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ABSTRACT

The course o f  th e  decom position  o f  th e  n itrosonium  io n  "by aqueous 

base has been in v e s t ig a te d , and th e  form ation o f  both n i t r i t e  and 

n it r a t e  ions has been e s ta b lis h e d . Measurements o f  th e  en th a lp ie s  o f  

decom position  o f  M)ClO^(c) , M)HBO^(c) and ( w )  perm it ev a lu a tio n

o f  th e  AH° v a lu e s:

-1

M)ClO^(c) = 59 .0  kJ mol” ^

AH° M)HSO^(c) = - 680 .3  kJ mol

AH° ( H O) g S g O^ ( c )  = - 1 0 4 1 . 0  k J  m o l ” ^

The l im ita t io n s  o f  t h is  approach and th e  marked d e v ia tio n s  o f  th e s e  v a lu es  

from p r e v io u s ly  p u b lish ed  data are d isc u sse d .

The system  BOCl-BCl^ has been in v e s t ig a te d  by Raman sp ectro sco p y  

and two apparent m o d ific a tio n s  o f  a v o la t i l e  1:1 s o l id  adduct have been  

ch a ra cte r ised  as R0"^BC1^". Measurement o f  th e  tem perature dependence 

o f  th e  d is s o c ia t io n  p ressu re lea d s to  a v a lu e  fo r  AH^ UOBCI  ̂ o f  

—391 hJ mol ^. The ev a lu a tio n  o f  a  thermo chem ical rad iu s fo r  is *

d escr ib ed . ------- -

Methods o f  s o l id - s t a t e  v ib r a t io n a l sp ec tro sco p ic  a n a ly s is  are  

TO viewed and t h e ir  a p p lic a t io n  to  various ICl^ and AuCl^ compounds m th  

MCl̂ "*" (M = S ,S e ,T e ) , [MeSClgJ*, ( 4 - n ) a s  c a tio n s  i s

p resen ted . Two m o d ifica tio n s  o f  th e  compound SC1^'*IC1^ have been  

ch a ra c te r ised , one o f  which i s  shown to  be id e n t ic a l  w ith  th e  compound 

p r e v io u s ly  d escrib ed  as a mixed c r y s ta l co n ta in in g  SCl^^IClg snd  SlCl^* 

Secondary bonding in te r a c t io n s  as co n tr ib u tio n s  t o  th e  low  symmetry f i e l d  

crea ted  a t anion s i t e s  in  some o f  th e s e  compounds are p o s tu la te d  in  order 

to  ex p la in  th e  v ib r a t io n a l and RQR s p e c tr a . The combined u se  o f  v ib r a t io n a l  

sp ec tro sco p y  and RQR in  s tr u c tu r a l chem istry i s  b r i e f l y  d isc u sse d .
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CHAPTER 1 

THE NITROSONIUM ION -  INTRODUCTION

N itr ic  oxide i s  a paramagnetic sp e c ie s  and r e a d ily  lo s e s  an

e le c tr o n  to  form th e  n itrosonium  io n , NO’*', which i s  form ally  i s o e le c t r o n ic

w ith  d in itr o g e n , N2 « The strongTT -a ccep to r  p ro p ertie s  o f  n i t r i c  ox ide

when coord inated  to  a t r a n s it io n  m etal may he a ttr ib u te d  to  th e  form ation

24o f  th e  n itrosonium  io n . Raynor b e lie v e s  th a t in  a l l  complexes 

co n ta in in g  a l in e a r  NO group, formal o x id a tio n  numbers should be chosen  

such th a t NO i s  considered  as NO**".

The lo s s  o f  an e le c tr o n  by NO i s  not r e s t r ic t e d  to  t r a n s i t io n -  

m etal com plexes. Io n ic  s a l t s  con ta in in g  NO**’ ion s have a ls o  been  

prepared which resem ble in  c e r ta in  r e sp e c ts  th e  corresponding a l k a l i -  

met a l  compounds w ith which th ey  are o fte n  isom orphous. Such sp e c ie s  

have been d escrib ed  as s a l t s  o f  th e  n it r o s y l  or n itrosonium  c a t io n .

However, th e  l a t t e r  term on ly  w i l l  be used in  t h i s  t h e s i s ,  thus a v o id in g  

any con fu sion  w ith  th e  covalently-bonded  NO in  n it r o s y l  c h lo r id e .

C ertain  h igher ox id es o f  n itro g en  -  N̂ Ô  and NgO ,̂ have been considered  

t o  behave as though th ey  were th e  n it r ite -a n d  n it r a t e  s a l t s  respectively^ ^ *^ ^  

o f  no"**. This i s  p u rely  a form alism , however, s in c e  both o f  th e se  ox id es
g

are c o v a le n tly  bonded sp e c ie s  con ta in in g  a lon g  N-N bond. For N^O ,̂
8m atrix  i s o la t io n  techn iques have ch a ra cter ised  a m etastab le m o d ific a tio n  

ONONO co n ta in in g  no n itro g en -n itro g e n  bond. This i s  th e  n ea rest s p e c ie s  

t o  n itrosonium  n i t r i t e  which has so fa r  been i s o la t e d .

A wide range o f  n itrosonium  s a l t s  have been rep orted  and fo r  th e  

purposes o f  d is c u s s io n , i t  i s  appropriate to  c l a s s i f y  th e se  according  

to  an ion  typ es as i t  i s  th e  anion which la r g e ly  determ ines th e  p h y sica l 

p r o p e r t ie s .  Care should be taken w ith  more com plicated sp e c ie s  to



a s c e r ta in  th a t i s  indeed th e  ca tio n  and i s  not coordinated  to  

th e  an ion . Four d if fe r e n t  ca teg o r ie s  may he considered:

(a) NITROSONIUM SALTS OF SIMPLE INORGANIC IONS

As in  th e  case o f  th e  n i t r i t e  and n i t r a t e ,  th e  sim p lest compounds 

w ith  h a lid e s  and pseudohalides -  Cl , Br , SCN , are c o v a le n tly  bonded 

s p e c ie s .  With th e  h ea v ier  h a lid e s ,  th ere  i s  con sid erab le  d is s o c ia t io n  

a t  ambient tem peratures in to  n i t r i c  oxide and h alogen . This ca tegory , 

th e r e fo r e , in c lu d es th e  p erch lo ra te , su lp h ate , se le n a te  and phosphate 

d e r iv a t iv e s .  NOCIO  ̂ and NOHSÔ  are by fa r  th e most w id ely  

in v e s t ig a te d  nitrosonium  s a l t s .  NOCIO  ̂ i s  a p o te n t ia l e x p lo s iv e ,  

which may explode v io le n t ly  on contact w ith  c e r ta in  organ ic s o lv e n ts .  

The therm al decom position^’ o f  NOCIÔ  in  vacuo has been stu d ied  and 

below  100°C th e  r e a c tio n  proceeds th u s:

2N0C10^   ̂ 2CIO2 + NgO  ̂ + -^2

whereas above 100°C, th e  decom position proceeds:

2N0C10.  ? NgO  ̂ + CI2 + 30g

NOCIO  ̂ has been considered  as a u se fu l p recursor in  th e  sy n th e s is  o f

18 27anhydrous m etal p e r c h lo r a te s . ’ Thus h ea tin g  NOCIO  ̂ w ith  ZnO at  

190 -  200°C produces Zn(ClO^)g 99^ p u r ity , th e  p r in c ip a l im p u r itie s  

b e in g  N02C10^ and ZnO.

C r y s ta llin e  NOHSÔ , was found in  th e  r e a c tio n  chambers o f  th e  

p la n ts  used fo r  m anufacturing H2S0^ by th e  Lead Chamber p rocess and 

hence i s  more commonly known as * chamber c r y s ta ls * .  I t  has been

id e n t i f i e d  as a component in  th e  system 3/^ 2 ^ ^ 4  X-ray

d if fr a c t io n .^ ^  However, a d d it io n a lly  various p o lysu lp h ate  sp e ic e s

22 45 +have a ls o  been i s o la t e d .  ’ Those co n ta in in g  two NO c a tio n s  may be



regarded as adducts o f  w ith  SO  ̂ -  N^O^.nSO^. The s im p lest

member (NO) has not app aren tly  been prepared. S a lt s  co n ta in in g

one NO"*" io n  and a second (d if fe r e n t)  c a tio n  — e .g .  K**", H**", NÔ **', are

a ls o  known. The NO’̂’/UÔ "*' s a l t s  are e f f e c t i v e ly  adducts o f  w ith
22 4-5SO  ̂ — NgO^.nSO^, and t h is  i s  reported  ’ to  be th e  u sual method o f  

p rep a ra tio n . An analogous s e r ie s  o f  compounds o f  NgO  ̂ and 

w ith  SeO^ has a ls o  been reportedZ’ ^  ̂ The compounds (N0)K 

and (ND)H have been prepared, r e s p e c t iv e ly ,  by th e  a c t io n  o f

EgO  ̂ on KHSgO,̂  and r e a c tio n  o f  EOHSÔ  w ith  SOg. A ll  th e se  compounds 

are w h ite  c r y s t a l l in e  s a l t s  which are ch a ra cter ised  by a band in  th e  

in fr a -r e d  spectrum in  th e  reg ion  2250-2300 cm  ̂ due to  ND**’ s tr e tc h in g .

A corresponding s e r ie s  o f  n itrosonium  s a l t s  o f  polyphosphate an ions has 

been r e p o r t e d , b u t  th e se  have not app aren tly  been c h a r a c te r ise d .

(b) NITROSONIUM COMPOUNDS FORMALLY DERIVED FROM NOP

A wide range o f  compounds w ith in  t h i s  category  have been prepared.

The complex flu oroan ion s are both m e ta ll ic ^ ’  ̂ e .g .  NOVF ,̂ NONbFg,

NOTaFg, (NO) gSnFg, and non-m etallic"^’ "̂  ̂ e .g .  EOBF ,̂ (NO) NOPF ,̂

(n o )2GeFg in  n a tu re . The p ro p er tie s  o f  th e se  compounds are r e la te d  to

th e  s t a b i l i t y  o f  th e  f lu o ro a n io n . The m ajo r ity  are io n ic ,  h ig h -m eltin g

in v o la t i l e  compounds -  e .g .  NOEF ,̂ NOPF  ̂ which resem ble NOCIO .̂

However, s e v e r a l compounds e .g .  NODrF^,^ and more v o la t i l e  resem bling

c e r ta in  NOCl d e r iv a tiv e s  d escrib ed  in  s e c t io n  c. S a lt s  idiich are

n o t d e r iv a tiv e s  o f  a m etal f lu o r id e  are r a r e . NDSO^F may be form ally
2

con sid ered  as an example and a ls o  NOPOgF .̂ A ll  th e s e  compounds are  

seldom  prepared by d ir e c t  in te r a c t io n . A more u su a l procedure i s  to  

pass EOCl or E^Ô  in to  a so lu t io n  o f  th e  Lewis a c id , e .g .  HF  ̂ in  HP.



The s ta b le  s a l t s  may again  be ch a ra cter ised  by a band in  th e  in fr a  red  

in  th e  reg io n  2250 — 2300 cm  ̂ due to  NO’*’ s tr e tc h in g .

(c) NITROSONIUM COMPOUNDS FORMALLY DERIVED FROM NOCl

A wide range o f  compounds w ith in  t h i s  ca tegory  have been prepared.

As in  th e  p rev ious ca se , th e  complex ch loroanions are again  e ith e r  

m etallic"*^’ e .g .  NOAuCl^, (N0)2SnCl^, NOAlCl^, or non-metal lie"* ̂  

e .g .  NOBCl^, NOPClg in  nature, th e  la t t e r  compounds b ein g  r e la t iv e l y  

v o l a t i l e  a t  ambient tem peratures. Examples in  t h i s  category  showing 

a n io n -c a tio n  a s s o c ia t io n  have been recogn ised  and are f u l l y  d iscu sse d  

in  chapters 3 and 5« In te r a c tio n  o f  NOCl, w ith  Lewis a c id s  i s  not 

r e s t r ic t e d  to  m etal c h lo r id e s . S u b stitu ted  m etal ch lo r id es  and 

non—c h lo r in e -c o n ta in in g  Lewis a c id s  a lso  undergo r e a c t io n  e .g .

NOTiOCl ,̂"^  ̂ TiCl^(RC02)N0Cl,^ NO.NbOCl^,^^ NOBF^Cl,^^ NOSbF^Cl^^ and

NOSOjCl.13

(d) NITROSONIUM SALTS OF COMPLEX ANIONS [NOT HALOGENATED]

This ca tegory  in c lu d es  a l l  th o se  m isce llan eou s compounds which

may not be c l a s s i f i e d  under ( a ) , (b) and (c) . T yp ical examples in c lu d e

(no)2[H o(N0^)^],'^'^ (no) 2[Pe(CN)^N0].^^ None o f  th e se  compounds has

been e x te n s iv e ly  s tu d ie d .

The nitrosonium  io n  i s  a r e a c t iv e  s p e c ie s  and has been stu d ied  in
29-39d e t a i l  by S e e l in  a s e r ie s  o f  papers p u b lish ed  between 1950 and 1957<

The NO**’ ion  has been ch a ra cter ised  by v ib r a t io n a l spectroscopy,^^

31 13conductance measurements and X-ray cry sta llo g ra p h y . A s in g le

c r y s ta l  X-ray stud y  o f  NOSO^Cl has identified"*^ d is t in c t  NO**" and S0^C1~

io n s .  NO**’ i s  r e a d ily  hydrolysed , although th e  nature o f  th e  degradation



by aqueous base i s  a su b jec t o f  some con troversy . This i s  f u l ly  

d iscu sse d  in  chapter 2 in  conjunction  w ith  th e  a s so c ia te d  errors r e s u lt in g  

in  various reported  so lu t io n  ca lo r im etr ic  s tu d ie s .  In c e r ta in  non- 

aqueous so lv e n ts  e .g .  SO ,̂ th e  nitrosonium  ion  i s  reported  to  be s ta b le  

and to  undergo both o x id a tio n  and red u ction  r e a c t io n s . Thus th e  

r e a c t io n  w ith  in  SOgfl) i s  reported  to  proceed:^^’ ^^

NO'*' + N^“   > NgO + Ng

There i s  lim ite d  evidence"*^ to  suggest th a t NON̂  e x is t s  at low

tem peratures. The r e a c tio n  o f  NO**' w ith  I  in  SOgCl) i s  reported  to  

32proceed:

2N0**’ + 21*" -------------^ 2ND + Ig

When compared w ith  th e  complex degradation  o f  NO*** by aqueous base (se e  

chapter 2) , th e se  r e a c tio n s  are com paratively s im p le . The u se  o f  

th e se  r e a c tio n s  in  s o lu t io n  ca lorim etry  has not been eva luated  ( in  

802(1) or in  o th er l e s s  u n a ttr a c tiv e  s o lv e n t s ) • The con c lu sio n s from 

th e  work p resen ted  in  chapter 2 would su ggest th a t such r e a c t io n s  should  

be con sid ered , d e sp ite  th e  numerous su b sid ia ry  experim ents req u ired  to  

d er iv e  a l l  th e  n ecessary  a n c il la r y  d ata .
+ Q 2^NO has been reported^ to  undergo r e a c tio n  w ith  80^ "* to  form th e

s p e c ie s  [8 0 ^ .NO]*". This has been termed th e  Bodeker r e a c t io n  and i s

rep orted  fo r  coordinated  NO**". Thus a d d itio n  o f  methanol to  an aqueous

s o lu t io n  o f  caesium su lp h ite  and caesium n itro p ru ss id e  p r e c ip ita te s  th e

coord inated  sp e c ie s  which has been ch a ra cter ised  by in fr a -r e d  sp ectro sco p y .

