 254 cm"' in th e R am an and 259 cm"' in th e  infrared. T h e a n tisy m 
m etric C N B  deform ation could be th e 608- or 567-cm "' bands. Previous ca lcu 
lations, how ever, fix th e 608-cm "' band as an an tisym m etric BNg deform ation  
( 1 2 ) .  A lthou gh  for m ost of th e v ibrations, the d im ethylam ino groups w ill be
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independent, it is lik ely  that there w ill be som e coupling through th e com m on  
boron atom s for the NCg deform ation and N C  stretch ing m odes. T h e extra  
vibration  for th e deform ation m ode is assigned to th e infrared band at 460 cm"'. 
T h e extra C N  stretching m odes produced by th e coupling probably w ill be w eak  
and are assigned provisionally  to the bands a t 892 cm"' for the sym m etric and  
1128 cm "' for the antisym m etric. T he degenerate NBg deform ation ( V a  sy m 
m etry) will split for V  or T/, sym m etry and is assigned to the bands a t 285 and  
318 cm"'.

W ith the aid of T able I II  the band observed as a polarized R am an line of 
m oderate in ten sity  at 973 cm "’ is assigned to th e C N  stretch ing vibration . 
Sim ilarly, the band a t 1216 cm"' is assigned to the A '  and the 1186 and 1066 cm"' 
to  the a "  m etliy l deform ation m odes. T h e band observed at 1409 cm"' in the  
infrared w hich appears as an intense line in the R am an m ust be the an tisym 
m etric B — N  st retch.

T w o further bands due to the — N (C H s )2 m oiety  are expected near 1000 cm "', 
the an tisym m etric C N  stretch com puted to be near 1000 cm"' and the m ixed B N  
stretch /C H a rock m ode com puted as 900 to  800 cm"'. B oth  bands m ight be ex
pected to have reasonable infrared in ten sity , and the former, in particular, would  
be expected to have a sim ilar fre(|uency in B [N (C H ;{)2]3 . T h e lack of infrared  
bands in the range 10.50-900 cm"' is surprising. It m ust be assum ed that the  
892-cm "' band is due to the antisym m etric C N  stretch. A  frequency higher 
than 1100 cm"' is u nacceptable in v iew  of the fact the m ode is identified w ith  a 
frecpiency of 1024 cm"' in (C H a)2N H . A re-investigation  of the infrared spectra  
of tetrakis (d im eth y lam in o) diboron w as carried out and confirm ed all d etails  
of spectra recorded by Becher. T he lack of another candidate for the m ixed  
C N /B N //3  m ode near 900 cm"' necessitates the assignm ent of the 832 cm"' 
band as th is A /  fundam ental m ode. (T h e  infrared band w as observed in th is  
work to be a doublet w ith  fre(|uencies 830 and 839 cm "'.)

T here rem ains on ly  one antisym m etric B — N  stretching vibration and tw o  
out-of-p lane boron m odes. T h e former is most likely th e intense band observed at 
1117 cm"' in the infrared. It appears as a w eak band in th e R am an and is also  
to be found in the spectrum  of B [X (C H ;,)2]a . T h e out-of-p lane vibrations are 
probably the 639- or 608-cm "' bands and th e second com ponent of the 830-cm "' 
doublet.

T h e on ly  rem aining band of any consequence w hich rem ains to be assigned  
is that at 1343 cm"' which is possib ly a coupled vibrat ion in volvin g B — N  stretch 
ing m odes.

In conclusion it m ay be said that the assistance to  be had from  calcu lations 
of the typ e dep icted  is invaluable. T h e gross m easure of agreem ent for d im eth y l- 
am ine certain ly justifies the continued use of th e m odel for m ore com plicated  
m olecules.
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INTRODUCTION

The acetylium  ion  exists in system s such as (I) and is o f  interest (a) as an  
acetylating agent in Friedel —Crafts-type reactions and (b) because it is isoelec- 
tronic with methyl cyanide.

C H
[C H 3 - C ^ O ] + [ M X „ + J -  ' ) c = 0  M X .

X

I II

Previous IR s t u d i e s ' h a v e  been used to distinguish between the existence 
o f  such ions and donor —acceptor-type com plexes (II) in system s o f  the type 
C H jC O X -M X . (where X  is a halogen and M X . represents a Lewis acid). Cook'*’ 
has exam ined several such system s and m ade tentative assignm ents for a num ber 
o f the IR bands. In order to explain som e o f  the bands in the solid-state spectra it 
was suggested that a sim ple system  such as [C H jC O ]'*'[M X . + J "  did n ot exist, 
but rather, a m ore com plex ion , possib ly o f  the type [C H 3 — C = 0 -  -M X .j^ X " . 
However, recently^ an X -ray analysis o f  the C H gC O F-SbFg system  has shown  
that the units CH^CO^ and SbFg are present in the crystal lattice. The C -C -O  
chain was found to be linear with a C -C  bond length o f  1.38 Â . This com pares 
with a value o f  1.46 À  in  the isoelectronic methyl cyanide which represents a consid
erable shortening o f  the bond. The C -O  bond length is 1.15 Â  which com pares 
with 1.13 Â  in carbon m onoxide.

The purpose o f  the present investigation was to com pare the spectra o f  m ethyl 
cyanide and the' acetylium  ion  and to assess the effect o f  the extra nuclear charge 
on the force field, and hence the spectrum , o f  the acetylium  ion. H owever, in view  
of the uncertainty in the structures o f  the acetyl halide-m etal halide com plexes 

, it Was first o f  all necessary to prove that the acetylium  ion  exists as such in the 
system antim ony pentachloride-acetyl chloride which was chosen for this inves- 
tjgajion.

J. Mol. Structure, 1 (1967-68) 349-356
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EX PE R IM E N T A L  

Preparation o f  complexes

[CHgCO]^ [SbClg]" was prepared by the addition o f  SbClg to C H 3 COCI 
(in 1 : 1  mole ratio) in CCI4  at room temperature, followed by filtration and drying 
o f the white precipitate. All operations were carried out in an atmosphere o f dry 
nitrogen. (Found: C, 6.32; H, 0.87; Cl, 55.3%. C H 3 CO • SbClg requires: C, 6.37; 
H, 0.80; Cl, 56.3%). [C D 3 C O ]‘’"[SbCl6 ] “ was prepared in an exactly analogous 
manner (Found: C, 6.38; D , 1.68; Cl, 55.5%. C D 3 CO SbClg requires: C, 6.31; 
D , 1.59; Cl, 55.8%).

IR  and Raman spectra

IR  spectra in the region 4000-400 cm "' were recorded as mulls in Nujol 
and hexachlorobutadiene contained between NaCl or KBr plates on Perkin-Elmer 
337 and Unicam SPlOO spectrometers. Spectra in the region below 400 cm "' were 
obtained as mulls in Nujol contained between polythene plates using a grating 
Spectrometer constructed in the Department®. A  low-frequency Raman spectrum 
on the solid material was obtained on a Cary-81 Raman spectrometer using 
Hg-4358 Â  radiation and an inverted cone for sample containment.

R ESU LTS A N D  ASSIG N M ENTS

The IR  spectra o f the complexes are shown in Fig. 1 and the band positions 
and assignments listed in Table 1. The corresponding bands in C H 3 CN and 
C D 3 CN are also listed for comparison.