The r e a c tio n  o f  NO w ith  m etals and tr a n s it io n -m e ta l complexes has a ls o

been s t u d i e d . T h u s  NOCIO  ̂ or NOBP̂  w i l l  rea c t s lo w ly  w ith

11m e ta ll ic  coppei^ in  suspension  in  CĤ CN or EtOAc according to :

 _____n. .  V r A  l 2 +Cu + 2ND + n s o lv .  — [C u (so lv )^ ] + 2ND



12M e ta llic  Mn, P e, Co, Ni and Zn rea c t s im ila r ly .  The r e a c tio n s  are  

u s u a lly  ca rr ied  out under reduced p ressure to  avoid  contam ination with, 

th e  n it r a te  s a l t s .  With m e ta ll ic  palladium , however, th e  product 

i s  th e  y e llo w  diam agnetic P d (l) complex [Pd(CH^CN) ^]C10^. NO"*' s a l t s

r e a c t  w ith  th e  complexes M(PPh^) (M = P t , Pd) in  CĤ CN w ith  

form ation  o f  [M(PPh^) ^NO l̂'*'. In l e s s  b a s ic  so lv e n ts  co n ta in in g  tr a c e s  

o f  w ater, OH bridged dimers are produced [M2 (PPh^) ^(OH) N i ( l l )

complexes are reported^ to  be o x id ise d  to  Ni ( i l l )  complexes by NDBP  ̂

in  CH^CN.

Nitrosonium  s a l t s  in  s o lu t io n , e .g .  NOHSÔ  in  conc. H^SO ,̂

NDAIGI^ in  802(1) ,  absorb sm all amounts o f  n i t r i c  oxide NO at

39atm ospheric p ressure to  form b lu e  s o lu t io n s .  Upon c o o lin g , th e  

co lo u r  changes to  red . These ob servation s are a ttr ib u te d  to  th e

28in te r a c t io n  o f  NO w ith  NO"*". P . S ee l has is o la t e d  a compound

NOAICI^.NO by r e a c t in g  NDAlCl^ w ith  NO under p ressu r e . The r e a c tio n

o f  NO*** w ith  NOCl form ing s a l t s  e .g .  NOAlCl^.NDCl has been p o s tu la te d

21and i s  d iscu sse d  in  chapter 3« I t  has a lso  been reported  th a t NOCl 

r e a c ts  w ith  n itrogeneous bases e .g .  p y r id in e , p ic o l in e ,  q u in o lin e  to  

form no"*" s a l t s ,  as id e n t i f ie d  by i . r .  The n itro g en  atom o f  th e  base

i s  b e lie v e d  to  act as a donor to  NO**"

[ N — --------------0 < ------------- BASE]‘*'C1“

There i s  a ls o  lim ite d  evidence"*^ fo r  th e  form ation o f  th e  io n  MÔ **"
2-3

when NO**" in te r a c ts  w ith  NOg.
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CHAPTER 2 SOLUTION CALORIMETRY OF NITROSONIUM COMPOUNDS

2.1  INTRODUCTION

Thermodynamic data fo r  n itrosonium  compounds are not e x te n s iv e ly

rep orted  in  th e  l i t e r a t u r e .  Several sim ple n itrosonium  s a l t s ,
_3 _  6 , 11  2 , 1 1 , 1 2  J 1

NO X (X = CIO  ̂ HSÔ  , SgO  ̂ , SO^F ) have been

in v e s t ig a te d  by so lu t io n  ca lor im etry , but sev era l o f  th e  p o stu la ted

c a lo r im e tr ic  rea c tio n s  may be regarded as somewhat sp e c u la tiv e

because n itro u s  a c id  i s  in vo lved  as a re a c tio n  in term ed ia te . A fter

decomposing a n itrosonium  s a l t  in  aqueous b ase , both n i t r i t e  and n it r a te

ion s can be d e tec ted , th e  l a t t e r  a r is in g  from the d isp ro p o rtio n a tio n  o f

n itro u s  acid:^^

3HN0g #  HNÔ  + HgO + 2N0 ( l )

I n  th e  presence o f  oxygen, th e  s i tu a t io n  i s  fu rth er  com plicated by  

gaseous phase o x id a tio n  o f  n i t r i c  oxide to  n itro g en  d i o x i d e , w h i c h  

can be absorbed in to  b a s ic  so lu t io n :

2N0 + Og------------  2N0g (2)

NOg + NO ^ -------- NgO  ̂ (3)

The fo llo w in g  c r i t i c a l  assessm ent o f  enthalpy o f  form ation data fo r  

nitrosonium  compounds cu rren tly  a v a ila b le  in  th e  l i t e r a t u r e  su g g ests  

se v e r a l errors and r e v e a ls  a ser io u s  d iscrepancy between th e  va lu es  

rep orted  fo r  AĤ NOHSÔ  by two independent m ethods.^’ "*"*
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2 .2  ENTHALPY OF FORMATION DATA REPORTED FOR NITROSONIUM COMPOUNDS

(a) NITROSONIUM PERCHLORATE

AĤ NOCIO  ̂ has been determ ined by Cruse e t a l .^  from

measurements o f  th e  enthalpy o f  decom position  o f  th e  s a l t  in  O .5M

sodium hydroxide s o lu t io n  in  a n itro g en  atm osphere. This study

reco g n ised  th e  form ation  o f  both n i t r i t e  and n it r a te  io n s in  s o lu t io n

and ca re fu l p o s t-c a lo r im e tr ic  a n a ly s is  was performed in  order to

e s ta b lis h  th e  s to ich io m etry  o f  each c a lo r im etr ic  r e a c t io n . S evera l

fa c to r s ,  however, combine to  reduce confidence in  th e  reported

v a lu e s . F i r s t l y ,  an in c o n s is te n c y  between th e  s ig n  conventions

adopted fo r  th e  measured en thalpy o f  r e a c tio n  and th e  a n c i l la r y  data,

11noted  by Woolf and R ichards, lea d s  to  a corrected  v a lu e  fo r  

AH^NOCIO  ̂ o f  - 9 .0  k ca l mol "* ( c f .  —39-6 — O.3  k ca l mol . This 

va lu e  was in  good agreement w ith  th a t p red ic te d  from some o f  t h e ir  

own thermochemical measurements.

However, t h i s  r e c a lc u la t io n  was based on an assum ption th a t th e  

decom position  proceeded according to  equation  (4) :

9NDC10^(c) + l6NaOH(aq) 9NaC10^(aq) + 6NaNDg(eq) + NaNO^(aq)

+  2 B D (g) +  SH jO C l) (4 )

A very  ca re fu l stud y  o f  th e  a n a ly t ic a l  data shows th a t t h i s  assum ption
3

i s  in c o r r e c t .  Cruse e t a l .  in  f a c t  c a lc u la te d  a v a lu e  fo r  

AĤ NOGIÔ  from each in d iv id u a l c a lo r im etr ic  run by co n sid er in g  th e  

r e a c t io n  in  th e  form;

n^NOClO^(c) + n^NaOH(aq) —> n^NaClO^(aq) H- n^NaNO^(aq)

+n^ira]ro2(aq) + ^ /2 5gO (l) + 2n^m (g)

(5)
The c o e f f ic ie n t s  were determ ined exp erim en ta lly  and th e  a n a ly t ic a l  data
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a re  reproduced in  ta b le  2 .1 .  The .ca lcu la te d  c o e f f i c ie n t s ,  which 

are not p resen ted  in  th e  o r ig in a l paper, c le a r ly  i l l u s t r a t e  th a t  

th e  r e a c t io n  i s  not rep rod u cib le  and th e  in c lu s io n  o f  equation  (4) 

in  th e  o r ig in a l paper i s  m islea d in g . R eca lcu la tio n  o f  a va lu e  fo r  

AĤ NOCIO  ̂ from each in d iv id u a l run in  ta b le  2 .2 ,  employing updated  

a n c i l la r y  data , leads to  a mean va lu e o f  +15-88 -  O.69 k ca l mol .

This p o s i t iv e  va lue i s  p la u s ib le  in  view  o f  th e  e x p lo s iv e  nature o f  

nitrosonium  p erch lo ra te .^

(b) NITROSONIUM HYDROGEN SULPHATE

V alues o f  AH°NOHSÔ  and AH (̂NO) ^S^O  ̂ have been determ ined  

11by Woolf and Richards from measurements o f  th e ir  en th a lp ies  o f  

decom position  in  aqueous a lk a lin e  sodium h y p o ch lo r ite  s o lu t io n .

D ecom position o f  th e s a l t s  was considered  to  proceed as fo llo w s ;

NOHSO^(c) + 001 (aq) + 30H (aq) —> NÔ  (aq) + 2H20(l)+S0^^ (aq)+Cl”’(aq)

(6)

(no) gSgO.^(c) +20Cl“ (aq) +60H“ (aq) 2N0^” (aq) +3H2O ( l )  +2S0 .^“ (aq) +2Cl“ (aq)

However, no a n a ly t ic a l  data are g iven  to  su b s ta n tia te  th e se  r e a c tio n s  

and th e  p o s s ib le  form ation o f  n it r a te  in  s o lu t io n  by d isp ro p o rtio n a tio n  

o f  n itr o u s  a c id , which i s  undoubtedly in vo lved  as an in term ed ia te  (s e e  

l a t e r ) ,  was not con sid ered . The value o f  AĤ NOHSÔ  = -1 8 2 .5  -  0 .7  k ca l 

mol "* based upon on ly  th ree  experim ental measurements and d if f e r in g  from 

an  e a r l ie r  determ ination^ (-1 6 0 .2  k ca l mol” "*) by some 20 k ca l mol” "* i s  

s u sp e c t .
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Kimin^ had derived  AH°NOHSÔ  in  1954 from a co n sid era tio n  o f  

th e  enthalpy changes a s so c ia te d  w ith th e  d is s o lu t io n  o f  th e  compound 

in  aqueous su lp hu ric  a c id  so lu t io n s  o f  d if fe r e n t  s tr e n g th s . This 

stud y  was apparently  very  thorough and m erits ser io u s  co n s id e r a tio n . 

Numerous co rrec tio n s  were ap p lied  to  account fo r  im p u rities  in  th e  

s ta r t in g  m a ter ia l, but th e  absence o f  a n a ly t ic a l  data and om ission  

o f  e s s e n t ia l  s tep s  in  th e  working renders th e  d er iv a tio n  o f  th e  f in a l  

r e s u lt  im possib le  to  check. Moreover, th e  f in a l  r e s u lt  i s  obtained  

u sin g  some doubtful a n c i l la r y  data as th e fo llo w in g  syn op sis  o f  the  

method i l lu s t r a t e s

( i )  THE SAMPLE

S ince Kunin was apparently  unable to  prepare la r g e  

q u a n tit ie s  o f  pure c r y s t a l l in e  NOHSÔ , measurements were ca rr ied  

out u s in g  a sample contam inated w ith aqueous su lp hu ric a c id  co n ta in in g  

some d is so lv e d  and some p a r t ia l ly  hydrolysed compound -  th e  mother 

l iq u o r . The p u r ity  o f  th e  NOHSÔ  was e s ta b lish e d  from chem ical

a n a ly se s , not e x p l i c i t l y  reported , and th e  q u a n tity  o f  d is so lv e d
...----  7

product was ca lc u la te d  from some p rev io u s ly  published  data

(c a lc u la t io n  not g iven) . The exten t o f  h y d ro ly s is  o f  th e d is so lv e d

compound in  th e  mother liq u o r  was ca lc u la te d  as 30^ (method not

given) .

( i i )  THE MEASUREMENT OP ENTHALPIES OP SOLUTION

E n th a lp ies o f  so lu t io n  were measured in  a non-vented  

c a lo r im eter  v e s s e l  and th e  measurements corrected  fo r  th e  heat o f  

d ilu t io n /c o n c e n tr a t io n  o f  th e  mother liq u o r  in  th e  t e s t  so lu t io n  u s in g  

l i t e r a t u r e  data (source and c a lc u la t io n  not given) • The heat o f  

-d ilu tio n  o f  NOHSÔ  d is so lv e d  in  th e  mother liq u o r  was s ta te d  to  be very  

sm all and indeterm inate .
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( i i i )  CORRECTION OF THE RESULTS FOR DISPROPORTIONATION OF 

NITROUS ACID

The p rocess o f  d is s o lu t io n  was considered  to  in v o lv e  

th e  fo llo w in g  s te p s ;

NOHSO^(c) ^ ------------   NOHSÔ  (d is s )  (8)

NOHSO (d is s )  + H^Ofl) E^SO ( l )  + HNO^Cdiss) ( 9)

nHgSÔ mHgO (d is s )  +H2S0^ (l)  (n+l) HgSO^Cm-l) Ĥ O (d is s )  +H2O ( l )

( 10)

The measured en th a lp ies  o f  s o lu t io n  are presen ted  g r a p h ic a lly  in  

f i g .  2 .1  and th e  in f le c t io n  a t 73^ HgSO  ̂ con cen tration  i s  considered  

to  in d ic a te  th a t some d isp ro p o rtio n a tio n  o f  th e  d is so lv e d  n itro u s  

a c id , and th e  a s so c ia te d  hydration  o f  th e  so lv en t hy th e  l ib e r a te d  

w ater, i s  beginn ing to  occur a t th a t p o in t .

3 H N 0 2 ( d is s )  ±? H N 0 ^ ( d is s ) + H 2 0 ( d i s s ) + 2 N 0 ( g )  ( I I )

Separate experim ents were carr ied  out under id e n t ic a l  co n d itio n s  in  

order to  a s se s s  th e  ex ten t o f  d isp ro p o rtio n a tio n  o f  th e  d is so lv e d  

n itr o u s  a c id  a t a g iven  a c 'd  con cen tration  by co n sid erin g  th e  sp e c ie s  

in  th e  gas phase. The r e s u lt s  are presen ted  in  f i g .  2 .2 .  The 

method used to  measure th e  N0 ;N02 con cen tration  in  th e gas phase i s

not g iv en , but a knowledge o f  th e  equ ilibrium

2HN02(diss) #  H 2P(diss) + NO(g) + N02(g) (12)

must a ls o  be in v o lv ed . S ince a t a c id  le v e ls  l e s s  than 73^ E^SO.
$ z: 4

d isp ro p o rtio n a tio n  i s  occu rrin g , then  undoubtedly th e  equ ilibrium  in  

equation  (9) i s  b ein g  d isp la ced  to  th e  r ig h t .  The s tep  in  f i g .  2 .2  

a.t 58^ i s  considered  to  in d ic a te  th a t below t h is  p o in t a l l
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M)HSO  ̂ has h yd ro lysed . Kimiii s ta te d  th a t  th e  observed e a t lia lp ie s  o f  

s o lu t io n  in  f i g .  2-1  had heen co rrected  ±n order t o  account fo r  th e  

d isp ro p o rtio n a tio n  and h yd ration  p ro cesses  so  th a t  th e  d is s o lu t io n  

cou ld  he considered  o n ly  in  term s o f  equations ( 8 ) ,  (9) and (tO ).

The procedure fo r  a p p ly in g  t h i s  c o r r e c t io n  i s  not a t  a l l  c le a r  and.

s in c e  no data are g iv e n , i t  i s  assumed th a t th e  u a lu es fo r  (i") th e

ex ten t o f  d isp ro p o rtio n a tio n  o f  d is so lv e d  n itr o u s  a c id  and { i i }  th e  

h y d r o ly s is  o f  d is so lv e d  hOhSD  ̂ a t  a  g iven  a c id  con cen tra tio n , to g e th e r  

w ith  ( i i i }  th e  l i t e i a t u r e  v a lu e  fo r  th e  en th alp y  change fo r  p ro cess

( l l )  were known.

( iv }  ClhtJDLATIOir Ü F  IHE EESDLTS

L et = measured h eat o f  s o lu t io n  co rrected  fo r

d isp ro p o rtio n a tio n  c a l  g  ^  UDHSÔ

= heat o f  s o lu t io n  o f  HDHSO^(c} c a l  g

_
=  h eat o f  h y d r o ly s is  o f  UD^O^(diss} c a l  g  UDHSÔ

q^ =  h eat o f  h yd ration /d eh yd ration  o f  so lv en t c a l g  ^HOSSO  ̂

a  = f r a c t io n  o f  UDHSÔ  in  sample a s  c r y s ta l

h  = f r a c t io n  o f  UDBBÔ  i n  sample d is so lv e d  in  mother liq u o r

c  = f r a c t io n  o f  in  mother liq u o r  a s  HND̂

. = degree o f  h y d r o ly s is  a t  a c id  co n cen tra tion  A  based

upon th e  t o t a l  amount o f  HDBSO.»
-4

-1H ^ t  co n tr ib u tio n  from p ro cess  (8} = —q^a ca.1 g

T o ta l UDESO  ̂ p resen t i n  sample ={a -f b  •+ c}

At con cen tration  A, f r a c t io n  o f  UDHSÔ  hydrolysed  = (a+b+c}x^
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But s in c e  fr a c t io n  6  a lread y  hydrolysed , heat co n tr ib u tio n

'A -  C]S2from p rocess (9) = ~ [ (a  + h + c )x . -  c]q« ca l g ^

Sulphuric a c id  l ib e r a te d  by p rocess (IO) = (a + b + c)

Heat co n tr ib u tio n  from p rocess ( 10) = + (a  + b + c)q^ x^

q^oT " -[(a+ b + c)x^  -c ]q g  + (a+b+c)x^q^ (13)

At A = 100# EgSO., x^ = 0

At A = 58/0 EgSO., x^ = 1

q^ may be c a lc u la te d  from l i t e r a tu r e  data.- 

Hence s u b s t itu t io n  o f  th e  above data in to  ( 13) generates two 

sim ultaneous equations from which q  ̂ and q  ̂ may be deduced. The 

data employed were not g iven  and so th e  error l im it s  fo r  th e  

num erical s o lu t io n s  cannot be a sse sse d

q  ̂ = - 11.35  ca l g"^EDHS0  ̂ = -1 .4 4  k ca l mol“ ÊOHSÔ

q^ = - 6 9 .7  c a l g“  ̂ NOHSÔ  = - 8 .8 5  k ca l mol“ ^M)HSÔ

The p h y sica l s ig n if ic a n c e  o f  q  ̂ and th e  standard s ta t e s  fo r  th e  

re a c ta n ts  and products in  (9) ,  to  which qg r e fe r s , are open to  

s p e c u la t io n . Kunin’ s in te r p r e ta t io n , which seems reasonable,w as  

th a t  qg r e fe r s  to  th e  p rocess in  which one mole o f  EOHSÔ  d is so lv e d

in  pure su lp h u ric  a c id  r e a c ts  w ith one mole o f  pure w ater a t room

tem perature to  g iv e  one mole o f  n itro u s  a c id  d is so lv e d  in  pure 

su lp h u ric  a c id  and one mole o f  pure su lp h u ric  a c id . The s u b s t itu t io n  

o f  standard thermochemical data in to  ( 9) g iv e s  a va lu e fo r  AE^EOHSO^(diss)

EOESO^(diss) + EgO(l) HEOg(diss) + E^SO^Cl)

o r ig in a l.,  68.39 28 .5  189.75

updated^^ 68 .32  28 .5  193-9
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Hence AĤ  HOHSO^(diss) = 158.71 k ca l mol  ̂ (o r ig in a l)

-1= 162.93 k ca l mol (updated) 

-1and AH^M)HSO^(c) = I6O .I5 k ca l mol (o r ig in a l)

-1

= 164.37 k ca l mol  ̂ (updated)

This study i s  c le a r ly  dependent upon th e  d e r iv a tio n  o f  fo r

which i t  i s  not p o s s ib le  to  check th e  c a lc u la t io n s . I f  th e

d e r iv a tio n  o f  q  ̂ i s  accep ted , th e  p h y sica l s ig n if ic a n c e  remains open

to  d is c u s s io n . I f  th e  in te r p r e ta t io n  o f  Kunin i s  b e lie v e d , th en  th ere

remains a problem concerning th e  va lu e o f  AH^HHOg(diss) = 28 .5  k ca l mol

13which i s  n u m erica lly  id e n t ic a l  w ith th e  va lue compiled by HBS fo r

AĤ  HHDg (u n d isso c ia ted  1M aqueous s o lu t io n ) . S in ce i t  has been

im p ossib le  to  f in d  any re feren ce  to  data fo r  AH°HHOg(diss in  H2S0^), 

t h is  co in c id en ce i s  somewhat d is tu rb in g , although th e  d if fe r e n c e  

between th e standard en th a lp ies  o f  form ation o f  n itro u s  a c id  in  w ater 

and concentrated  su lp h u ric  a c id  so lu t io n s  may be very  sm a ll. The 

g a s - l iq u id  equ ilibrium  was not con sid ered .

2HUD2 #  HgO + MgOj ( 14)

ITgO #  no + NOg ( 15)

Although Kunin corrected  h is  heat measurements fo r  th e  d isp ro p o rtio n a tio n  

o f  n itro u s  a c id , i t  i s  not c le a r  whether co rr ec tio n s  were a ls o  a p p lied  

fo r  th e  d is s o c ia t io n  ( 14) o f  n itro u s  a c id . These co n sid era tio n s  

c le a r ly  i l l u s t r a t e  th a t th ere  i s  some need to  r e in v e s t ig a te  th e  

thermodynamic data fo r  HOHSÔ .
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(c) DIMTROSOTJIIM BISULPHATE

Three independent s o lu t io n  ca lo r im etr ic  s tu d ie s  have been rep orted  

fo r  The two e a r l ie r  determ inations are based on th e

decom position  o f  th e  s a l t  by base in  aqueous s o lu t io n :

(UD)2SgO (o) + 6K0H(aq) ----->  SHgOCl) + 2K2S0^(ag) + 2KllD2(aq) ( l6 )

The p o s s i b i l i t y  o f  th e  d isp ro p o rtio n a tio n  o f  n itro u s  a c id  was not con sid ered ,

12 -1Vaughan reported  a va lu e o f  -1 0 7 .0  k ca l mol fo r  th e  enthalpy o f

r e a c t io n  and have r e c a lc u la te d  AH°(N0) (c) from equation  ( l6 )

a s  -253 k ca l mol u s in g  updated a n c i l la r y  d ata . B riner et a l

reported  th e  va lu e o f -7 4  k ca l mol fo r  th e enthalpy o f  re a c tio n , but on

checking th e  c a lc u la t io n , th e  va lue -75*2 k ca l mol i s  obtained  from

which a v a lu e  fo r  A H ^ ( B O ) = -2 8 4 .8  k ca l mol  ̂ i s  d erived  from

11eq u ation  ( l 6 ) . The va lu e reported  by Woolf and Richards by th e  

o x id a tiv e  degradation  o f  th e  s a l t  in  aqueous a lk a lin e  h y p o ch lo r ite  s o lu t io n  

under th e  same con d itio n s d escrib ed  fo r  i s  -275*4 -  0 .6  k ca l mol .

(d) mTROSOEIIM FLUOROSULPHATE

AH°M)SO^P(c) has been reported  by Woolf and Richards^^ who 

measured th e  enthalpy o f  so lu t io n  o f  ROIKÔ  and (WO)^S^Oy in  flu o ro su lp h o n ic  

a c id  (ps). The d is s o lu t io n  p rocesses were rep resen ted  by:

BOHSO^(c) + HSO^P(I) —^  M)SO^P(FS) + EgSO^fFS) (17)

W g S g O  (c) + 2HS0^F(i ) ^  2W0S0^P(PS) + H^S^OyCFS) ( l8 )

The v a lu es fo r  AH°RDSO^P(c) derived  from r e a c tio n s  (17) and ( l8 )  were 

—180.6  — 0 .4  k ca l mol  ̂ and —I8 I.O k ca l mol ^  r e s p e c t iv e ly , which would 

seem to  in d ic a te  c o n s is ten cy  w ith  t h e ir  p r e v io u s ly  reported  v a lu es fo r  

AH°WOHSO (̂c) and AH°(WD)2SgO^(c) .



22

2 .3  SOLUTION CALORIMETRY OP NITROSONIUM SALTS IN AQUEOUS ALKALINE

SODIUM HYPOCHLORITE SOLUTION

An in v e s t ig a t io n  o f  some o f  th e re a c tio n s  d iscu ssed  in  th e  p rev iou s  

s e c t io n  fo r  th e  determ ination  o f  thermo chem ical data fo r  n itroson ium  s a l t s  

was made w ith a view  to  extend ing th e  s tu d ie s  to  some o th er  sim ple  

compounds. The i n i t i a l  in v e s t ig a t io n s  were ca rr ied  out u s in g  aqueous 

a lk a lin e  h y p o ch lo r ite  s o lu t io n ^ ’  ̂ which i s  not an a t t r a c t iv e  c a lo r im e tr ic  

r e a c t io n  because en th a lp ie s  o f  n e u tr a lisa t io n  are in v o lv e d . A s e r ie s  o f  

c a lo r im e tr ic  measurements on NOHSÔ  and NOCIO  ̂ were ca rr ied  out i n  a 

non—vented  ca lor im eter  from which a ir  had not been d isp la c e d . The 

measured en th a lp ies  o f  r e a c tio n  are p resen ted  in  ta b le  2 .3  and th e  mean 

v a lu e  fo r  NOHSÔ  o f  —76.22 -  2 .2  k ca l mol i s  in  poor agreement w ith  

th e  va lu e o f  - 6 9 .4  -  0 .7  k ca l mol ^  determined by Woolf and R ichards.

The a ir -sp a c e  in  th e  ca lor im eter  v e s s e l  was observed to  f i l l  w ith  brown 

fumes im m ediately a f t e r  break ing th e  ampoule to  i n i t i a t e  r e a c t io n . The 

same e f f e c t  was observed when th e  r e a c tio n  was ca rr ied  out under n itr o g e n .  

When th e  brown fumes had been absorbed by th e  a lk a lin e  s o lu t io n  in  th e  

l a t t e r  ca se , a current o f  n itro g en  passed  th r o u ^  th e  a ir  space was 

found to  remove n i t r i c  ox ide gas as in d ica te d  by th e  form ation  o f  brown 

fumes when th e  em itted  gas came in to  contact w ith  a i r .  These 

o b serva tion s c le a r ly  in d ic a te  th a t some d isp ro p o rtio n a tio n  o f  th e  

tra n sien tly -fo rm ed  n itro u s  a c id  occurs under th e s e  co n d itio n s  and th a t  

th e  thermochemical r e a c tio n s  proposed by Woolf [ ( 6 )  and (7)H have been  

o v e r s im p lif ie d .

The o x id a tio n  o f  n i t r i t e  ion  by sodium h y p o ch lo r ite  in  b a s ic  

s o lu t io n  was a lso  in v e s t ig a te d . I t  was found im p o ssib le  t o  estim a te  

th e  unreacted  sodium h y p o ch lo r ite  io d o m e tr ic a lly  in  s tr o n g ly  b a s ic  

s o lu t io n .  In  a ty p ic a l  experim ent, O.O9N sodium n i t r i t e  s o lu t io n
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TABLE 2 .3

ENTHALPY data fo r  the decom position o f NOHSO^(c) hy a s o lu t io n

O.25M w ith  re sp ec t to  OCl”" and 0.1M w ith  r e sp e c t to  OH (IOO cm^)

NOESO / g NOHSO^/molxlO^ -AH^/kcal mol ^
mois o f so lv en t  

“ mois o f NOHSÔ

0.0937 0.737 74.072 7 ,506

0.0715 0.563 74.052 9 ,837

0*0753 0.593 78.032 9,341

0.1053 0.829 77.976 6,679

0.0620 0 .488 78.363 11,344

0.0485 0 .382 74.817 14,502

= - 76.22 -  2.21 k c a l mol”  ̂

= - 318.90 -  9 .26  kJ mol” ^

Enthalpy data fo r  the decom position o f  NOClO^(c) under the same 

c o n d itio n s

HOClO^g NOClO/moülO^ ^Aü^/koal mol M =

0.0806 0 .623 54.873 8 ,890

0*1025 0.792  56.537  6,990

- ^ H ^  = - 55.71 k c a l mol ^

= —233.09 kJ mol ^
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(2 0 .0  cm^ rea cted  w ith  0 .11N  sodium h y p o ch lo r ite  s o lu t io n  ( 25-0 cm )̂ 

in  a medium O.O5N w ith  re sp ec t to  h a se , req u ired  g rea te r  than  25-0  cm  ̂

o f  0 .1N  sodium th io su lp h a te  s o lu t io n  to  t i t r a t e  th e  lib e r a te d  io d in e  

a f t e r  a d d itio n  o f  ex cess  o f  a c id u la te d  potassium  io d id e  s o lu t io n .
•*1

The a n a ly s is  was s u c c e s s fu l ly  ca rr ied  out i n  a  b icarbonate medium.

I t  was th e r e fo r e  found in p o s s ib le  to  measure th e  ex ten t o f  th e  

o x id a tio n  in  a  s tr o n g ly  b a s ic  medium and th e  o x id a tio n  o f  n itroson ium  

s a l t s  by a lk a lin e  h y p o ch lo r ite  s o lu t io n  was not considered  fu r th e r .

2 -4  MEASUREMENT Œ  THE DIPESEENCE BETWEEN AH° VALUES POR TWO 

NITROSONIUM SALTS BY CALORHEIRY IN BASIC SOLUTION

In  th e  absence o f  a ir ,  th e  decom position o f  th e  n itroson ium  io n  

in  b a s ic  s o lu t io n  can be considered  to  in v o lv e  th e  fo llo w in g  s t e p s 3

NO‘̂ X“ (c) 4- OH” (aq) -------> [RNO^] 4- i" (a q ) (13)

x[ENDg] 4- xOH (aq) ' " ■ ■ > xNO  ̂ (agi) 4- xH^O ( l )  (20*)

A
- e  -

\
(1 - x)[BND2] ^ H N D ^ ]  4- I ^ E g O (1) 4-2 ND(g) (2 i)

^ ^ E N O ^ ] 4- OB (aq) ND̂  (aq) 4. j ^ ^ B ^ 0 ( l)  (22)

where x  = f r a c t io n  o f  n itr o u s  a c id  which does not d isp ro p o r tio n a te .