T A B L E  1

IR  SPECTRA AND ASSIGNMENTS FOR THE C H ,C O + AND CD.,CO+ IONS

Frequency {cm~A S pecies A ssignm ent

C H 3CO + C H ^ C N ’ CD^CO+ CD^CN^

2940 (s) 3009 2209 (s) 2270 E C H 3 asym . stretching
2870  (s) 2920 2049 (s)* 2106 Ac C H 3 sym . stretching
2295 (s) 2267 2297 (s) 2267 Ac - C = 0  stretching
1360 (w) 1454 980 (w ) 1052 E C H 3 asym . deform ation

920 (w )
1319 (s) 1389 1056 (s) 1115 Ac C H 3 sym . deform ation
1001  (s) 1041 834 (s) 850 E C H 3 rocking
950 sh 920 834 (s)** 833 Ac C -C  stretching
540 (w) 540 (w)
390 (m ) 362 370 (m ) 335 E CCO  deform ation

s =  S t r o n g ;  m =  m edium ; w  =  w eak; sh =  shoulder. 
* see text.
**this band has a d oub le assignm ent (see text).

J. Mol. Structure, 1 (1967-68) 349-356
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3500 3000 2500 2000 1500 1200 1100 1000 900 800 700 600 500 400

CHgCO'

2000 1500 1200 1100 1000 900 800 700 600 500 400 300

Fig. l . iR  spectra o f  C H 3CO+ and CDgCO^ ion s in  nujol and hexachlorobutadiene m ulls (re
drawn w ith  bands due to the m ulling agents rem oved).

The I R  spectrum which we have observed is substantially in agreement with 
that o f Cook'*' who measured the spectrum o f the CH^COCl-SbClg system down 
to 650 cm “ *. There aie, however, several bands listed in the latter work which we 
did not observe, in particular, those at 1709 cm “  ̂ and 1139 cm “ .̂ However, 
both these bands appeared in a spectrum o f a sample which was allowed to re
main between the plates for about 1 hour and which had partially decomposed. 
A weak absorption appeared in our spectra at 1615 cm~^. This is not readily 
explained as arising from the acetylium ion and it seems possible that this may be 
due to a small amount o f donor-acceptor complex (II). This is supported by the 
invariance o f this frequency on substituting deuterium for hydrogen.

The existence o f the complex primarily in the ionic form (I) is strongly sug
gested by our Raman spectrum o f the solids which both contained three lines at 
334, 287 and 169 cm ” *. This agrees well with those previously observed^ at 329, 
280 and 170 cm ” * for the SbClg” ion and appears to rule out the possibility o f a 
complex o f the type [C H ^C O -SbC lgj^C l” . This is in accord with the X-ray 
evidence^ where no association between acetylium ions and SbFg” ions, other 
than ionic crystal packing was observed.

Turning to the acetylium ion we would expect 12 fundamental vibrational 
modes. On the basis o f symmetry this should comprise 4A i -f 4 £  modes, all

J. M ol. Structure, 1 (1967-68) 349-356
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o f  which should be active in both the m and Raman spectra.
Since the acetylium ion and methyl cyanide are isoelectronic with similar 

nuclear masses, we might expect a close correspondence between the fundamen
tal frequencies for the two systems. In spite o f some discrepancies the similarity 
in absorption patterns in the two cases is sufficiently marked to allow most of 
the bands to be assigned with some confidence.

The bands due to CH, CD and CO stretching modes are unambiguously 
identified in Table 1. In the case o f CD^CO^ a fourth band is observed in the re
gion 2000-2300 cm ” * where only 3 bands are expected. However, the overtone of 
the CD deformation is expected near 2112 cm ” * (2x 1 0 5 6 ). Fermi resonance 
between this overtone level and the C -D  stretching fundamental level might 
well be anticipated to be strong since both associated vibrations involve the same 
nuclei. The band at 2133 cm ” * shows an upward shift o f  22 cm ” * from the expect
ed position o f the overtone and we might expect a similar depression in the second 
resonance component. This would place the undisturbed fundamental (C -D  
symmetric stretch) at (2049 +  22) =  2071 cm ” *.

The C H 3 and C D 3 symmetric deformation modes at 1319 and 1056 cm ” * 
respectively are readily identified by their sharpness and strength. The CCO de
formation (E  class) gives rise to an absorption at 390 cm ” * in C H 3 C0  ̂ and 370 
cm ” * in C D 3 CO^. The similar shapes and frequencies o f the bands at 1001 cm ” * 
in the acetylium ion and at 1041 cm ” * in methyl cyanide leaves little doubt as to 
the identical origin o f the two bands (F-class methyl rocking). It is to be expected 
that the ratios o f  the frequencies o f the methyl to the m ethyl-D 3 rocking modes 
will be very close in the two cases. Again, this unambiguously identifies the 834 
cm ” * band in C D 3 CO'*' as arising from the rocking mode (see Table 1).

Two modes remain to be identified. These are the F-class methyl antisym
metric deformation and the C -C  stretch ( ^ 1 ). N o isolated strong bands remain 
to be correlated with these modes and their identification requires recourse to the 
Redlich-Teller product rule. The antisymmetric methyl deformation is to be ex
pected on the high-frequency side o f the symmetric deformation, and indeed there 
is a weak band at 1360 cm ” * which is a reasonable candidate. Application of the 
Redlich-Teller product rule now predicts that the corresponding deutero-frequen- 
cy is at about 940 cm ” *. Two weak bands occur at 980 and 920 cm ” *. The latter 
is preferred on the above basis. By analogy with methyl cyanide the A i C -C  sti etch
ing mode should lie between 1000 and 900 cm ” * and should be sharp. No 
sharp band is observed but a strong shoulder at 950 cm ” * on the methyl rocking 
band requires explanation. Fermi resonance is not a possibility due to a lack of 
lower-frequency fundamentals, so that assignment to the C -C  stretch seems in
evitable. The Redlich-Teller product rule now predicts that the analogous mode 
in C D 3 CO*' lies near 834 cm ” *, thus necessitating a double assignment to this 
band. This accounts for the failure to observe the transition as an independent 
band.

J. M ol. Structure, 1 (1967-68) 349-356
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It is clear from Cook’s results that there is a large variation in the C -H  
stretching frequencies among the acetylium ions in the different acyl halide-Lewis 
acid systems. It seems probable that these might arise from crystal lattice inter
actions.

Frequency and force constant calculations

The object of the calculations performed pertaining to the acetylium ion  
were twofold. It was hoped that they would show that the present assignments 
were reasonable, and then from a perturbation analysis it was anticipated that an 
approximate set o f force constants would be derived which would give some in
sight into the character o f the bonding.

The secular equations were set up in symmetry co-ordinates. The choice 
o f co-ordinates and the final algebraic form o f the ^  and ^  matrices were consis
tent with those o f Dowling et al.*° (for C H ^ -C ^C -H ). Tetrahedral angles were 
assumed for the methyl group, and the CH, CC and CO bond lengths were as
sumed to be 1.09, 1.38 and 1.13 Â respectively. An initial guess at a set o f force con
stants was obtained by transferring the methyl constants o f Snyder and Schacht- 
schneider** along with values for / c = o  an d /cco  o f 2 0 . 0  and 0.28 mdynes Â “ *. 
This set, as was anticipated, reproduced the experimental results badly. On refin
ing the diagonal and 2  off-diagonal constants using standard perturbation 
procedures*^ the C -C  and C = 0  stretching modes were interchanged and con
vergence led to the absurd results that f c - c  = 20 mdynes A “* and fc = o  — 6 
mdynes A”*. The two constants were highly correlated and it was decided that the 
best approximation would probably be to retain the ratio f c = d f c - c  =  20/5.8. 
In view o f the fact that the results o f Cook'* showed that the stretching frequen
cies o f acetylium complexes were very sensitive to the anion it was also consid
ered that the CH modes should be given zero weighting and/ch  retained at 4.65 
mdynes A ”*. Varying the remaining diagonal constants and the CC/HCC and 
CC/CO interaction constants led to the force constant and frequency set shown 
under calculation A (Tables 2 and 3). Apart from the CC/CO interaction con
stant the statistical dispersions on the constants are low. Indeed all the bending 
constants are well defined. The average weighted frequency fit, using the weight
ing parameters given in Table 3 and used in the perturbation calculation, was 
15 cm ” *. A  15 cm ” * fit on any frequency is as good as one has a right to aim at in 
this instance with a restricted force field and data taken from the crystalline state in 
which the interionic interactions are likely to be strong. However two modes show 
unacceptably large deviations. These both belong to the E  species o f CD^CO*^. 
In the first case the error on the 834 cm ” * assignment is 53 cm ” *. The 834 cm ” * ab
sorption band is doubly assigned to the and £  species. However we believe this to 
be fairly reliable. The second case involves the highly questionable assignment of  
920 cm ” * (77 cm ” * error, weighting 0.3). An examination o f the matrices indi-
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T A B L E  2