The problem could  be v ery  much s im p lif ie d , i f  th e  decom position  were 

c a rr ied  out under co n d itio n s such th a t  x  = 0 o r  x  = 1- Some e a r l ie r  

work^^ concerning th e  b a s ic  h y d r o ly s is  o f  n it r o s y l  c h lo r id e , in  which  

n itr o u s  a c id  i s  a ls o  in vo lv ed  as an in term ed ia te , has shown th a t  r e a c t io n  

( 20) i s  favoured in  s tr o n g ly  b a s ic  s o lu t io n  ( î^ IT M ). However, i t  i s  n o t
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p r a c t ic a b le  to  carry out c a lo r im etr ic  measurements in  very  stron g  base  

when vpry th in  g la s s  ampoules are in vo lved , and hence co n d itio n s le a d in g  

to  id e n t ic a l  va lu es fo r  x were con sid ered . The fo llo w in g  h yp oth esis  

was proposed and a s e r ie s  o f  experim ents were ca rr ied  out fo r  NOHSÔ , 

NOCIO  ̂ and (NO)gSgOy.

HYPOTHESIS

I f  two n itrosonium  s a l t s  NO'̂ X , N0"*’Y are decomposed in  turn  by an 

ex cess  o f  aqueous a lk a l i  in  th e  presence o f  th e  anion o f  th e  o th er , 

th en  th e  f in a l  s t a t e  o f  each s o lu t io n  a f te r  decom position  w i l l  be 

id e n t ic a l  provided th a t th e  con d itio n s o f  th e decom position  are id e n t ic a l

NO’̂ X’~(c) + Y~(aq) + OH~(aq)'\
[m O g] + X (aq) + T (aq)

m'"'? (c) + X (aq) + OH (aq)

Constancy o f  th e  s t ir r in g  r a te  i s  probably most im portant, s in c e  th e

r a te  o f  d is s o lu t io n  o f  th e  sample i s  probably a s so c ia te d  w ith  th e

ex ten t o f  th e  d isp ro p o rtio n a tio n  r e a c t io n . The measured en th a lp ies

o f  r e a c tio n  fo r  th e  decom position o f  NOCIO ,̂ NOHSÔ  and (NO) 2^2^? 1)Y

0.1M sodium hydroxide s o lu t io n  under n itro g en  are p resen ted  in  ta b le s

2 ,4 1 2 .5  and 2 .6  r e s p e c t iv e ly .

An attem pt was made to  e s ta b lis h  th e  ex ten t o f  d isp ro p o rtio n a tio n

by m easuring th e n i t r i t e  l e v e l  in  so lu t io n  fo r  s e le c te d  ca lo r im etr ic

runs a f t e r  having d isp la ced  th e  l ib e r a te d  n i t r i c  ox id e gas from th e  a ir

sp a ce . R esu lts  are p resen ted  in  ta b le  2.7* P o s t-c a lo r im e tr ic  a n a lyses
•3

were made on th e  so lu t io n s  from c a lo r im etr ic  runs ca rr ied  out in  200 cm 

v e s s e ls  fo r  both n i t r i t e  and n itr a te  a f t e r  having d isp la ced  th e  n i t r i c  ox id e  

g a s . R esu lts  are p resen ted  in  ta b le  2 .8 .
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TABLE 2 .4

Enthalpy data fo r  the decom position o f NOCIO  ̂ in  0.1M NaOH

(100 cm^) a t  298 .2  K

NOClO^g NOG ID/mol X 10^ 
4

-AH^/kcal mol ^ mois o f so lv e n t  
“ mois of NOCIO^

0.1717 1.326 26.48 4173

0.1358 1.049 26.49 5276

0.1240 0 .958 26.10 5777

0.1311 1.013 25.94 5464

0.0869 0.671 ' 26.05 8248

0.1494 1.154 26.24 4796

0.1575 1.217 26.19 4548

0.1540 1 .190 25.96 4651

= -2 6 .1 9  -  0 .1 8  k c a l mol ^

= -1 0 9 .5 8  ± 0 .75  kJ mol” ^
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TABLE 2 .5

Enthalpy data fo r  the decom position o f  NOHSÔ  in  0.1M NaOH

(100 cm-) a t 298.2  K

NOHSO^/g NOHSO^/mol X 10^ -AH^/kcal mol ^ „  mois ■ o f so lv e n t
" mois • o f NOHSÔ

0.1130 0.889 50.115 6224

0 .0949 0.747 50.015 7411

0 .1208 0.951 49 .476 5822

0 .1030 O08II 49 .587 6829

0 .1404 1.105 50 .247 5010

0 .0927 0 .729 50.523 7587

O0O988 0.777 50.276 7119

<AH^= - 50 .03  i 0 .35  k c a l mol ^

= - 209.33 - • 1.4 6  kJ mol ^
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TABLE 2 .6

E nthalpy data fo r  the decom position o f (^0) 2820  ̂ in  O.IMNaOH (IOO cm^) 

a t  298.2  K

(mcOgSgO^/g (NOOgSgOy/mol X 108 -AH^/kcal mol"^ mois . o f so lv e n t  
“ mois o f (NOjgSgOy

0.1044 0 .442 105.470 12,518

0 .0948 0.401 104.990 13,786

0 .1040 0 .440 106.304 12,566

0.0848 0 .359 104.647 15,412

0.1227 0 .520 107.390 10,651

0.1366 0 .578 105.351 9 ,567

< A H ^  = - 105.69 -  1 .05  k c a l mol

= -4 42 .21  -  4 .3 9  kJ mol” ^

-1
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TABLE 2 .7

NOp L evel in  so lu t io n  a f te r  decom position o f  NO'*' s a l t s

NDClOj/g NOClO^/raol X 10^ NÔ  /m ol X 10^ X

0 .1860 1.437 1.084 0.755

0 .1313 1.014 0.775 0 .764

0 .1775 1.371 1.050 0 .766

0 .2719 2.100 1.559 0 .742
0.2220 1.715 1.290 0 .752

<x> = 0 .756

NOHSO /̂g NOHSO /m ol X 10^ NÔ  /m ol X 10^ X

0.1219 0 .959 0.819 0 .8 5 4
0 .1710 1.346 1.138 0 .8 4 6

0.2500 1.967 1.631 0 .8 2 9

[ 0.1870 1.472 1.177 0 . 800]

-̂ X̂  = 0 .8 4

------

(NOOpSgOy/g (no) pS^Oy/mol X  10^ NOp /m ol X  10^ X

0.1040 0 . 4 4 0 0 .6 2 6 0 .712

0 . 1 2 2 7 0.520 0 . 7 4 7 0 .719

0 .1366 0 . 5 7 8 0 .818 0 .707

< x >  =  0 . 7 1 3
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TABLE 2 .8

NO:NO  ̂ mole r a t io  fo llo w in g  th e decom position o f  NO'*' s a l t s  hy  

aqueous has e .

( i )  NOCIO^

Run 1 Run 2

NOClOj/g 0 .2719 0 .2220

NOClO^/mol X 10^ 2.100 1.715

NÔ ” + NOg""/mol X 10^ 1.760 1.440

NO^/mol X 10^ 1.559 1.290

NÔ  /m ol X 10^ 0.201 0 .150

NO/mol X 10^ 0 .340 0 .275

—AH^/Kcal mol ^ 26 .15 25.99

NO:NO  ̂ mol r a t io 1 . 70:1 1 .83:1

NOHSÔ

Run 1 Run 2

NOHSO^g 0.1870 0.2500

NOHSO /̂mol X 10^ 1.472 1.967

NÔ  ■ + NOg /m ol X 10^ 1.340 1.7.60

NOg"/mol X 10^ 1.177 1.631

NO^""/mol X 10^ 0 .1 6 3 0 .129

NO/mol X 10^ 0 .1 3 2 0 .207

-AHj^/tCcal mol” ^ 49 .55 49.95

NO:NO  ̂ mol r a t io 0 .8 1 :1 1 ,60:1
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2 .5  INTERPRETATION OP SOLUTION CALORIMETRY DESCRIBED IN SECTIONS 2 .3  

AND 2 .4 .

The data p resen ted  in  ta b le  2 .7  c le a r ly  in d ic a te  th a t th e  ex ten t  

o f  d isp ro p o rtio n a tio n  o f  th e  n itro u s a c id  t r a n s ie n t ly  formed during  

th e  degradation  in  b a s ic  s o lu t io n  i s  v a r ia b le , although i t  i s  p o s s ib le  

to  reproduce, w ith in  experim ental error, th e  same f in a l  s t a t e  fo r  th e  

degradation  o f  any one compound. The data p resen ted  in  ta b le  2 .8  

app aren tly  in d ic a te  th a t th e  mole r a t io  o f NO**’:NÔ  o f  2:1 vas not 

ob ta in ed , but th e  low va lu es obtained  undoubtedly r e f l e c t  th e  l im ita t io n s  

o f  th e  a n a ly t ic a l  procedure. Consider th e  d if fe r e n c e s  between t h is  work 

and th e  s im ila r  study ca rr ied  out by Cruse et a l .^ ;

( i )  S ca le  o f  r ea c tio n

The extreme s e n s i t i v i t y  o f  th e  th erm isto rs  used in  t h i s  

ca lor im eter  requ ired  th a t c a lo r im etr ic  r e a c tio n s  were ca rr ied  out on a 

s c a le  o f  0 .2  -  0 .3  g  NOCIO  ̂ in  0.1M sodium hydroxide (200 cm^).

Cruse e t a l .  u sin g  a c a lib r a te d  Beckmann thermometer to  measure
•s

tem perature changes were ab le  to  use 1 .5  g samples o f  NOCIO  ̂ in  50 cm 

o f  0.5M NaOH. •

( i i )  The ca lor im eter

The ca lor im eter  v e s s e l  used in  t h i s  work could  not be 

co n v en ien tly  adapted to  measure sm all volumes o f  gas l ib e r a te d  during  

thermochemical r e a c t io n s . Hence th e  q u a n tity  o f  n i t r i c  oxide gas 

l ib e r a te d  during th e  r e a c tio n  was determined in d ir e c t ly .  The 

a n a ly t ic a l  procedure th ere fo re  r e l ie d  e n t ir e ly  upon th e  e f f e c t iv e  

removal o f  n i t r i c  oxide from th e  system , by p a ssin g  a stream o f  oxygen -free  

n itro g en  through th e  s o lu t io n  and a ir -sp a c e  fo r  f iv e  m inutes. Great care  

had to  be taken  when so lu t io n s  were to  be analysed  a f t e r  c a l ib r a t in g  th e  

system  e l e c t r i c a l ly ,  to  ensure th a t a ir  d id  not d if fu s e  in to  th e  system
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during th e  co o lin g  p eriod  between carry ing  out th e  r e a c tio n  and 

c a l ib r a t io n . In  th e se  rea c tio n s  th e ca lorim eter  v e s s e l  was allow ed  

to  coo l s lo w ly  to  eq u ilib riu m , th e  process not b ein g  a ided  by 

p a ssin g  a current o f  n itro g en . The empty ca lor im eter  v e s s e l  was 

fr e q u e n tly  t e s te d  fo r  leakage by n o tin g  th e p o s it iv e  p ressure re ta in e d  

in s id e  th e  v e s s e l  f iv e  minutes a f t e r  adding one drop o f  l iq u id  n itro g en ,

( i i i )  The a n a ly s is

The p r in c ip a l sources o f  error undoubtedly a r is e  from 

th e  determ ination  o f  very  sm all q u a n tit ie s  o f  n it r a te  ion  and n i t r i c  

oxide gas by in d ir e c t  methods. Small errors a r is in g  in  th e  an a lyses  

o f  e ith e r  n i t r i t e  or combined n itr a te  and n i t r i t e ,  due to  in e f f i c ie n t  

removal o f  n i t r i c  ox id e , although not s e r io u s ly  a f f e c t in g  th e  va lu e  

fo r  X, s ig n i f ic a n t ly  change th e  va lu e fo r  th e  r a t io  NOtNÔ "", The 

a n a ly t ic a l  c a lc u la t io n  fo r  NOCIO  ̂ presen ted  in  Appendix ( l )  c le a r ly  

i l lu s t r a t e s  th a t th e apparently  anomalous r a t io  o f  NO:M)  ̂ i s  w e ll 

w ith in  experim ental erro r .

Further, d iffe r e n c e s  in  va lu es o f  standard enthalpiœ  o f form ation  

are . in s e n s it iv e  to  sm all d if fe r e n c e s  in  th e  va lu e o f  x .  The 

com bination o f  equations (19)» (2 0 ), (21) and (22) lea d s to  th e  

fo llo w in g  equation  fo r  th e r e a c tio n  in  terms o f  x:

NOX(c) + [ l+ x +  ]0H (aq) "  >  X (aq) +xNDg (aq) + ̂ —̂̂ ND^” (aq)

+ 2 MO(g) + [x + 2 |^ j ] H g O ( l )  (23)

By s u b s t itu t in g  standard thermochemical data from ta b le  2 .9  in to  

equation  (2 3 ) , a thermochemical r e la t io n s h ip , showing th e  dependence
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TABLE 2 .9  

A n c illa r y  Thermochemical Data

Compound -AH °/kcal mol ^ -AH°/kJ mol ^

lîO(g) - 21.56 -  0 .05 - 90.21 -  0 .21

™Og“ (aq) 25.00 -  1.00 104.60 -  4 .18

UOj~(aq) 49 .52  i  0 .11 207.19 -  0 .4 6

SO^Z-(aq) 217.32 -  0 .00 909.27 -  0 .00

ClO^-(aq) 30.91 -  0 .10 129.33 -  0 .4 3

Cl (aq) 39.93 -  0 .00 167.08 1  0 .00

OCl (aq) 26.20 -  ? 109.72 -  ?

Ogfg) 0 0

BNOg (m = l) 28.50 1  1.00 119.24 -  4 .18

HgSO^(l) 193.9 i  ? 811.28 1 ?

OH“ (aq) 54 .98  -  0 .00 230.02 -  0 .00

2^0(1) 68.32 -  0 .00  " 285.83 -  0 .00
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o f  th e  enthalpy o f  r e a c tio n  on th e  fr a c t io n  z ,  can he gen erated .

A problem does a r is e  concerning th e  standard s t a t e  o f  n i t r i c  o x id e , some 

o f  which may be d is so lv e d  in  th e  ca lo r im etr ic  f lu id  in  th e  non—vented  

system , which w i l l  be under a s l ig h t  p ressu re . The a n a lyses ca rr ied  

out by Cruse et a l .^  in d ica te d  th a t a l l  th e  n i t r i c  oxide was in  th e  

gaseous s ta t e  under th e  con d ition s o f  h is  experim ent, and t h i s  i s  assumed 

h ere . S in ce th e  u ltim a te  co n sid era tio n  o f  th e  r e s u lt s  w i l l  be in  

terms o f  d if fe r e n c e s  between th e  standard en th a lp ies  o f  form ation  o f  

two nitrosonium  s a l t s ,  then  provided th a t th e  n i t r i c  oxide i s  in  th e  

same s t a t e  fo r  each c a lo r im etr ic  experim ent, th e  s p e c if ic a t io n  o f  t h is  

s t a t e  i s  unnecessary.

Hence s u b s t itu t in g  a n c i l la r y  data in to  (2 3 ):

fo r  NOCIO :̂ AĤ  = -5 .2 6  -  9 .0 1 x  -  AH°NDC10^(c) (24)

fo r  NOHSÔ : AĤ  = -2 0 5 .0 6  -  9.01% -  AH°NOHSO (̂c) (25)

fo r  (NO)gSgOy: AĤ  = -3 4 1 .7 2  -  l8 .0 0 x  -  AH°(NO)gSgOy(c) (26)

The error l im it s  have been om itted  and a l l  va lu es  are in  k ca l mol ^.

The r e la t iv e ly  low va lu es o f  th e  x  c o e f f ic ie n t  in  equations (2 4 )» (25) 

and ( 26) lend  confidence to  ex p la in  th e  h igh  p r e c is io n  o f  th e  enthalpy  

data presen ted  in  ta b le s  2 .4 ,  2*5 a,nd 2 .6 .  I f  th e  exp erim en ta lly  

determ ined en th a lp ies  o f  r e a c tio n  are now su b s titu te d  in to  equations  

(24) ,  ( 25) and ( 26) ,  th e  fo llo w in g  r e la t io n s h ip s  are obtained:

AH°N0C10^(c) = (+20.92 -  9 .01x) k ca l mol”  ̂ (27)

AH°M)HSO^(c) = ( - 155.03 -  9 .01x) k ca l mol“  ̂ (28)

, - 1%°(NO)gS^Oy(c) = ( - 236.03 -  I8 .00x) k ca l mol ' ( 29)
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Thus i t  i s  p o s s ib le  to  con sid er q u a n t ita t iv e ly  th e  d if fe r e n c e s  

between th e  standard e n th a lp ie s  o f  form ation  o f  two n itroson ium  s a l t s  

s in c e  a sm all v a r ia t io n  in  x  does not s e r io u s ly  a f f e c t  AH°NDX(c) •

Equations (28) and (29) are in c o n s is te n t  w ith  th e  data ob tained  

by H oolf and Richards fo r  NDHSÔ  and S in ce  0 x  1,

i t  fo llo w s  th a t AH°lDHSO^(c) can never assume th e  va lue o f  

—182.5 k ca l mol  ̂ and AE°(hO)2^2^y ( can never be —275-4 k ca l mol 

I f  th e  experiment a l l y  determ ined va lu es  fo r  x  from ta b le  2 .7  are  now 

s u b s t itu te d  in to  equations (27) , (28) and ( 29) , th e  standard en thalpy  

o f  form ation  va lu es fo r  th e  compounds are obtained:

For NOCIO :̂ x  = 0 .7 6

AH^NDClO^(c) = + 14.10 k ca l mol  ̂ (+ 15*58 k ca l mol  ̂ Cruse^)

For NOHSO :̂ x  = O.84

AH°NOHSO (̂c) = - 162.59 k ca l mol  ̂ ( -1 6 4 .3 7  k ca l mol  ̂ Kunin^

For (NO)gS^O : x  = 0 .71

A^(NO)^S^Oy = - 248.81 k ca l mol“  ̂ (-253 k ca l mol~^ NBS^^)

The agreement w ith  l i t e r a t u r e  data i s  o f  p a r t ic u la r  in t e r e s t .  I f

th e  problem o f  th e  standard s t a t e  fo r  n i t r i c  ox id e i s  to  be e lim in a ted ,

th e  data in  ta b le s  2 .4 ,  2 .5  and 2 .6  may be considered  th u s:
An

NOHSO^(c) +  20H (aq)  [HNO^] + 5 0 ^  (aq) +  RgO(l) (30)
_  AH 3 l

NDCIO (c) +  OH”  (aq) ■■■■- ■>  [END ]  +  CIO “ (aq) (3 l)

(NO)gS^O,^(c) + 4OH (aq) ---2-—^ 2[EN0^] +  2 3 0 ^  (aq) + E^O(l) (32)

I f  X va lu es  are taken  to  be id e n t ic a l  in  each c a se , th en  con sid er th e
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r e a c t io n  obtained  by su b tra c tin g  ( 30) from ( 3 l ) :

AH
NOCIO (c) + SO^^“ (aq) + E^O(l)  ------^  M)ESO^(c) + CIO  ̂ (aq)

+ OE” (aq) ( 33)

The a sso c ia te d  enthalpy change can be expressed:

(34)

and s u b s t itu t io n  o f  thermochemical data from ta b le  2 .9  in to  ( 33) g iv e s  th a t

[AE°N0C10^(c) -  AE°NOHSO^(c)] = +175-92 -  O.4 I k ca l mol“ ^

+ 736.05 t  1.72 kJ mol“ 1

S im ila r ly  fo r  ( 31) and (3 2 ), th e  enthalpy change fo r  th e rea c tio n :

22BDC10^(o) + 230 (aq) + HgO(l)  ------ ^  (HO)gSgO^(c) + 2010^ (aq)

+ 20ir(aq) (35)

w i l l  be g iven  by:
32

AHjĵ 5 ^ ^ 3 1  _ ^  (36)

and s u b s t itu t io n  o f  standard thermochemical data from ta b le  2 .9  in to  

(35) g iv e s  th a t :

[2AE°N0C10^(c) -  AE°(EO)gSgO,^] = +277-88 t  1.09 k ca l mol“ ^

+ 1162.65 -  4-56 kJ mol"^

I f  th e  a b so lu te  value fo r  th e  enthalpy o f form ation fo r  any one o f  

th e se  nitrosonium  compounds i s  known, then  i t  fo llo w s  th a t th e  en th a lp ies  

o f  form ation fo r  th e  o th er two may be deduced.
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At p resen t, th e  va lu es derived  hy s u b s t itu t in g  th e  ex p er im en ta lly -

determ ined va lu es fo r  x in to  ( 27) ( 28) and ( 29) are c e r ta in ly  th e  most

r e l ia b le .  Consider th e  decom position o f  (jNO) (c) in  base according

12to  Vaughan. The experim ental d e t a i l s  are not a v a ila b le ,  but th e  

rep orted  enthalpy o f  r e a c t io n  o f  -107 k ca l mol  ̂ i s  in  good agreement

w ith  th e  value o f  -1 0 $ .7  k ca l mol ^  from t h is  stu d y . This va lu e

could  be derived  from ( 26) by s u b s t itu t in g  a d if fe r e n t  va lu e fo r  x  

assuming th a t both compounds are eq u a lly  pure. A lte r n a t iv e ly , a 

s l i g h t l y  low er va lu e can be shown to  r e s u lt  from 'the presence o f  

oxygen in  th e  system . S ince th e  o r ig in a l study d id  not consider any 

d isp ro p o rtio n a tio n  o f  n itro u s a c id , i t  i s  u n lik e ly  th a t th e  r e a c t io n  

was ca rr ied  out under n itro g en . The decom position o f  th e  compound in  

th e  presence o f  oxygen can be considered  th u s;

(HO)gSgO (o) + 40H“ (aq) — > 2[m O g] + 2S0^^“ (aq) + HgO(l)

2x[Hm ]  + 2xOH“ (aq) --------> 2xmg'"(aq) + 2zSgO(l)

2(1 -  x)[HUOg] ----  ̂ 2 + 2 ( ^ H g O ( l )  +

2 0 ^ H m ^ ] + 2  0 ^  OH"(aq) — > + 2 0 ^ H g O ( l)

4 0 ^ H O (g )  *  ^

2 ^ W g 0 3 (g) + 4 ^ 0 H - ( a q ) 0 ^  BOg (aq) +2 HgO ( l )

This assumes a lim ite d  amount o f  oxygen; undoubtedly th e  o x id a tio n  

could a lso  proceed:
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The o v e i^ ll  decom position may th ere fo re  he represented  hy:

+  60H (aq) + ^  230^  ̂ (aq) + m)g (aq)

+  2  |^ I f 0 3 " ( a q )  + 3 H g O ( l )  (37)

S u b s titu t io n  o f  thermochemical data in to  (40) g iv e s :

%  = - 376.07 + 16.35% -  AH°(iro)gSgO^(o) ( 38)

By s u b s t itu t in g  AH°(HD)2^2^̂  ̂ = —248.8 k ca l m o l~ \ x  = 0 .71  in to  ( 38)

i t  i s  found th a t:

AĤ  = - 115.67 k ca l mol ^

Thus one e f f e c t  o f  oxygen in  th e  system i s  to  decrease th e  va lu e fo r  

th e  enthalpy o f  re a c t io n , and t h is  could exp la in  th e  s l i g h t ly  low er value  

reported  by Vaughan, although numerous experim ental errors could a ls o  be 

in v o lv e d . In sp ectio n  o f  ( 38) in d ic a te s  an even sm aller dependence o f  

AHĵ  on X ,  but th e  d i f f i c u l t y  o f  determ ining x  under th e se  co n d itio n s  

renders th e  rea c tio n  l e s s  favourable c a lo r im e tr ic a lly .

A s im ila r  reason in g  may be ap p lied  to  th e  o x id a tiv e  degradation  o f  

nitrosonium  s a l t s  by a lk a lin e  h y p och lor ite  s o lu t io n . Consider th e  

r e a c tio n  to  be carr ied  out in  an oxygen -free system ; under th e se  

co n d itio n s th e  rea c tio n  can be broken down in to  th e  fo llo w in g  s te p s :

NOHSO^(c) + 20H“ (aq)  > [HNO^] + E^O(l) + SO^^“ (aq)

x[ENDg] + xOE“ (aq) + xOCl” (aq) — ^ xCl“ (aq) + xNOg“ (aq) + xE^OCl)

(l-x)[im O g] — > [HNO3] + ( ^ H g O ( l)  + 2 ^ ^ o ( g )

[HBD3]  + ^  OH"(aq) ----- ^ 0 ^  IE>3"(aq) + ( l )

*(ff
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The o v e r a ll  r e a c tio n  may th en  he rep resen ted  hy:

M)HSO^(c) + OH (aq) + xOCl (aq) ~~ > (aq) +  xCl“’(aq)

+  ^ ■ ^ H g O C l )  +  2 ^ ^ m ( g )  +  ( 3 9 )

and s u b s t itu t io n  o f  standard thermo chem ical data from ta b le  2 .9  in to  (39) 

g iv e s  th a t :

=  - 2 0 5 . 0  -  4T . 28x  -  A h ° N O H S O ^ ( c )  (4D)

In sp ec tio n  o f  (43) shows th a t AĤ  i s  more s e r io u s ly  a f fe c te d  l y  sm all 

changes in  x  which i s  r e f le c t e d  in  th e  low  p r e c is io n  o f  th e  data p resen ted  

in  ta b le  2 .3 .

I f  th e  ex ten t o f  d isp ro p o rtio n a tio n  i s  considered  to  h e  

approxim ately th e  same a s  in  th e  absence o f  OCl , th en  s u b s t itu t in g  

ATT̂  = —76.22 k ca l mol  ̂ and x  = O.84  in to  (40)  g iv e s  th a t:

AH°NDESO^(c) —168 k ca l mol ^

The degradation  o f  NOCIO  ̂ s im ila r ly  lea d s  to

■ = -5 .2 6  -4 7 .2 8 x  -AH°NDC10^(c) (41)

and s u b s t itu t in g  A ^  = —5 5 .7  and x  = O.76  in to  (41)  g iv e s  th a t :

AH^CIO ^(c) + 15 k ca l mol“ ^

These standard en thalpy o f  form ation v a lu es  a re  o f  th e  same order

o f  magnitude as th e  v a lu es  d erived  from (27) and (28) o f  +14* 1 and

—162.6  k ca l mol  ̂ r e s p e c t iv e ly  and c le a r ly  i l l u s t r a t e  th e  erro rs

11in volved  in  th e  rea c tio n s  proposed by K oolf and R ichards. S in ce  th e  

experim ental data presen ted  in  ta b le  2 .3  were ob ta ined  under e ^ e r im e n ta l
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c o n d itio n s  such th a t % was u n lik e ly  to  have remained co n sta n t, owing 

to  a  d if fe r e n t  r a te  o f  s t ir r in g  b e in g  employed fo r  each in d iv id u a l run, 

i t  i s  not p o s s ib le  to  in te r p r e t th e se  data fu r th e r .

2 .6  CONCLUSIONS

This stud y  has emphasised th e  numerous d i f f i c u l t i e s  a s so c ia te d  

w ith  th e  determ ination  o f  thermo chemical data fo r  n itrosonium  compounds 

and has po in ted  out s e v e r a l errors in  th e  l i t e r a tu r e  a r is in g  from th e  

f a i lu r e  o f  various s tu d ie s  to  reco g n ise  th e  d isp ro p o rtio n a tio n  o f  

n itro u s  a c id . The exp erim en ta lly  determined v a lu es  from t h is  d:udy 

are compared w ith  l i t e r a t u r e  v a lu es  in  ta b le  2 .1 0 .

The apparent c o n s is ten cy  o f  th e  va lu e  fo r  AĤ ü̂IOSÔ P( c) derived  

by Woolf and Richards from a co n sid era tio n  o f  th e  h ea ts  o f  so lu t io n  

o f  NOHSO^(c) and (NO)^S^O^(c) in  flu o ro su lp h o n ic  a c id  i s  f o r tu ito u s .  

Consider th e  co rr ec tio n  a p p lied  to  th e se  data u s in g  AĤ NOHSÔ ( c) and 

AE°(NO) gS^O.^(c) v a lu es  from t h i s  study:

NOHSO^(c) + HSO^F(i )  -------^ NDSO^F (PS) + (FS) (42)

= -1 0 .1 7  -  0 .3 2  k ca l mol"^

(NO)gSgO (c) + 2ES0^P(l)  ^ 2NDS0^P(PS) + S^S^O (PS) (43)

A ^  = —29 .7  — 1 .0  k ca l mol ^

NOSO^p(c) ------- > NDS0^P(PS) (44)

AEg = - 7 .35  -  0 .11  k ca l mol“ ^

B2S0^(i)  > ^SO^(FS) (45)
AEĵ  = -O .23  — 0 .01  k ca l mol ^

SO^(l)  )  S0^(PS) (46)

AE^ = —1.63  — 0 .01  k ca l mol ^
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Prom (45) i t  fo llo w s  th a t

AH^^SO^(FS) = - 194.14 k ca l mol"^ (47)

and s u b s t itu t in g  (47) and standard data in to  (42) g iv e s  th a t:

AH°N0S0^F(PS) = - 168.03 k ca l mol"^

Assuming th a t th e  d is s o lu t io n  o f  NOSO^P(c) in  flu o ro su lp h o n ic  a c id  

produces th e same s ta t e  as th e  d is s o lu t io n  o f  NOHSÔ :

AH°N0S0^P(c) = - 160.7  k ca l mol ^

In sp ec tio n  o f  (43) shows th a t a va lu e fo r  AH°(n6 ) 23^0^ (PS) i s  

req u ired . Their assum ption th a t t h is  i s  equal to  th e  sum o f  th e  

h ea ts  o f  s o lu t io n  o f  SO  ̂ and H^SO  ̂ appears d o u b tfu l. Consider th e  

fo llo w in g  thermodynamic c y c le  ( f i g .  2 .3 ) .