CALCULATED FORCE CONSTANTS (m d y n C S  A “ ^)

C alcu lated D iag . constants o f

A B C H 3C N 1®

Jv\c (4 .65) (4.65) 4 .94

f e e 5.63 5.7 5.16

feo 19.5 ±  0.7 19.6 ±  0.5 18.1 (C N )

^ ^ / h c h 0.258 ±  0.005 0.282 ±  0.008 0.45

'■ ^ /h c c 0.633 ±  0.015 0.600  ±  0.035 0.56

f^e-efeeo 0.153 ±  0 .00006 0.153 ±  0.00005 0.29 (C C N )
C C /C O 0 .3 , ±  0.5 (0.33)

f̂ HeH/HeH ( - 0 .0 3 6 ) ( - 0 .0 3 6 )

'"^nee/nee ( - 0 .0 1 ) ( - 0 .0 1 )

'■^HCH/HCC ( - 0 .0 7 ) - 0 .0 6 3  ±  O.OOO4

'"CC/HCC 0.336 ±  0 .029 0.278 ±  0 .022

T he values o f  those held constant are given in parentheses. Interaction constants betw een co 
ordinates a  and b  are show n ajb . r  is the CH  bond length.

T A B L E  3

CALCULATED AND ASSIGNED FUNDAMENTAL FREQUENCIES OF C H 3CO+ AND C D 3CO +

S ystem  an d  species Frequencies {cm~^)

calc. A . calc. B. observed  weighting

C H 3CO+ (y^i) 2843 2843 2870 0
2295 2301 2295 1
1288 1289 1319 1
946 944 950 I

( £ ) 2956 2956 2940 0
1396 1391 1360 1
995 1010 1001 1
382 382 390 1

C D 3CO + (X J 2298 2304 2297 1
2046 2046 2049 1
1070 1046 1056 1
809 814 834 0.5

{E ) 22 0 2 2203 2209 1
997 1000 920* 0.3
781 789 834 1
376 377 370 1

* Preferred value n ow  980 cm “  ̂ (see text).

Gated that these assignments might be sensitive to the HCH/HCC interaction 
constant. In another perturbation calculation this was allowed to vary and the 
ill-defined CC/CO constant was frozen. The sensitivity appeared as an immediate 
instability o f the perturbation which required a fractional correction constant of 
0 . 1  to be brought under control. Convergence was then smooth but the degree
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o f improvement was disappointing. Whilst further improvement could be ob
tained by allowing more constants to vary it is believed that the significance o f  
the results would be too low to warrant it. The results o f calculations A and B 
lead us to the following conclusions.

a) The failure o f the perturbation to move the second-highest E  mode of  
CDgCO^ from about 1000 cm"^ suggests that the 980 cm “  ̂ band is to be pre
ferred to the 920 c m 'i  band. This new choice gives a slightly poorer Redlich- 
Teller product ratio but in view o f the fact that the data refers to a highly ionic 
crystalline solid such a departure from the product ratio is probably insignificant.

b) The diagonal constants, especially the bending constants are reasonably 
well defined. The degree o f reliability o f these constants must be taken as appre
ciably greater than the statistical dispersions. However even with an error o f three 
times the dispersion the bending constants for the HCC, HCH and CCO angles 
are 0.27 +  0.02, 0 .61+ 0.1  and 0.153 +  0.0002 mdynes The strong correlations 
b etw een ,/c_ c ,/c= o  and CC/CO make the first two rather less precise than origi
nally anticipated and the CC/CO constant quite indeterminate,

c ) The interaction constant CC/HCC is well determined and has a sign and 
value consistent with the expectations from the hybrid orbital force field o f  Mills^^. 
According to this, its value (or more precisely that o f CC/H CC-CC/H CH ) is given 
by:

The present values lead to f—j =  0.020. This value is very reasonable

when compared with the values quoted by Mills.
d) The angle bending constants and fp  have derived values out o f line 

with those o f  non-ionic molecules. /„  usually has a value close to ‘  ̂ 0.48 mdynes
Attempts to find an alternative solution with any^ more in line with that 

expected failed. In all cases convergence on the previous-quoted values occurred. 
The existence of an alternative solution cannot be discounted. It is intended 
to explore this more fully using the method o f Needham and Overend^'^.

e) Comparison o f  the diagonal constants with those o f  methyl cyanide 
clearly shows a greater resistance to deformation o f the C -C  and C = 0  bonds — 
and, if  the present solution is correct, a marked weakening o f the HCH angle de
formation. In addition, the CCO angle deformation constant is considerably 
less than the CCN angle constant. The strengthening o f  the C -C  bond is as expect
ed since the C -C  bond length is reduced from 1.46 Â  to 1.38 Â. The accompany
ing weakening o f CCX bending constant is much more surprising.

SU M M A RY

The solid-state IR  spectra o f the complexes CH^COCl SbCl^ and C D 3 COCI*
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SbCls have been measured. Low-frequency Raman spectra show that the [SbClg]“ 
unit is present in both complexes, thus supporting the formulation as [CH^CO]^ 
[SbClg]". The fundamental bands o f the acetylium and the acetylium -Dj ions 
have been assigned and compared with the isoelectronic methyl cyanide. Approx
imate force constants have been derived by standard perturbation procedures.
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A high-intensity red source for R am an spectroscopy

F r a n c i s  X . P o w e l l , E l l i s  R . L i p p i n g o t t  and  D e r e k  S t e e l e

D ep a rtm e n t o f  C hem istry , U n iv e r s ity  o f  M aryland,
C ollege P ark , M aryland

{R eceived  23  A p r i l  1961)

Abstract— T h e  p r o b le m  o f  e x c i t a t io n  o f  R a m a n  s p e c tr a  o f  c o lo r e d  c o m p o u n d s  is  d is c u s se d . A s  
a  p a r t ia l  s o lu t io n  t o  t h i s  p r o b le m  h ig h - in t e n s i t y  c a d m iu m  a n d  p o ta s s iu m  la m p s  e x c i t e d  b y  
r a d io fr e q u e n c y  r a d ia t io n  h a v e  b e e n  c o n s tr u c te d . S p e c tr a  o f  c a r b o n  te tr a c h lo r id e  a n d  a z o -  
b e n z e n e  m e a s u r e d  w it h  su c h  a  c a d m iu m  la m p  a re  s h o w n  a n d  a  b r ie f  d is c u s s io n  o f  th e  v ib r a t io n a l  
s%iectra o f  a z o b e n z e n e  p r e s e n te d .