H2S0^(i ) + SO^(l) — — — ^ [HgSO^ + SO^] d is so lv e d

- 193.9  A  - 104.6

H28gO, (̂c)

- 304.4
B

-> [EgSgOy] d is so lv e d

f i g .  2 .3

The f in a l  s ta t e  a f t e r  d is s o lv in g  oleum in  flu o ro su lp h o n ic  a c id  i s  

not s p e c if ie d ,  but th e  thermodynamic c y c le  i s  not q u a n t ita t iv e ly  

c o n s is te n t  w ith  t h i s  b e in g  id e n t ic a l  to  d is s o lv in g  an equimolar m ixture 

o f  EgSO  ̂ and SO^. That th e  enthalpy change fo r  p rocess B i s  —1.86 k ca l mol-1
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i s  not apparently  j u s t i f i a b le .  Woolf and Richards app aren tly  assumed

th a t th e  f in a l  s t a t e  o f  was id e n t ic a l  w ith  [H^SO  ̂ + S0^]FS

and ca lc u la te d  AR°H^S^O, (̂FS) = -3 0 6 .2  k ca l mol  ̂ from p rocess A.

I f  th e se  s ta t e s  were id e n t ic a l ,  then  AH^H^S^Oy(PS) = -3 0 0 .4 4  k ca l mol  ̂

should  be ca lc u la te d  from p rocess D. This would s ig n i f ic a n t ly  a l t e r  

th e  va lu e derived  from (43) fo r  AH°NOSO^P(c) u s in g  th e ir  data fo r  

AH°(NO)2^2^?" However, i t  i s  c le a r ly  not p o s s ib le  to  d er ive  

AH°NOSO^P(c) from (43) in  th e  absence o f  th e  correct a n c il la r y  data  

and th e  apparent c o n s is ten cy  o f  thermochemical data obtained  by Woolf 

and Richards from (42) and (43) i s  c o in c id e n ta l.
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TABLE 2.10

Thermochemical data fo r  n itrosonium  s a l t s

Compound -AH^/kcal mol ^ -AH°/kJ mol ^ R ef.

NOClO^(c) -1 4 .1 0 - 59.0 This work

- 15.58 - 65.2 3 corrected

39 .6 165.7 3

NOESO.(c) 162.6 680.3 This work

164.4 687.8 6

182.7 764.4 11

248.8 1041.0 This work

253.0 1058.6 13

284.8 1191.6 2

2 7 5 .4 1152.3 11
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CHAPTER 3

A THERMODYNAMIC AND SPECTROSCOPIC INVESTIGATION OP NOBCl^

3.1  INTRODUCTION

In  th e  previous chapter, a c r i t i c a l  d isc u ss io n  o f  th e  d eterm ination

o f  thermodynamic data fo r  nitrosonium  compounds v ia  s o lu t io n  c a lo r im e tr ic

procedures was g iv en . An a lte r n a t iv e  approach w i l l  now he con sid ered .

Por v o la t i l e  compounds, thermodynamic data may he derived  from th e

tem perature dependence o f  th e  vapour pressure provided th a t th e

nature o f  th e  so lid -g a s  equ.ilihrium and th e  chem ical id e n t ity  o f  each

58component in  th e  system  can he e s ta b lis h e d . This method was used  

to  determ ine AH°NOClP^(c) assuming th e  equilibrium  to  he:

NOClP^(c) NOP(g) + ClP^(g) ( l )

This equ ilibrium  was stu d ied  in  a s t a in le s s  s t e e l  apparatus, u s in g  

s t a in le s s  s t e e l  pressure gauges fo r  measuring p ressu r es . NOCl forms 

v o la t i l e  nitrosonium  s a l t s  w ith both m e ta ll ic  and n o n -m eta llic  ch lorides^^ '^^  

I t  e x h ib its  n e g l ig ib le  d isso c ia tio n ^ ^  in to  NO and Cl^ at ambient or s l i g h t l y  

e lev a ted  tem peratures, and th e compounds may be handled in  g la s s  apparatus. 

This method was extended to  th e  v o la t i l e  1:1 compound o f  NOCl w ith  BCl^ 

thus p erm ittin g  th e eva lu a tio n  o f AH^NOBCl^(c) .

3 .2  NOBCl ,̂ PREPARATION AND RAMAN SPECTROSCOPY

This compound was o r ig in a lly  obtained by Geuther^^ in  l874

a s  a y e llo w  sublim ate by re a c tio n  o f  NgO  ̂ w ith an excess o f  BCl^.

37In  1949, P artin gton  and Whynes prepared y e llow  c r y s ta ls  o f  th e  

compound by s lo w ly  co o lin g  an equimolar m ixture o f  BCl^ and NOCl from 

303 K to  below ambient tem perature. Olah^^ has a ls o  d escrib ed  th e  

p r e c ip ita t io n  o f  th e  compound by m ixing homogeneous so lu t io n s  o f  NOCl
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and BCl^ in  CFgClg a t 223 K. A fter  volatilisation , o f  th e  so lv e n t and 

g e n tle  pumping o f  th e  s o l id  resid u e  a t low tem peratures, c o lo u r le s s  

c r y s ta ls  remained. Since two NO s tr e tc h in g  hands a t 2123 and l800 cm"”  ̂

were observed in  th e in fr a -r e d  spectrum, Olah p o stu la ted  a s o l id  s t a t e  

s tru ctu re  c o n s is t in g  o f  NO'̂ 'BCÎ  in  equ ilibrium  w ith  th e  oxygen- 

coord inated  NOCl p o la r ise d  s p e c ie s .  This in feren ce  appeared to  be 

based upon incom plete v ib r a tio n a l data and so b efore carry in g  out any 

p ressure measurements, an attem pt was made to  ch a ra c te r ise  th e  s o l id  s t a t e  

s p e c ie s  u s in g  Raman sp ectroscop y .

C onsiderable p rep arative  and m anipulative d i f f i c u l t i e s  were 

experienced  s in c e  th e compound e x is t s  as a s o l id  below 297 K on ly  

under i t s  own vapour p ressu re . M eltin g  occurs in  a se a le d  tube a t  

c a . 297 K w ith th e  sep ara tion  o f  two la y e r s , an upper brown la y e r  and 

a low er red la y e r . The lower red la y er  d isappears com p lete ly  on 

h ea tin g  to  333 K. Two apparent m o d ifica tio n s  o f  th e  s o l id  were 

is o la te d :

( i )  A w hite f lo c c u le n t  form resem bling th e  product d escrib ed  

by Olah and prepared a t low tem peratures;

( i i )  A lem on-yellow  c r y s ta l l in e  form resem bling th e  product 

d escrib ed  by P artin gton  and prepared a t room tem perature. The low— 

tem perature form reverted  to  the room-temperature form on m eltin g  and 

s lo w ly  c o o lin g . Raman sp ectra  were measured fo r  a l l  phases o f  th e  

system  at both ambient and liq u id  n itro g en  tem peratures, and a ls o  fo r  

pure NOCl.
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3 .3  INTERPRETATION OP RAMAN SPECTRA FOR THE SYSTEM

The v ib r a t ional spectrum o f NOCl has not been f u l l y  rep orted .

A ll th ree  fundamental freq u en cies have been observed in  th e in f r a -  
27 23

red ' sp ectra  o f  th e  s o l id  and gaseous p h ases. However, o n ly

24th e  gaseous phase Raman spectrum has been in v e s t ig a te d , and one

fundamental frequency Vg was observed u s in g  488 .0 nm Ar"*” e x c i ta t io n .
3

E arly  Raman s tu d ie s  were u n su ccessfu l u s in g  a Toronto arc owing to

th e  red colour o f  NOCl. In  t h i s  stud y , u s in g  647.1 nm Kr"*" e x c ita t io n ,

Raman s h i f t s  were observed and from s o l id ,  l iq u id  and

gaseous samples (Table 3 . l ) .  No reason  fo r  th e  apparent absence

o f  V - |f  which i s  e s s e n t ia l ly  an N = 0 s tr e tc h in g  mode can be

a ffo rd ed . The Raman s h i f t s  observed in  th e  gaseous phase co in c id e

27w ith  th e  published  in fr a -r e d  ab sorp tion  fr e q u e n c ie s . In th e

s o l id  phase, however, th ere  i s  con sid erab le  d isagreem ent. In  p a r tic u la r
_1

a d iffe r e n c e  o f  34 cm between th e  Raman and in fr a -r e d  frequency values

fo r  ^^2 s tr o n g ly  su g g ests  th a t one s e t  o f  data i s  in co rrec t i f  both

r e fe r  to  th e  same band. In fra -red  data fo r  th e  l iq u id  phase have not

been rep orted , but both 'V*  ̂ th e  Raman spectrum are broad,

and i s  asym m etric. This p o s s ib ly  r e f l e c t s  con sid erab le
9

a s s o c ia t io n  and p a r t ia l  io n is a t io n .

NOCl #  N0+ + Cl" ( 2)

The Raman spectrum o f  th e vapour above s o l id  NOCl.BCl^ a t ambient . 

tem peratures e x h ib its  s h i f t s  due to  th e  ^ 2  ^ 3  modes o f  NOCl.

These are lo c a te d  a t th e same freq u en cies  as in  th e  pure gas but no 

bands a r is in g  from BCl^ are observed. This i s  c o n s is te n t  w ith  BCl^ 

b ein g  a weaker s c a t te r e r , and a spectrum was not observed from gaseous 

BCl^ under th e same c o n d itio n s . These ob servation s are c o n s is te n t
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w ith  n o n -in te r a c t in g  NOCl and BCl^ in  th e  vapour above s o l id  NOCl.BCl^» 

The Raman spectrum o f  each s o l id  adduct may not be in terp re ted  

in  terms o f  th e  p o in t group syonmetries o f fr e e  NÔ  and BCl^ io n s .

The spectrum o f  th e  low -tem perature m o d ifica tio n  a t 77 K i s  reproduced

in  f i g .  3*1 • BCl^ w ith  T  ̂ symmetry would be expected  to  e x h ib it
16 —1fou r  Raman a c t iv e  fundam entals. S h if t s  o f  200, 279 and 416 cm

( f i g .  3 - l )  may be a scr ib ed  to  and Y!| r e s p e c t iv e ly  by

comparison w ith standard s p e c t r a , b u t  an assignm ent fo r  i s  more 

d i f f i c u l t .  Raman s tu d ie s  on CsBCl^ carr ied  out in  th e se  la b ora tories^ ^  

f a i l e d  to  observe w h ile  in  MePClg.BCl^ two weak broad bands at

724 and 694 cm  ̂ have been a ssig n ed ,^  ( s p l i t  by ^^B and ^B iso to p e s  

r e s p e c t iv e ly )  . S im ilar  weak bands a t 707 and 67O cm were observed  

in  th e  Raman spectrum o f  KBCl^ d is so lv e d  in  SOg and th e se  have been  

assig n ed  to  th e  ( + V ^) and moles o f  BCl^" r e s p e c t iv e ly .

By analogy, in  f i g .  3 . 1 ,  s h i f t s  o f  695 and 705 cm  ̂ might be 

a ttr ib u te d  to   ̂ BCl^ . However, i t  was noted th a t d ecreasin g  th e  

sample tem perature r e su lte d  in  a prop ortion a l in crea se  in  th e  in t e n s i t y  

o f  th e  Raman s h i f t s  at 218, 236, 664, 695 and 705 cm \  I t  could be 

argued, th e r e fo r e , th a t th e se  s h i f t s  a r is e  from a second s o l id  s t a t e  

sp e c ie s  and th a t V^^BCl^”’ i s  ab sen t. The nature o f  a second s p e c ie s ,  

which must p o ssess  th e  em pirica l formula NOBCl  ̂ to  be c o n s is te n t  w ith  

th e  chem ical a n a ly se s , i s  open to  sp e c u la tio n .

One p o s s i b i l i t y  i s  th e  oxygen-coordinated NDCl.BCl^ sp e c ie s  

p o stu la ted  by Olah.^^ I f  such a compound e x is te d , i t  would be th e  

o n ly  example reported  in  which NOCl coord inates in  t h i s  manner.

The Raman s h i f t s  a t 236 and 664 cm are noted to  resem ble fr e e  NOCl 

in  both frequency and r e la t iv e  in t e n s i t y .  However s in c e  rap id  co o lin g
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o f  a d i lu te  s o lu t io n  o f  M)C1 in  BCl^ to  77 K produced an id e n t ic a l  

spectrum to  th a t shown in  f i g .  3-1 w ith  a d d it io n a l hands due to  BCl^ 

(s e e  l a t e r ) , th e presence o f  fr e e  BOCl i s  u n lik e ly . These s h i f t s  

could a r is e  from coordinated  UOCl however, and th e  IT-Cl s tr e tc h in g  

mode at 664 cm \  which i s  h igher than in  gaseous BOCl ($96 cm ^ ), 

could  he exp lained  in  terms o f  double hond character:

(3)

However, hands a r is in g  from coordinated  BCl^ are not r e a d i ly  id e n t i f i e d .  

These are observed a t 416, 309, 739, 749, 296, 269, and 220 cm ^  in  th e  

Raman spectrum^^ o f  MeCH HCl^, and th e  absence o f  s im ila r  hands in  

t h i s  spectrum, where hands which might he a ssig n ed  to  coord inated  HDCl 

are very  in te n se , s tr o n g ly  su g g ests  th a t s p e c ie s ]3) i s  a b sen t. C learly  

a s tru c tu re  in  which a l l  boron i s  e s s e n t ia l ly  presen t as BCl^ c o e x is t in g  

w ith  both EOCl and HO”** i s  requ ired , and th e  ch lo r in e  coord inated  

HOCIBCI  ̂ sp e c ie s  might he considered:

Cl-

(4)

0
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In  t h is  ca se , a h igh  H-Cl s tr e tc h in g  frequency i s  not r e a d ily  exp la ined  

and since p ertu rb ation  o f  BCl^ has occurred, s p l i t t in g s  o f  BCl^ 

degenerate modes would be expected .

This la t t e r  example lead s to  an in te r p r e ta t io n  o f  th e  Raman 

spectrum o f  BOCl.BCl^ in  terms o f  a n io n -ca tio n  a s s o c ia t io n . Examples 

in v o lv in g  other nitrosonium  s a l t s  have been r e p o r t e d ^ a n d  are  

id e n t i f ie d  by a low BO'*' s tr e tc h in g  frequency -  lower than u s u a lly  

found in  sim ple io n ic  n itrosonium  s a l t s  (2309 cm ^  in  BOCIO^). The 

M)”*" s tr e tc h in g  frequency in  th e  low tem perature m o d ifica tio n  o f  

BOCl.BCl^ occurs a t 2207 cm  ̂ in  th e  Raman which i s  con sid erab ly  h igher  

than reported  in  th e  in fr a -r e d  spectrum^^ (2123 cm . I t  seems 

u n lik e ly  th a t Olah had prepared another form, but co n sid er in g  th e  

v o l a t i l i t y ,  i t  i s  alm ost in co n ce ivab le  th a t t h i s  adduct could  be 

m ulled and mounted between BaCl windows, as s ta te d , w ithout undergoing  

e x te n s iv e  decom position . This po in t w i l l  be d iscu ssed  la t e r .  