M o n o c h r o m a t i c  red sources are o f special in terest in  R am an  sp ectroscop y since  
th e  b lue and green lines o f  con ven tion al m ercury arcs are absorbed b y  com pounds  
o f  on ly  m oderate coloration . R ecen t efforts [1 -3 ] h ave show n th a t  th e  yellow  and  
red lines o f  helium  and th e  yellow  doublet o f  sodium  are usefu l in  ob ta in ing  
R am an  spectra o f m od erately  colored com pounds. T he work o f H a m  and W a l s h  [2 ] 
is o f specia l in terest since as an a ltern ative  to  a range o f con ven tion al discharge  
lam ps, th e y  used  a series o f  annular electrodeless lam ps w hich w ere pow ered b y  a 
m icrow ave source. T h ey  illu strated  th e  m ethod  w ith  lam jis w hich in d iv id u a lly  
conta ined  helium , m ercury and sodium  and show ed th a t  usefu l spectra could  be  
ob tain ed  in  short periods o f tim e for H e 5876 A, H g 4358 A, H g  5461 A, and  
N a 5889 -5 8 9 6  A ex c ita tio n , resp ectively . M i l l e r  and C a r l s o n  [4] h a v e  used  
lam ps o f  th is  design to  ach ieve  R am an  spectra w ith  th e  7065 A line o f helium .

The red lines o f h elium  a t 7065-7281  A are re la tive ly  w eak  and n ecessita te  long  
exposure tim es. In  add ition , m icrow ave-pow ered  lam ps appear to  be lim ited  b y  
th e  n ecessity  o f  u sin g  sm all d im ensions for effective  transfer o f  pow er. The  
resonance R am an  effect is usefu l w hen  a choice o f ex c itin g  lines is availab le , and  
th e  app lica tion  o f  o%]timum concentration  tech n iq u es [5] can y ie ld  a m axim um  
in te n s ity  for R am an  scatterin g  for sub stan ces w hich  absorb w avelen gth s near th e  
ex c itin g  line. H ow ever, th ese  tw o  m eth od s are lim ited  to  special sam ples. Thus 
th e  problem  o f  observing spectra for in ten se ly  colored substances such as azo
benzene, azu lene, etc ., still rem ains.

A s a p artia l so lu tion  to  th is  problem  w e h ave constructed  h igh -in ten sity  
cadm ium  and jDotassium arcs w hich are pow ered b y  a h igh-frequency (H E) gener
ator. T he tech n iq u e used has had app lications elsew here [6 -9 ], b u t n o t to  R am an  
sj)ectroscopy.

T he ex c ita tio n  o f  cadm ium  and p otassiu m , w hich  y ie ld  strong lines a t 6438 A 
and 7664-7699  A, resjiectively , w as accom plished  in  a P y rex  annulus vd th ou t th e  
use o f electrodes. T he d ischarges are e lectrom agn etic  in  nature and are readily
[1]  H . S t a m m b i c i c h ,  S pectroch im . A c ta  8 , 41 (1956).
[2] N . S .  H a m  an d  A . W a l s h ,  S pectroch im . A c ta  12, 88  (1958).
[3] F . T . K i n g  an d  E . R . L i p p i n c o t t ,  J .  O pt. Soc. A m . 46, 661 (1956).
[4] F .  A . M i l l e r  an d  G. L .  C a r l s o n ,  Spectrochim . A c ta  16, 6 (1960).
[5] E . R . L i p p i n c o t t ,  J . P . S i b i l a  an d  R . D . F i s h e r ,  J . O pt. Soc. A m . 49, 83 (1959).
[ 6 ] K .  A . M a c K i n n o n ,  P h il. M a g . 8 , 605 (1929).
[71 A . T . F o r r e s t e r ,  R . A . G u o m u n d s e n  an d  P . O. J o h n s o n ,  J . O pt. Soc. A m . 46, 339 (1956).
[8 ] E . J . J a c o b s e n  an d  G. R . H a r r i s o n ,  J . OjU. Soc. A m . 39 , 1054 (1949).
[9J W .  F .  M e g g e r s  a n d  O. W e s t f a l l ,  J . R esearch N a tl. B u r. S ta m la rd s  44, 447 (1950).
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exp la in ed  b y  analogy  w ith  elem en tary  transform er th eory: w hen a tu b e  o f gas a t  
low  pressure is in serted  in to  a w ire h e lix  w hich  is ex c ited  w ith  radiofrequency  
energy, th e  gas w ill be p artia lly  ion ized  as a resu lt o f  d ielectric loss. I f  th e  e x c ita 
tio n  is great enough  th e  ion ization  w ill be v ir tu a lly  com p lete  and  as a resu lt th e  
gas w ill approxim ate a shorted  turn  to  th e  inducing coil. D ielectric  loss is character
ized  b y  a w eak  g low  and h igh  load  im pedance as seen  b y  th e  prim ary, w hile  
transform er action  is characterized  b y  a brilliant d ischarge and low  load  im pedance  
as seen  b y  th e  prim ary. Collisions w ith in  th e  gas serve to  d issip ate  energy, and  
th u s th e  gas serves as transform er secondary and load.

Experimental
T he annuli w ere con stru cted  o f  P y rex  and are five inches long, 1 0 0  m m  o.d . 

and 65 m m  i.d . A  1 0 -m m  p u m p -ou t tu b e  w as w eld ed  to  one end  o f  an annulus. 
T he ou tsid e  o f  th e  annulus w as covered  w ith  a sh eet o f  w et asb estos paper w hich  
h ad  been  p a in ted  w ith  a w ater slurry o f  m agnesium  oxid e. W hen dry, th e  asbestos  
paper form s a hard, adherent h ea t in su lator necessary  for projier vap orization  o f  
th e  m etal, and th e  m agnesium  ox id e  serves as an exce llen t refiector for th e  ex c itin g  
rad iation .

T he load  circu it is e igh teen  turns o f  ^-in. copper tu b in g , ^-in. b etw een  
turns and 1 1 0  m m  i.d . T his is resonated  w ith  a  7 5 - / / variable capacitor in  
parallel and is fed  a t th e  fifth  turn  b y  RG—l l / U  coax. T he annulus is inside th e  
copper coil during operation . T his assem bly  is m ou n ted  on a |- in .  th ick  tran site  
p latform  w hich  is d irectly  over th e  spectrograph slit illu m in ation  system .

T he exc iter  is a 150-W  generator (3550 kc crysta l, 6A G 7-E C O , 6 V 6  p u sh -p u sh  
doubler and  807 p u sh -p u ll ou tp u t) used  in  th e  prelim inary experim ents. The  
p la te  transform er for th e  807's is Y ariac controlled  to  g ive  2 0 -3 5  W  for an E .F . 
Joh n son  k ilo w a tt am plifier w hich  features tw o  paralleled  tetrod es (E im ac 4 -4 0 0 A )  
feed in g  a vr-network o u tp u t. T his am plifier is n o t co m p lete ly  sa tisfactory  as th e  
8 6 6  rectifiers need  ex tra  cooling to  p reven t arc-back and th e  p la te  transform er is 
overloaded  during con tin u ou s (2 -5  hr) d u ty  a t 1  kW .

S hield ing  is accom plished  b y  enclosing  all apparatus w ith in  a w ell grounded  
copper screen.

In itia l operation  o f  th e  lam p s is accom plished  in  th e  fo llow ing m anner. Three 
gram s o f  d istilled  m eta l are dropjied through th e  pum p o u t tu b e  o f  an annulus. 
T he annulus is th en  in serted  in to  th e  load  coil and th e  pum p o u t tu b e  connected  
to  th e  vacu u m  line. W hen th e  pressure in  th e  annulus has reached ^ 1  X 10~® m m  
H g a heater is in serted  in  th e  annulus and  th e  tem perature slow ly  raised  u n til th e  
annulus is a t 200-250°C  for cadm ium  or 150-200°C  for potassiu m . W ith  th e  load  
capacitor se t a t m in im um  th e  am plifier and exc iter  are th en  sw itch ed  on. I f  th e  
vacu u m  is good  and th e  tem perature su ffic ien tly  h igh , th e  lam p w ill lig h t sp on 
ta n eo u sly  T he load  capacitor is th en  increased  u n til th e  lam p reaches m axim u m  
brightness, th e  am plifier p la tes re-tuned , and  th e  p i n etw ork  ad ju sted  to  1  k W  
in p u t to  am plifier p la tes. A fter 5 -2 0  m in o f operation , ab ou t h a lf  th e  m eta l w ill 
h a v e  d istilled  from  th e  an n u lu s’ a t w hich  tim e  th e  va cu u m  line is sea led  off very  
close to  th e  annulus. T he lam p can  be restarted  b y  p reheating  to  th e  proper  
tem p eratu re and th en  ap p ly in g  pow er.
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A ll Spectra h a v e  been  ta k en  on a JACO //6 -3  grating  spectrograjih  th a t has a 
dispersion o f  19 A/mm, w ith  th e  b laze a t 7500 A. The photographic p la tes used  
w ere E astm an  K od ak  1 0 3 -a F  for th e  range 6400-7000  A, 1 0 3 -a U  for 7 000-7500  A 
and 1 - N  p la tes for th e  7 500-8400  range. S tandard tech n iq u es w ere used  in  
p h otographing and d evelop in g  th e  spectra. The p la tes w ere n o t h ypersensitized . 
T he ty p e  o f ex c ita tio n , th e  ty p e  o f  photographic p la te , and th e  concentration  o f  
sam ple w ere th e  factors w hich  determ ined  th e  tim e o f  exposure. R eference spectra  
were recorded b elow  each  R am an  spectrum  b y  m eans o f a neon  lam p. T hese  
reference spectra con ta in  b lue lines appearing in  th e  second  order o f th e  sp ectro
graph as w ell as som e o f th e  stronger lines o f argon. O ptical filtration  w as used  to  
rem ove h igh-frequency  lines from  cadm ium  and p otassiu m  since th e y  w ould  
appear in  th e  R am an  region as a resu lt o f diffraction  in  higher orders. A n acid ified  
so lu tion  o f potassiu m  dichrom ate w as ad eq u ate as a filter for w ork w ith  th e  
6438 A line o f  cadm ium . H ow ever, a so lu tion  o f  phenol su lfon p h th alein  (phenol 
red), w hich w as used  for th e  7664-7699  d ou b let o f p otassiu m , w as eq u a lly  sa tis 
factory .

T he sam ple tu b es w ere 1 0  m m  o.d . P y rex  and w ere filled  to  a h e igh t o f  ab ou t  
5 in. b y  standard  tech n iq u es. T hese tu b es w ere th en  m ou n ted  in a w ater cooled  
filter jack et w hich  w as inserted  in to  th e  annulus during operation.

Performance
C adm ium  arcs

W ith  operation  in  excess o f  100 hr th e  cadm ium  arc show s no apparent 
deterioration  in  e ith er  m eta l or g lass. T his arc is read ily  reign ited  w hen  properly  
preheated . T he spectrum  o f  th is  arc conta ins on ly  five re la tiv e ly  w eak  lin es a t  
w avelen gth s in  th e  region  o f  in terest ab ove th e  in ten se  6438 A line. Som e in ter 
ference from  gratin g  gh osts is present a t '— 150 cm~^ to  either side o f th e  6438 A 
line.

P o ta ssiu m  arcs
T he p otassiu m  arc, a lth ou gh  usable, show s an u nusual am ou n t o f  S tokes  

clu tter. A  sharp d ou b let a t 8183-8 1 9 5  A is a ttr ib u ted  to  sodium  im p u rity , and  
th e  other lin es are as y e t  unassigned . There is a considerable continuum  th a t  
appears on th e  p la tes in  th e  region close to  th e  7 664-7699  d ou b let and  also there  
are broad bands through  th e  S tokes region. T hese can p robab ly  be reduced in  
in ten sity  b y  control o f  th e  p otassiu m  pressure. P o tassiu m  arcs in  P y rex  annuli 
deteriorate  rajiid ly. T he g lass is rather severly  e tch ed  b y  th e  action  o f th e  h o t  
p otassiu m  and th e  color o f  th e  glass varies from  figh t brow n to  a lm ost b lack  
d epending on th e  am ou n t o f usage. L am ps th a t  h ave been  in  operation  for 15-20  
hr are difficult to  reign ite . W e ex p ec t th a t  silica  annuli w ill be o f  considerable  
effect in  reducing th e  am ou n t o f deterioration  in  th ese  lam ps. F urther in v e sti
ga tion  o f  th is  p o ssib ility  is in  progress.*

* T h e u se o f  s ilic a  h as n o t im proved  th e  q u a lity  o f  th is  arc. In str u c tio n s  for co a tin g  the  P y r e x  a n n u li  
w ere o b ta in ed  from  th e  C orning G lass W orks, C orning, N ew  Y ork . T h e u se  o f  th is  co a tin g  (C orning K  
coat) h a s g r e a t ly  e x ten d ed  th e  life  o f  th e  p ota ssiu m  an n u li. W e  are p resen tly  u sin g  su ch  a  c o a ted  
a n n u lu s to  in v e s t ig a te  th e  R a m a n  sp ec tra  o f  cy c lo -o cta te tra en e-rro n  tr icarb on y l, azu len e a n d  o th er  
h ig h ly  colored  su b stan ces.

8 8 3



F r a n c i s  X. P o w e l l ,  E l l i s  R. L i p p i n c o t t  a n d  D e r e k  S t e e l e

T a b le  1 . R a m a n  f r e q u e n c ie s  o f  a z o b e n z e n e

F r e q u e n c y
(c m ~ i)

A s s i g n m e n t *

2 0 9  w N  - r in g  d e f .
2 4 6  w N - r i n g  d e f .
6 1 4  w ^ 2  “ c c c
6 6 3  v w —
7 1 9  v w 1̂ ^C C  ( ’ )
8 6 0  w :---
8 9 8  v w 1̂ Tc h
9 3 2  v w —

1 0 0 5  8 « 1  r in g
1 0 3 0  v w ^C H
1 1 4 4  v s 2̂ ^CH
1 1 6 4  s h ---
1 1 8 2 ^C H
1 2 1 3  w C N  s t r e t c h
1 2 6 3  xv f C N  s t r e t c h  (? )
1 3 1 2  s &2 ^ c c
1 4 1 9  v s N = N  s t r e t c h  (trans)
1 4 6 9  s N = N  s t r e t c h  (cis)
1 4 9 2  m “ i  ^ c c
1 5 9 3  s a ,  a n d  h.̂  Vqq

* T h e c lass d esig n a tio n s are for iso la ted  m o n o -su b sti
tu te d  b en zen e rings an d  fo llo w  th e  recom m en d a tio n s o f  
M u l l l k e n  [1 0 ] .