C onsidering on ly  th e  Raman spectrum, th e  BO"*" s tr e tc h in g  frequency i s  

;^ 1 0 0  cm ^  below th a t observed in  BOCIO ,̂ and in  o ther n itrosonium  

compounds e x h ib it in g  t h is  phenomenon, anomalous e f f e c t s  have been  

-observed in  th e  v ib r a tio n a l sp ectra  a t low tem peratures. For example, 

Gerding^^ noted th a t c o o lin g  BOSbCl^ to  below 143 K r e s u lte d  in  th e  

appearance o f  an a d d itio n a l weak broad band in  th e  Raman spectrum at  

236 cmT̂  which he considered  to  resem ble o f  BOCl in  various

23m a tr ic e s . . In  order to  exp la in  t h is  phenomenon, he proposed th a t a t  

low tem peratures BO*̂  became a sso c ia te d  w ith one ch lo r in e  atom o f  th e  

an ion :
s+ s-

----------SbCU
b
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C onsisten t w ith  t h is  p rop osa l, s p l i t t in g s  o f  degenerate an ion  modes 

were a ls o  noted . Adams"' has reported  th e  low f r e q u e n c y  in fr a -r e d  

and Raman sp ectra  o f  (BO)^SnCl^,(BO)^ TiCl^ and BOShCl^ a t low  

tem peratures. The appearance o f  an a d d itio n a l hand a t ca . 235 cm 

was found to  co in c id e  w ith  changes in  th e  ex tern a l modes which i s  

in d ic a t iv e  o f  a change in  th e  u n it c e l l .  From group th e o r e t ic a l  

co n sid era tio n s  based upon a somewhat a rb itra r y  assignm ent o f  th e  new 

space group, th e  a d d itio n a l band was a ttr ib u te d  to  an ex tern a l mode 

a r is in g  from th e r e s t r ic t e d  r o ta t io n  o f  BO"*" as a r e s u lt  o f  in te r a c t io n  

w ith  one ch lo r in e  atom o f  th e anion:

N- 55 0 Cl M Clg (Q

The d ir e c t io n  o f  t h i s  in te r a c t io n  was based upon e le c tr o n e g a t iv i ty

52va lu es and i s  in  th e  op p osite  sen se  to  th a t proposed by Gerding.

More re lev a n t to  BOCl.BCl^ however. Barbier e t a l .  have undertaken a
5

s in g le  c r y s ta l s o l id  s ta t e  v ib r a tio n a l a n a ly s is  fo r  BOAlCl^ and

BOGaCl^,^ and th e  a d d itio n a l band appearing at £ a . 260 cm ^  a t low

tem peratures was a ttr ib u te d  to  a l ib r a to r y  mode o f  th e  an ion  in

d is t in c t io n  from th e assignm ent proposed by Adams. This v ib r a t io n a l

a n a ly s is  was p o s s ib le  because th e  space group fo r  BOAlCl^ had been

determined from some prelim inary  X-ray d ata .^  BGGaCl. was a ssig n ed  an
4

id e n t ic a l  stru ctu re  by comparison o f  th e  ex tern a l modes.^ I t  i s

in form ative to  compare th e  ex tern a l modes o f BDAlCl^ and BOGaCl  ̂ w ith  

th o se  o f  B’OCl.BCl^ (Table 3 .2 ) .  In  common w ith  BDGaCl  ̂ and BDAlCl^ 

e lev en  Raman a c t iv e  ex tern a l modes are lo c a te d  i f  s h i f t s  a t 218 and 

236 cm"""' are a ttr ib u te d  to  T(BC1^~) and r(BC1^'~) r e s p e c t iv e ly .  The 

s i t e  group a n a ly s is  o f  th e ex tern a l modes i s  p resen ted  and d iscu ssed
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in  chapter 4- The s h i f t  to  h igher frequency o f  th e tr a n s la to r y  mode

a t  218 cm""' on going from Al to  B i s  c o n s is te n t w ith  th e  d ecrease in

mass o f  th e  cen tra l m etal atom. These s im i la r i t i e s  s tr o n g ly  su g g e s t ,

th e r e fo r e , th a t BOCl.BCl^ i s  iso s tr u c tu r a l and should he form ulated

BDBGl^. I t  should he emphasised, however, th a t th e  hands a t 218 and 

—  1236 cm in  BOBCl  ̂ are very  much more in te n se  than any other ex tern a l 

mode. In  a d d itio n , th e se  hands in crea se  in  in t e n s it y  w ith  d ecreasin g  

tem perature whereas a l l  other l a t t i c e  modes remain unchanged. At t h is  

s ta g e , however, i f  i t  i s  assumed th a t th e se  are l a t t i c e  modes, then  th e  

hands a t 664, 695 and 705 cm "' must he a scr ib ed  to  (P^) BG1^~, 

which occurs a t a lower frequency and i s  more in te n se  than reported  in  

oth er BGl^" s a l t s .^  The s p l i t t in g  o f  i s  e a s i ly  exp la ined  in  terms 

o f  s i t e  group s p l i t t in g s  (se e  chapter 4)*  S im ilar  s p l i t t in g s  o f  

AlCl^" in  BOAIGI  ̂ were a ls o  observed, but i t  i s  not c le a r  whether th e  

in t e n s i t y  changes r e la t iv e  to  and as th e  tem perature i s

low ered.

The Raman spectrum from th e  room-temperature m o d ific a tio n  

( f i g .  3 . 2) proved much more d i f f i c u l t  to  record because th e  c r y s ta ls  

m elted  upon la s e r  ir r a d ia t io n . I t  d i f f e r s  from th e  low -tem perature 

m o d ific a tio n  in  th a t stron g  sharp bands a t 218 and 236 cm "' are  

rep laced  by a shoulder at 240 cm "', and th e  sharp BGl^ band a t 664 cm 

i s  rep laced  by a weak broad band at 655 cm "'. In  a d d itio n , 

has con sid erab ly  broadened and s h if t e d  to  2217 cm \  which resem bles th e  

behaviour o f  in  BOSbGl^.^^ I f  th e  in t e n s i t i e s  o f  th e  bands a t

c a . 230 cm *' and th e  mode fo r  BGl. may be regarded as an in d ic a t io n
i  4

o f  th e  degree o f  a n io n -ca tio n  a s so c ia t io n , th en  t h is  e f f e c t  i s  very  

much weaker a t room tem perature as expected . The ye llow  colour o f  th e
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37compound was considered  by P artin gton  to  a r is e  from fr e e  BDCl, but 

th e  l a t t e r  i s  not r e a d i ly  d etected  in  th e  Raman spectrum u n le ss  

bands a t 240 and 655 cm  ̂ are so  a sc r ib e d .

A dd ition al evidence supporting  a n io n -ca tio n  a s s o c ia t io n  i s  

obtained  from th e  Eaman sp ec tra  o f  th e  l iq u id  la y e r s  formed when th e  

compound m e lts . The upper brown la y e r  i s  shown to  c o n s is t  o f  a weak 

s o lu t io n  o f  BDCl in  BCl^. At ambient tem peratures i t  e x h ib its  bands 

due to  BCl^, a t  th e  same freq u en cies  a s  in  th e  pure l i q u i d , a n d  bands 

due to  BOCl which have s h if t e d  to  h i ^ e r  frequency, having l o s t  th e  

asymmetry which i s  observed in  th e  pure l iq u id .  ( ib b le  3 .3 )  • Upon 

rap id  c o o lin g  to  77 E, a spectrum c lo s e ly  resem bling th a t o f  th e  low— 

tem perature m o d ific a tio n  i s  ob tained  to g e th er  w ith  bands due to  

C lea r ly  BCl^, b e in g  non—p o la r  i s  most u n lik e ly  t o  promote io n is a t io n  o f  

BOCl a t ambient tem peratures, accou n tin g  fo r  th e  lo s s  o f  asymmetry o f  

At low tem peratures, th e  in te r a c t io n  o f  BOCl w ith  BCl^ r e s u lt s  

in  Cl" tr a n s fe r  w ith  th e  form ation o f  io n  p a ir s ,  s in c e  th e  low d ie l e c t r i c

medium i s  u n lik e ly  t o  so lv a te  th e  io n s .  C onsisten t w ith  t h i s  BCl^ has
-— ___

been used as a so lv en t in  th e  p rep aration  o f  BCl^ s a l t s ,  and b e in g  a 

s tro n g  Lewis a c id  i s  u n lik e ly  to  promote th e  form ation  o f  an oxygen- 

coord inated  BOCl—BCl^ s p e c ie s  under th e se  c o n d it io n s . C lea r ly  a n io n -  

c a t io n  in te r a c t io n  i s  v ery  much stron ger than  ion-BCl^ in te r a c t io n  and 

bence bands a t  218 and 236 cm  ̂ are a ls o  observed to g e th er  w ith  th e  

enhanced in t e n s i t y  o f  th e  BCl^

The low er red  la y e r  i s  shown t o  c o n s is t  o f  a  s o lu t io n  o f  BCl
Ĵ

in  excess  BOCl, which b e in g  r e l a t iv e ly  p o la r , i s  l i k e l y  t o  promote io n  

form ation and p o s s ib ly  enhance th e  auto—io n is a t io n  o f BCl^, an e f f e c t
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which has been p o stu la ted  in  c e r ta in  systems^"'

2BCl^(l) ±; BC lg+fsolv) + BCl^ (so lv )  (?)

S in ce  BOCl has a ls o  been p o stu la ted  to  so lv a te  BO*̂ ,̂  th ere  i s  th e

p o s s i b i l i t y  th a t at low tem peratures BO"*" may in te r a c t  w ith  e ith e r

BCl^" or BOCl. The Raman spectrum o f th e  lower la y e r  a t room

tem perature was very  d if fu s e  because bubble form ation r e su lte d  upon

la s e r  ir r a d ia t io n . A spectrum was ob ta ined , however, by c o o lin g  to

278 K, ( f i g .  3 -3 )•  The bands at 200, 280 and 416 cm  ̂ are r e a d ily

a scr ib ed  to  BCl." w ith  th e  "V , mode a t ca . 660 cm  ̂ now very weak.
4 o

The broad bands at ca . 250 and 440 cm ^  a r is e  from BOCl, JM—

a t 440 cm  ̂ b e in g  very  much lower than in  th e  pure l iq u id  ( o f .  549 cm . 

A weak broad band asymmetric to  th e  low frequency s id e  was a lso  observed  

in  th e  B = 0*̂  s tr e tc h in g  r e g io n . These data are c o n s is te n t  w ith  BO"*" 

b ein g  s tr o n g ly  so lv a ted  by BOCl, and an id e n t ic a l  band in  th e  B = 0*̂  

s tr e tc h in g  reg io n  was reproduced by a s o lu t io n  o f  HBÔ  and B^O  ̂ (1:1  v /v )

in  excess BOCl. In t h is  system , n i t r i c  a c id  enhances th e  io n is a t io n
20  "  

o f  H jO / :

FgO s  MD'* + (8)

+BO can th ere fo re  be so lv a ted  by BOCl. F reezin g  th e  lower red la y e r  

produced a sp e c ie s  which d id  not s c a t te r  very  w e l l .  A reso lv ed  Raman 

spectrum was obtained , however, by h ea tin g  th e  complex to  60°C, so th a t  

th e  two liq u id  la y e rs  i n i t i a l l y  formed co a le sc ed , and then  ra p id ly  

c o o lin g  th e  t ip  o f  th e  tube in  liq u id  n itro g en , which in i t ia t e d  rap id  

sep a ra tio n  o f  two la y e r s .  This spectrum ( f i g .  3*4) ex h ib ited  bands
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at 2 0 0 ,  280 and 410 cm” '* which may he a ssign ed  to  BCi^ . The mode

in  th e  reg ion  660-740 cm"  ̂ was very  weak and varied  in  in t e n s it y  on

co o lin g  w ith  a hroad hand centred at ca . 230 cm This c le a r ly

in d ic a te s  th a t NO"̂  BCl^" in te r a c t io n  i s  now very  much weaker and

consequently  th e in te r a c t io n  o f  ITO**" w ith  FOCI, as id e n t i f ie d  hy hands

at 295 and $18 cm"”\  i s  very  much stro n g er . Large s h i f t s  in  th e se  hands

on going from th e  liq u id  to  th e s o l id  phase are not unusual fo r  FOCI

23 +system s. The FO s tr e tc h in g  reg ion  was very  complex, and w h ile  a 

weak hand was s t i l l  observed at 2207 cm \  four stron g  hands were 

observed to  th e  low frequency s id e  at 2140, 2123, 2095 a-nd 2075 cm.

I t  i s  t e n t a t iv e ly  suggested  th a t in  excess FOCI th e  ca tio n  i s

[FOCIFD]" ,̂ fo r  which various r o ta t io n a l isom ers are p o s s ib le ,  e .g .

4-
0. Cl 0

<-

N N N N (9)

The four hands in  t h is  reg ion , could a r is e  from s o l id  s ta t e  coup ling  

o f  F=0 v ib ra tio n s  or from th e  presence o f  se v e r a l r o tamers frozen  out 

in  th e  l a t t i c e .  I t  i s  im p ossib le  to  sp ecu la te  fu rth er  in  th e  absence  

o f  a d d itio n a l sp ectro sco p ic  or c r y s ta l d a ta . A s im ila r  hand p a ttern  

was not reso lv ed  from th e  frozen  HFO^/f^O^/fOCI sample, as might he 

expected, s in ce  a g la s s  was formed upon fr e e z in g . 1:2 adducts o f  m etal 

ch lo r id es  w ith  FOCI have been reported  in  th e l i t e r a tu r e  ( e .g .

FOCI.FDFeCl^,^^'FOCI.FOAICI^^^) hut no v ib r a tio n a l sp ectra  have been  

measured.
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I t  i s  now r e la t iv e ly  easy  to  exp la in  th e  la rg e  d if fe r e n c e  between  

th e  freq u en cies o f  th e  F=0”’’ s tr e tc h in g  mode o f  FOBCl  ̂ observed a t  

2207 cmT̂  in  th e  Raman and apparently  a t 2123 cm  ̂ in  th e  in fr a -r e d .  

D ecom position o f  th e  compound r e s u lt s  in  th e  form ation o f  FOCI, which 

would g iv e  r i s e  to  a band in  th e  in fr a -r e d  at I8OO cm On c o o lin g ,

FO’*’ can r e a d ily  in te r a c t  w ith  FOCI so producing a s h i f t  o f  

to  lower frequency. The appearance o f  a band at 2123 cm i s  c o n s is te n t

w ith  t h is  argument. Thus, i t  fo llo w s  th a t th e incom plete in fr a -r e d  data

may be r e a d ily  exp la ined  in  terms o f  an io n ic  sp e c ie s  F0**"BC1̂  w ithout 

in trod u cin g  a novel oxygen-coordinated FOCl.BCl^ s p e c ie s .  Further 

work might be carr ied  out in  order to  ch a ra c te r ise  th e  [OFCIFO]"  ̂ ca tio n  

in  BCl^” and other compounds.

TABLE 3.1

VIBRATIOFAL DATA FOR FOCI. (CM

SOLID (77 K) LIQUID GAS ASSIGFMEFT

RAMAIT I.R .^^ RAMF I .R . RAMF.. I .R .