Spectra
R am an  spectra  h a v e  b een  recorded for iron p en tacarb on yl, carbon te tra 

chloride, h exach loro -1 :3-butadiene, ^m?ts-hexatriene and  a zo b en zen e .. Tw o o f  
th ese  are illu stra ted  in  F ig s . 1  and 2 , w h ich  are d en sitom eter  tracings o f  th e  
observed  spectra. T he R am an  spectrum  o f  azobenzene has n o t b een  p reviou sly  
observed and  is ta b u la ted  in  T able 1 . A  b rief d iscussion  is presented .

T he R am an  spectrum  o f  m olten  azobenzene and o f  a so lu tion  o f  azobenzene in  
benzene w ere m easured  w ith  th e  cadm ium  arc. T h e so lu tion  spectrum  w as also  
ta k en  w ith  th e  p o tassiu m  annulus. A s m igh t be ex p ected  from  th e  non-planar  
m olecular configuration , th e  R am an  as w ell as th e  infrared spectrum  ex h ib its  th e  
characteristic  featu res o f  m o n o -su b stitu ted  benzene rings superim posed  on th e  
spectral bands associa ted  w ith  th e  cis and trans  C— lSr= N — C groupings. T he  
very  strong R am an  b an d  a t 1419 cm ~i clearly arises from  th e  — N = N —  stretch in g  
v ib ration  o f  th e  tran s-iovm . T here is no trace o f  in frared absorption  a t th is  
frequency. T he c/s-counterpart o f  th is  b an d  is a t  1469 cm~^. B y  e lim in ation  o f  
th e  bands kn ow n  to  be associa ted  w ith  th e  p h en y l groups [ 1 1 ] th e  C— N  stretch  
o f  one o f  th e  form s is seen  to  be a t 1213 cm~^ and  tw o  o f  th e  N — CgHg deform ation  
m odes a t 209 and 246 cm~^. A  m ore com p lete  assign m en t w ill be undertaken  
w hen  w e h a v e  ach ieved  th e  R am an  spectru m  o f  th e  so lid  m ateria l.

A ckn o w led g em en ts— T h e  a u th o r s  w o u ld  l ik e  t o  e x p r e s s  th e ir  a p p r e c ia t io n  t o  M r. O w e n  F l e t c h e r  

w h o  p e r fo r m e d  a  v a lu a b le  s e r v ic e  in  a s s e m b lin g  e le c t r o n ic  e q u ip m e n t ,  a n d  t o  M r. T h o m a s  K æ n n e y  

w h o  a s s is t e d  in  t h e  c o n s tr u c t io n  o f  a p p a r a tu s . F in a n c ia l  a s s is t a n c e  fr o m  t h e  A t o m ic  E n e r g y  
C o m m is s io n  a n d  N a t io n a l  S c ie n c e  F o u n d a t io n  is  g r a t e f u l ly  a c k n o w le d g e d .

[1 0 ]  R. M u l l i k e n ,  j .  Chem . P hya . 23, 1 9 9 7  (1 9 5 5 ) .
[1 1 ] R. R. R a n d l e  an d  D. H. W h i f f e n ,  R ep o rt M o l. S pectroscopy C onf. In s t .  P etro leu m , L ondon , 19 5 4  

p . I l l  (1955).
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The use of pressed polythene disks in infra-red spectroscopy

{Received 21 J u ly  1 9 6 3 )

I n t r o d u c t i o n

S e v e r a l  t e c h n i q u e s  h a v e  b e e n  d e v e l o p e d  f o r  o b t a i n i n g  t h e  in f r a - r e d  a b s o r p t i o n  s p e c t r a  o f  
s o l id s .  T h e s e  i n c l u d e  m u l l i n g  in  p a r a f f in  ( N u j o l ) ,  m e l t i n g  o n  t o  t r a n s p a r e n t  p l a t e s ,  a t t e n u a t e d  
t o t a l  r e f l e c t io n ,  p r e s s i n g  b e t w e e n  d ia m o n d  a n d  s a p p h i r e  c r y s t a l s  a n d  p r e s s i n g  in  a lk a l i  h a l i d e  
d i s k s .  T h e  o n l y  t e c h n i q u e s  s u i t a b l e  f o r  t h e  f a r  in f r a - r e d  a r e  t h e  n u j o l  m u l l  a n d  t h e  a f lc a li  h a l i d e  
d i s k  t e c h n i q u e s .  T h e  f o r m e r  d o e s  n o t  p e r m i t  q u a n t i t a t i v e  i n t e n s i t y  m e a s u r e m e n t s  a n d  s u f f e r s  
f r o m  t h e  d i s a d v a n t a g e  t h a t  i t  i s  d i f f i c u l t  t o  o b t a i n  u n i f o r m  d i s p e r s io n s .  T h e  a l lc a l i  h a l i d e  d i s k  
t e c h n i q u e  i s  f r e q u e n c y  l i m i t e d ,  i n v o l v e s  d i s p e r s in g  t h e  c o m p o u n d  in  a n  i o n i c  m e d i u m  w h i c h  
m a y  h a v e  a p p r e c i a b l e  e f f e c t s  o n  t h e  s p e c t r a ,  a n d  p r e s e n t s  d i f f i c u l t i e s  i n  t h e  e x c l u s i o n  o f  w a t e r .

T h e  u s e  o f  p o l y t h e n e  d i s k s  h a s  b e e n  m e n t i o n e d  i n  t h e  l i t e r a t u r e  in  t h e  p a s t  [ 1 ]  b u t  d o e s  n o t  
a p p e a r  t o  h a v e  b e e n  w i d e l y  u s e d .  T h e  p u r p o s e  o f  t h e  p r e s e n t  c o m m u n i c a t i o n  i s  t o  s h o w  t h a t  
t h e  t e c h n i q u e  h a s  g r e a t  p r o m i s e — n o t  o n l y  f o r  f a r  in f r a - r e d  s p e c t r o s c o p y — b u t  f o r  s p e c i a l  
p r o b l e m s  i n  t h e  i n f r a - r e d  r e g io n  g e n e r a l ly .  I t s  s p e c i a l  a d v a n t a g e s  a r i s e  f r o m  t h e  w e a k n e s s  o f  
t h e  a b s o r p t i o n  a b o v e  7 5 0  c m “ \  t h e  c o m p l e t e  a b s e n c e  o f  a b s o r p t i o n  b e l o w  7 0 0  c m ~ ^ , t h e  n o n  
i o n i c  n a t u r e  o f  t h e  d i s p e r s a n t  a n d  t h e  e a s e  o f  e x c l u s i o n  o f  w a t e r .

E x p e r i m e n t a l

F i n e  p o l y t h e n e  p o w d e r  a s  s u p p l i e d  b y  G a l l e n k a m p  f o r  p r o t e c t i v e  c o a t i n g s  ( h ig h  d e n s i t y  
w h i t e  p o l y t h e n e — c a t .  n o .  P P - 5 6 0 )  i s  u s e d  a s  t h e  d i s p e r s a n t .  T h e  c o m p o u n d s  t o  b e  s t u d i e d  a r e  
f i n e l y  p o w d e r e d  b y  t h e  u s u a l  t e c h n i q u e s ,  a s ,  f o r  e x a m p l e ,  i n  a  v i b r a t i o n  m i l l ,  a n d  b e t w e e n  3  
a n d  3 0  m g  m i x e d  in  t h e  m i l l  w i t h  1 5 0  m g  o f  p o l y t h e n e .  T h e  d i s k s  a r e  f o r m e d  b y  a p p l y i n g  h e a t  
a n d  p r e s s u r e  t o  t h e  m i x t u r e  c o n t a i n e d  w i t h i n  a  o n e  in c h  d i a m e t e r  m o u l d .  I t  w a s  f o u n d  t h a t  
t h e  m i n i m u m  e f f e c t i v e  t e m p e r a t u r e  r e q u ir e d  t o  o b t a i n  h o m o g e n e o u s  t r a n s p a r e n t  d i s k s  w a s  a b o u t  
1 2 0 ° C  a t  6  t o n s / i n ^  p r e s s u r e .  T h i s  m i n i m u m  t e m p e r a t u r e  s e e m s  r e l a t i v e l y  i n s e n s i t i v e  t o  
ID ressu re  v a r i a t i o n s  f r o m  a b o u t  2  t o n s / in ^  t o  t h e  m a x i m u m  o b t a i n a b l e  w i t h  t h e  a p p a r a t u s  o f  
a b o u t  8  t o n s / i n ^ .  T h e  u s e  o f  lo w e r  t e m p e r a t u r e s  g i v e s  b r i t t l e  g r a n u la r  d i s k s  w i t h  c o n s e q u e n 
t i a l  h ig l i e r  d i s p e r s i o n ,  b u t  w h e r e  lo w e r  t e m p e r a t u r e s  a r e  n e c e s s a r y  d u e  t o  i n s t a b i l i t y  t h e s e  m a y  
b e  u s e d  m  t h e  l o w  f r e q u e n c y  r a n g e s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  s a m p l e  h a s  t o  b e  g r o u n d  p r io r  
t o  m i x i n g  w i t h  t h e  p o l y t h e n e  a s  t h e  p o l y t h e n e  p o w d e r  h a s  t o o  g r e a t  a  c u s h i o n i n g  e f f e c t  i n  t h e  
m i l l .

T h e  p r e s s  u s e d  w a s  a  h y d r a u l i c  s p e c i m e n  m o u n t i n g  p r e s s  a s  s iq a p l ie d  b y  B u e h l e r  L t d .  g i v i n g  
a  m a x i m u m  p r e s s u r e  o f  5 - 6  t o n s  o n  a  in ^  d i a m e t e r  m o u l d  ( A n a l i s  N a m u r  P r e s s ,  c a t a l o g u e  
n u m b e r  1 3 1 5  A B ) .  T h i s  h a s  b e e n  f o u n d  t o  b e  i d e a l  f o r  t h e  p r e p a r a t io n  o f  d i s k s .  T h e  s a m p l e  i s  
h e a t e d  in  situ  o n  t h e  p r e s s  b y  a n  e l e c t r i c  m a n t l e  w h i c h  c o m p l e t e l y  e n c o m p a s s e s  t h e  m o u l d .  
T e m p e r a t u r e  i s  m e a s u r e d  b y  a  W e s t o n  a l l  m e t a l  t h e r m o m e t e r  w h i c h  p a s s e s  d o w n  i n t o  t h e  c e n t r e  
o f  t h e  m o u l d ,  t h u s  g i v i n g  r e a s o n a b l y  a c c u r a t e  t e m p e r a t u r e  r e c o r d in g .  P r e s s u r e  i s  a p p h e d  a s  
t h e  s a m p l e  a p p i ’o a c l i e s  t h e  p l a s t i c  f i o w  t e m p e r a t u r e .  C o o l in g  o f  t h e  m o u l d  i s  in c r e a s e d  b y  t h e  
u s e  o f  a  s p l i t  b r a s s  h e a t  s i n k  a s  s u p p l i e d  w i t h  t h e  in s t r u m e n t .

8 0 01 2 0 0160020002 5003 0 0 03 5 0 0

F i g .  1 . P o l y t h e n e  d i s c ,  0 - 0 0 6  in .  t h i c k .
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S p e c t r a

T h e  s p e c tr u m  o f  a  0 -0 0 6  in . t h ic k  d is k  s h o w s  o n ly  th r e e  s t r o n g  a b s o r p t io n  b a n d s  a t  2 8 5 0 ,  
1 4 5 0  a n d  7 2 0  cm ~^. T h e  e f fe c ts  o f  t h e  r e m a in in g  b a n d s  a r e  e a s i ly  e l im in a te d  b y  b a la n c in g  w it h  
d is k s  o f  a p p r o p r ia te  th ic k n e s s e s  in  d o u b le  b e a m  o p e r a t io n . T h e  tr a n s m is s io n  o f  t h e  d is k s  a w a y  
fr o m  a b s o r p t io n  c e n tr e s  is  75  p e r  c e n t .

S o m e  r e p r e s e n ta t iv e  s p e c tr a  o f  c o m p o im d s  d is p e r s e d  in  p o ly th e n e  a r e  s h o w n  in  F ig s .  2 - 4 .  
F a r m e r  h a s  s h o w n  [2 ] t h a t  t h e  s p e c tr a  o f  p h e n o ls ,  c a r b o x y lic  a c id s  a n d  s im p le  a lc o h o ls  in  
a lk a li  h a l id e  d is k s  a r e  a f fe c te d  b y  a d s o r p t io n  o f  t h e  s a m p le s  o n  t h e  a lk a l i  h a l id e  p a r t ic le s  
T h e s e  e f fe c ts  a r e  e l im in a te d  in  t h e  a b o v e  t e c h n iq u e . T h e  s p e c tr u m  o f  b e n z o ic  a c id  ( se e  F ig .  2)

1600 12002 5 0 0 2000 8 0 03 0 0 03 5 0 0

F ig .  2 . B e n z o ic  a c id  in  p o ly th e n e .

1000 800120014001600

F ig .  3 . P e r - f lu o r o -b ip h e n y l

(a) CCI4 s o lu t io n
(b ) P o ly t h e n e  d isk
(c) S o lid if ie d  m e lt .

s h o w s  a  s t r o n g  s h i f t  in  t h e  0 - H  s t r e t c h in g  f r e q u e n c y  a s  c o m p a r e d  w i t h  t h a t  o f  t h e  a c id  in  K B r  
d isc s , b u t  i t  i s  in  g o o d  a g r e e m e n t  w i t h  t h a t  in  N u j o l  m u ll .

T h a t  o f  p e r f iu o r o  b ip h e n y l  (F ig . 3a ) i s  c o m p a r e d  w i t h  a  s o lu t io n  s p e c tr u m  a n d  w i t h  t h a t  
o b ta in e d  b y  m e lt in g  a  s a m p le  b e t w e e n  t w o  s a l t  p la t e s  a n d  a l lo w in g  t o  r e s o l id ify . T h e  d is k  a n d  
s o lu t io n  s p e c tr a  a r e  id e n t ic a l  w h e r e a s  t h a t  o f  th e  so lid if ie d  m e l t  s h o w s  s t r o n g  c r y s ta l  o r ie n ta t io n  
e f fe c ts .  T h is  t e n d e n c y  o f  t h e  so H d ified  m e l t  t o  g iv e  o r ie n te d  c r y s ta ls  is  a  w e l l -k n o w n , b u t  o f te n  
in s u f f ic ie n t ly  a p p r e c ia te d , d is a d v a n t a g e  o f  t h e  t e c h n iq u e .



244 R esearch notes

3 5 0 0 3 0 0 0 2 5 0 0 2000 1600 1200 8 0 0

F ig .  4 . S o d iu m  d ic y a n a m id e  in  p o ly th e n e  d isk .

S p e c tr a l  c h a n g e s  h a v e  b e e n  o b s e r v e d  in  a lk a li  h a l id e  d is k s  o f  a  a n d  -g lu c o se  d u e  t o  
p r e s e n c e  o f  t r a c e s  o f  w a te r . [3 ] I n  b o th  c a s e s  t h e  p r o d u c t  w a s  a -D -g lu c o se  m o n o h y d r a te .  A  
p o ly th e n e  d is k  o f  /9-d -g lu c o s e  s h o w e d  n o  e v id e n c e  fo r  h a v in g  u n d e r g o n e  a  c h e m ic a l  c h a n g e ,  
e v e n  a f te r  e x p o s u r e  t o  la b o r a to r y  c o n d it io n s  fo r  s e v e r a l  d a y s .

F in a l ly ,  t h e  s p e c tr u m  o f  a n  io n ic  s a l t ,  s o d iu m  d ic y a n a m id e ,  is  s h o w n  in  F ig .  4  a s  r e p r e s e n ta t iv e  
o f  a  c o m p le te ly  d iffe r e n t  c la s s  o f  c o m p o u n d s . T h e  s p e c tr u m  w a s  id e n t ic a l  in  a l l  r e s p e c t s  t o  
t h a t  o b ta in e d  in  K B r  d is k s  e x c e p t  in  t h a t  m o is tu r e  h a d  b e e n  e x c lu d e d .

T h e  t e c h n iq u e  is  n o w  u s e d  r o u t in e ly  b y  t h e  a u th o r s  fo r  fa r  in fr a -r e d  s p e c tr a  a n d  fo r  h a n d lin g  
m o is t u r e  s e n s i t iv e  c o m p o u n d s  o r  c o m p o im d s  w h ic h  a r e  l ia b le  t o  u n d e r g o  h a l id e  e x c h a n g e  w it h  
t h e  a lk a li  h a l id e s .  I t s  m a in  l im it a t io n  a r is in g  fr o m  t h e  n e c e s s i t y  o f  h a v in g  t o  h e a t  t h e  d is k  
m ix tu r e  t o  120°C  h a s  p r o v e d  o f  l i t t l e  c o n c e r n  a s  f e w  c o m p o u n d s  a r e  s e r io u s ly  a f fe c te d  a t  su c h  
t e m p e r a tu r e s .

A ckn o iv ledgen i-en ts— W e  g r a t e f u l ly  a c k n o w le d g e  a  f in a n c ia l  g r a n t  fr o m  t h e  U .S .  N a v y  fo r  
in v e s t ig a t io n s  o n  fa r  in fr a -r e d  s p e c tr o s c o p y . T h e  /3 -d -g lu c o se , t h e  p e r f lu o r o -b ip h e n y l a n d  t h e  
so d iu m  d ic y a n a m id e  w e r e  g i f t s  fr o m  D r . H .  W e i g e l ,  P r o fe s so r  J .  C . T a t l o w  a n d  D r . D .  A .  
L o n g ,  r e s p e c t iv e ly .

C h en iiM ry  D e jm r lm e n l, R o y a l  H o llo w a y  C o llege , ^
U n iv e r s i ty  o f  L o n d o n ,
E n g le f ie ld  G reen , S u r r e y

[1 ] H . Y o s h i n a g a  a n d  R .  A . O e t j e n ,  J .  O p t. S o c . A m .  4 5 , 1 0 8 5  (1 9 5 5 ).
[2 ]  V . C. FA R M E R , C h em . db I n d .  (L o n d o n )  5 8 6  (1 9 5 5 ).
[3 ]  S . A . B a r k e r ,  E .  J .  B o u r n e ,  W . B .  N e e l y  a n d  D .  H .  W h i f f e n ,  C h em . cb I n d .  (L o n d o n )  

1 4 1 8  (1 9 5 4 ). S . A . B a r k e r ,  E .  J .  B o u r n e ,  H .  W e i g e l  a n d  D .  H .  W h i f f e n ,  C h em . db 
I n d .  (L o n d o n )  3 1 8  (1 9 5 6 ).
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The Fabrication of 
Vacuum-tight High-density Polythene Cells

by S. A s h d o w n , T. F, C r o w d /  and D . S tee le ,
Chemistry Department, Royal Holloway College, Englefield Green, Surrey

A t  frequencies below 2 0 0  cm. - '  (wavelengths greater 
than 50 p.) the only satisfactory transparent mater

ials for cells are high-density polythene and polypropy
lene (Willis, Miller. Adams and Gebbie, 1963). A  num
ber of techniques for producing liquid cells for this far 
infra-red region are in common use. These include the

use of thin polythene bags held in shape by wire meshes, 
and sandwiching of spacers between polythene plates. 
The former technique is not all satisfactory for quantita
tive—or even semi-quantitative—intensity measure
ments, and it is the experience of many that the latter 
technique is frequently very troublesome when making 
measurements in a vacuum, as it is difficult to obtain

Fig. lb . Fixture for scaling 
on top of cell.

L J
•0 1 0  COPPER^Fig, la . Expanded view of 

mould.

Fig, 2, Cross section through 
fixture shown in Fig. lb .



vacuum-tight seals between the polythene plates and 
spacers.

We have developed a simple technique for fabricating 
cells out of single sheets of high-density polythene. 
These are fairly rigid, have a reasonable transmission 
and are reliably vacuum tight. In view of the current in
terest in far infra-red technology it seems worth describ
ing the process. The basic procedure is to make a cavity 
of the required dimensions in a block of high-density 
polythene leaving an acceptable wall thickness ( ~  1 
mm.) on the transmitting surfaces. A  cell is produced by 
sealing a polythene block on to the open end and drilling 
a sample loading aperture into it. It is our experience 
that the only way to make a satisfactory cavity is to ex
trude molten polythene from the block with the use of 
a metal blade. The apparatus we use for this is shown in 
Fig. la . A  strip of polythene 1 in. X 1 j  in. x 5 mm. 
(Iridon Ltd.) is loaded into the brass fixture and the as
bestos guide block screwed down. The jig is heated over 
a burner till the polythene begins to become plastic 
(about 110°C) and the stainless steel sword, similarly 
heated, and lubricated with Nujol, forced down into the 
polythene. The extruded polythene is forced out through 
spacious vents in the asbestos. After rapid cooling the jig 
is dismantled and the blade withdrawn. The complete 
polythene block will have been melted and reformed 
during this process.

Two different procedures have been employed for 
sealing on the top of the cell. The earliest method was to 
heat the surfaces to be joined on a copper block until the 
polythene became transparent to a depth of approx. 
l/2 0 th  in. and then the surfaces pressed together fo l
lowed by pulling out slightly. As the clear plastic adheres 
to the block this tends to produce a messy looking.

though otherwise very satisfactory, joint. Smoothing off 
the joint is accomplished by the use of a hot blade.

An aesthetically more pleasing joint is obtained using 
the fixture shown in Fig. lb. A narrow strip of poly
thene is placed in the top of the cavity to keep it in 
shape during the subsequent operations. The two parts 
to be joined are separated by a copper or steel blade 
which is heated by means of a gas flame. When the poly
thene has become transparent at the junction areas the 
blade is withdrawn with a shuttle type motion to avoid 
dragging the polythene with the blade. Under the pres
sure of the spring, which should not be too strong, the 
two parts join.

A  hole drilled through the top plate serves for sample 
insertion, and can be satisfactorily sealed by use of a 
tapered piece of polythene rod. We have found poly
thene welding rod (Gallenkamp & Co. Cat. No. PP 792) 
ideal for this purpose.

A  typical cell with 1 | mm. cell walls had transmission 
of 56 per cent at 130 c m .- ' dropping only slightly at 
360 cm .-'. The cell walls may be made much thinner 
than this by using thinner polythene or thicker sword, 
and we can anticipate considerably increased transmis
sions if these are required. It is our custom to make 
these cells in batches but a single cell can be produced 
in about 30 min. and has a lifetime determined only by 
the materials used inside it.
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