233(s) 243
(ca lc )

292(s  br) - 332(s) 332 ^ 3

,457(w) 491 549(w br) - 598 (w) 596

- 1948 — — 1800
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TABLE 3 .2

LOW FREQUEFCY VIBRATIOFAL ASSIGFMEFTS FOR FO'^Cl^”  (M = B, A l Ga) c u T ^

FOBCl^ FOAICI^ FOGaCl. ASSIGFMEFT

36 37-41 40

43 48-52 49-52 = c

53 58-62 61 %

59 64-48 64-71 &  .

69 76 77 ’ ’c

80 81-85 85

92 98 97 ®c

102 104-108 102-107

122 118-122 120-126

2 l8 179 186

236 264 275

A = FO

C,= MCI
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TABLE 3 .3  

RAMAF SPECTRA OF FOBCl,

MELOED CRYSTALS UPPER LAYER AT R• T.

BAUD cm ASSIGFMEFT

257 (m) BCl^

319 (s ) % FOCI

468 (should) ' —

471 (s) 

475 (s )

» BCI3

578 (w) % FOCI

3 .4  FOBCl^(c) FROM THE TEMPERATURE BEPEHDEFCE OF THE DISSOCIATIOH

PRESSURE

The v ib r a tio n a l data fo r  the 1:1 FOCl.BCl^ adduct are c o n s is te n t  

w ith  th e  stru ctu re  F0"̂ BC1̂  in  th e s o l id  phase and u n associa ted  FOCI 

and BCl^ in  th e  vapour. The so lid -g a s  equ ilibrium  may th e r e fo r e  be

rep resen ted  a s:

BOBCl (o) s  HDCl(g) + BCl^Cg) ( 10)

and th e  a s so c ia te d  enthalpy change AĤ  may then  be evaluated  from a 

pres sur e-tem perature study u s in g  th e  in teg ra ted  form o f  th e  C la u siu s-  

Clapeyron equation:

à t
( 11)

RT
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P ressures were measured u sin g  a Texas quartz gauge and t r i a l  

experim ents showed th a t the p r a c t ic a l tem perature range was from 210 K 

to  257 K. S e le c ted  tem peratures in  t h is  range were m aintained u sin g  

w e ll - s t ir r e d  s lu sh  h a th s. Although th e  measured p ressures over  

FDBCl^ in  t h is  tem perature range were w e ll below th e  maximum p ressure  

l im it  fo r  th e  gauge ( 25O Torr) , th e  upper tem perature lim it  was not 

exceeded because o f  rap id  decom position o f  th e  compound on contact w ith  

th e  g la s s  w a lls  o f  th e  vacuum system . This decom position was not 

elim in ated  by prelim inary  baking o f  th e  g lassw are, although i t  was 

s u b s ta n t ia lly  reduced a t low pressures by a llo w in g  th e  g la s s  w a lls  to  

become coated w ith  a th in  la y e r  o f  decom position product. The o r ig in  

and products o f  the decom position remain unknown, but p o s s i b i l i t i e s  

in clu d e (a) th e  presence o f  m oisture tr a c e s  in  the vacuum system  or 

(b) decom position o f  BCl^ by FOCI. C onsistent w ith  th e  la t t e r  

p o s s ib i l i t y ,  i t  was noted th a t a w hite resid u e  always remained in  th e  

r e a c tio n  f la s k  a f te r  preparation  and v o la t i l i s a t io n  o f  FOBCl  ̂ under 

s tr in g e n t ly  anhydrous c o n d it io n s . Fo resid u e  was found a f te r  s to r in g  

a sample o f  BCl^ under id e n t ic a l  c o n d itio n s .

The p ressure gauge readings are r e la te d  to  a b so lu te  p ressu res by 

th e  gauge fa c to r .  This v a r ie s  n o n -lin e a r ly  w ith  in cr ea sin g  gauge 

read ing , but i s  found to  be constant over a narrow pressure range.

The gauge fa c to r  was determined by c a lib r a t in g  th e  s p ir a l w ith w a ter (l)  

over th e tem perature range 291.2 K to  306.2  K, a c e to n e (l)  over the  

tem perature range 210 K to  250 K and benzene(c) over th e  temperature 

range 210 K to  255 K. The r e s u lt s  are presen ted  in  ta b le s  3*4» 3*5 

and 3 .6  r e s p e c t iv e ly .  The gauge fa c to r  derived  from th e water 

c a l ib r a t io n  experiment does not vary over th e p ressure range s tu d ied .
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and th e h igh p r e c is io n  o f  th e  pressure readings r e f l e c t s  th e  tem perature

s t a b i l i t y  o f  th e lagged water hath . The hath tem peratures were

measured u s in g  a ca lib ra ted  m ercury-in -g lass thermometer, and a

platinum  r e s is ta n c e  thermometer showed th a t th e maximum tem perature

f lu c tu a t io n  was — 0 .05°C . In the case o f  th e  acetone c a lib r a t io n

experim ent, th e  derived  gauge fa c to r  i s  in  s a t is fa c to r y  agreement w ith

th a t from th e  previous c a lib r a t io n . The lower p r e c is io n  i s  a ttr ib u te d

to  tem perature f lu c tu a t io n s  in  th e low temperature s lu sh  baths

employed. Temperatures in  th e range 235 K to  243 K were measured u s in g

a ca lib ra ted  m ercury-in -g lass thermometer, whereas th ose  below 243 K

could on ly  be estim ated  u sin g  an a lco h o l thermometer. In  th e se  c a se s ,

th e  l i t e r a tu r e  va lu es fo r  th e  fr e e z in g  p o in ts  o f  th e  pure so lv e n ts  were

employed. The temperature s t a b i l i t y  o f  th e  low temperature baths i s
■f" o

u n lik e ly  to  be b e t te r  than -  0 .1  C, and th e a b so lu te  bath tem peratures 

w il l  be s ig n if ic a n t ly  a ffe c te d  by any contam ination o f th e so lv e n ts  

employed. The apparently  anomalous gauge reading at 210.2 K may be 

a ttr ib u te d  to  th e presence o f  ethanol in  th e chloroform slu sh  b ath . 

Vapour pressure data fo r  acetone were c a lcu la ted  from th e  Antoine 

equation:^

log^Q (p/KPa) = 6 .2548 -  1216.69 (12)
( t /k  -  4 2 . 88)

Table 3*7 i l lu s t r a t e s  th e  v a r ia tio n  in  th e gauge fa c to r  a r is in g  from a 

p o s s ib le  u n certa in ty  o f -  1 K in  th e  temperature o f  the chloroform  

slu sh  bath during th e  acetone c a lib r a t io n .
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TABLE 3 .7

temp/ k VAPOUR PRESSURE/TORR G.E. = VP/0 .7 7 0

2 0 9 .2 0 .6 7 3 0 .8 4 8

2 1 0 .2 0 .7 2 2 0 .9 3 8

2 1 1 .2 0 .7 9 7 1 .0 3 6

The gauge fa c to r  f lu c tu a t io n  i s  th ere fo re  w ith in  experim ental erro r .

In  th e  case o f  benzene, however, f lu c tu a t io n s  in  th e  bath  

tem perature cannot exp la in  th e la rg e  v a r ia t io n  in  th e gauge fa c to r  

over th e  same tem perature range. Benzene vapour p ressures were 

c a lc u la te d  from th e Antoine equation .

logwjgCp/Torr) = 10.8842  -  2836.0  ( I 3)

( t /k  +25 . 31)

One exp lan ation  i s  th e  presence o f  im p u rities  in  th e benzene sample 

employed, but a more l ik e ly  reason i s  m alfunction  o f  th e  gauge. In  

ch ron o log ica l order, pressure measurements were recorded fo r  w ater, 

BOBCl^, acetone and then  benzene. Subsequently a leak  was d iscovered  

across th e  quartz s p ir a l n e c e s s ita t in g  commercial rep a ir  and p reclu d ing  

fu r th er  experim ents. Hence on ly  one s e t  o f  data fo r  HOBCl  ̂ was 

recorded, but s in c e  th e  c a lib r a tio n s  fo r  both acetone and water lea d  to  

th e  same gauge fa c to r  w ith in  experim ental error, i t  i s  u n lik e ly  th a t th e  

s p ir a l  was fractu red  when measurements fo r  HOBCl  ̂ were made. The 

s itu a t io n  i s  n ev er th e le ss  u n sa tis fa c to r y  and fu rth er  measurements over  

th e  same tem perature range are c le a r ly  needed.
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The pressure data fo r  HOBCl  ̂ are presented  in  ta b le  3 «8. A gauge

fa c to r  o f  0 .8 6  was used to  convert p ressure gauge read ings to  a b so lu te  

p ressu res and th e  p lo t  o f  log^^fp/Torr) vs 1/T i s  p resen ted  in  f i g .  3»5« 

The p lo t  i s  o f  th e  form: r-

log^QP = -AH + C ( 14)

2 .303  RT

where AH i s  th e molar enthalpy change fo r  process (IO) . The s c a t te r  o f  

th e  exp erim en ta lly  measured p o in ts , through which sev era l s tr a ig h t  l in e s  

may be drawn, i s  a ttr ib u te d  to  th e  s l ig h t  decom position o f th e  sample 

d iscu ssed  e a r l ie r .  S ince decom position occurs to  a le s s e r  exten t at 

low tem peratures, i t  seems reasonable to  g ive  more w eight to  th e se  

p o in ts  -  minimum slop e  l in e  ( I I ) • However, s in c e  u n cer ta in ty  in  th e  

bath tem perature in crea ses  as th e  tem perature d ecrea ses, th e  b est  

s tr a ig h t  l in e  through a l l  th e  experim ental p o in ts  was a ls o  drawn -  

maximum slo p e  l in e  ( 1) . In  th e  absence o f  fu rth er  data , th e  mean

va lu e <C[AĤ  = 37 .8  -  1 .9  kJ mol  ̂ derived  from th e  two s lo p es  w i l l  be 

used in  subsequent c a lc u la t io n s  w ithout p reju d ice  to  th e  p o s s i b i l i t y  

o f  a s ig n f ic a n t  sy stem atic  error.

S in ce th e  pressure study fo r  HDBCl  ̂ was ca rr ied  out over th e  

tem perature range 210 K to  230 K, AH fo r  (IO) r e fe r s  to  an average  

tem perature o f  230.2 K. I t  fo llo w s  th at to  c a lc u la te  AH° M)BCl^(c),

298.2  K, heat cap a c ity  data are required  fo r  each component over th e  

tem perature range 230.2  K to  298.2  K. Ho such data are a v a ila b le  fo r  

HOBCl^(c), nor are measurements p r a c t ic a l .  E xtrap o la tion  o f  th e  p ressure  

data a t an average temperature o f  230.2 K to  298.2  K i s  l i k e ly  to  

in troduce a s ig n if ic a n t  though indeterm inate error , because th e  degree
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Log^^p vs 1/T plot for NOBCl^

min slope = -1 875

max (1)

min(li)

o
"O

0 5

0 0 5 .0

Fig 3 -5
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o f  a n io n -ca tio n  a s so c ia t io n  decreases w ith in cr ea sin g  tem perature. 

N ev er th e le ss , th e  va lu e o f  AH°NDBCl^(c) derived  hy e x tra p o la tio n  i s  

u n lik e ly  to  d if f e r  g r o s s ly  from th e value at 298.2 K.

Thus from (lO)

AH°M)BC1^(o) = AH°NOCl(g) + AH°BCl^(g) -

[ ( 5 1 .7  -  0 . 3) + ( - 404.6  -  2 . 5) -  ( 37 .8  -  1 . 9) ]  

( - 390.7  -  3 . 2) kJ mol^l

Therefore AH°NOBCl^(o) -93*koal mol ^.

3 .5  THE THEHMOCHEMICAL RADIUS FOR NO'*'

A fter  measuring AH° va lu es fo r  a s e r ie s  o f  compounds MX*, MX*’ ,

MX* * * th e  K ap u stin sk ii Born-lllayer equation in  th e form^^’ ^^

U  =  ,1 .2 0 . - 2   ]  k J  m o l - 1

(r^ + O  + r j

where Z = charge on ca tio n+ ---
Z__ = charge on anion

^  = number o f  ion s in  sim p lest formula
I

= rad ius o f  ca tio n  (nm) 

r_  = rad ius o f  anion (nm)

perm its th e  c a lc u la t io n  o f  a thermo chem ical rad ius r . ,  fo r  M*̂  providedth
th a t r a d ii  fo r  X*, X”  and AH° X*” (g) , AH° X* *“ (g) are known.

I h is  method i s  u su a lly  ap p lied  to  complex an ion s, and th e  ev a lu a tio n  o f  

^th perm its an estim a tio n  o f  AH° va lu es fo r  c e r ta in  h y p o th e tica l

compounds MY*, MY* * e t c .  This procedure, however, must encounter
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se v e r a l problems in  cases where varying degrees o f  a s so c ia t io n  between 

and X“ arefoim d -  e .g .  in  nitrosonium  s a l t s .  S ince th e rad ius o f  

no’’’ in  NOBCl^(c) i s  l i k e ly  to  be grea ter  than in  NOClO^^c) , then  

combination o f  thermochemical data from th ese  two compounds w i l l  generate  

an average thermochemical ra d iu s . C learly  data fo r  compounds such  

as NOCIO ,̂ NOHSÔ , (NO)2^2^?* ^^^^h were c la s s i f i e d  as nitrosonium  

s a l t s  o f  sim ple in organ ic  ion s in  chapter 1 should be used to  generate  

one thermochemical radius fo r  NO*’’. Data fo r  compounds derived  from 

NOCl -  e .g .  NDBCl^, (NO)^SnCl^, NDAICI^, on th e other hand, should be 

combined to  generate a separate thermo chemical radius fo r  NO*'’. 

U nfortunately , anion r a d ii  and AH° va lu es o f  th e  gaseous anions are not 

a v a ila b le  fo r  NOHSÔ  and (NO) 2^2^? hence th ere  i s  at present no

compound whose data may be combined w ith  NOCIO .̂ However, u n lik e  cases  

in v o lv in g  complex an ion s, AH°NO*''(g) i s  well-known^^ and hence i t  i s  

t h e o r e t ic a l ly  p o s s ib le  to  eva lu ate  a thermo chemical radius fo r  NO’’* 

from th e  experim ental data fo r  both NOBCl  ̂ and NOCIO .̂ This may be 

ca rr ied  out as fo llo w s u s in g  e x is t in g  anion d ata .

Two s e t s  o f  data fo r  th e  rad ius o f,.010^ and AĤ CIÔ  (g) are  

a v a ila b le  ( ta b le  3 .9 ) :

TABLE .3 .9

RADIUS/nm REl'EKENCE -AH°X“ (g )/k J  mol 1 REfi'ERENGE

(a) CIO^-

0 .2 3 6 Waddington 56 348.1 ca lc u la te d
0 .185 Solomon 49 235.6 Solomon 49

(b) BCl^-

0 .300 Pinch e t a l .  17 924 Pinch et a l . 17
0 .305 R oso lo v sk ii 54 929 R o so lo v sk ii 54
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Waddington^^ ca lcu la ted  a thermochemical radius hy a p p lic a t io n  o f  th e

Y a tsim irsk ii method to  th e a lk a l i  metal p erch lorate  s a l t s .

AH°C10^"(g) was c a lc u la te d  u sin g  and l i t e r a tu r e  data^^ fo r  KClO^(c).

49Solomon’ s va lu es were derived  from so lv a t io n  energy c a lc u la t io n s  based  

upon en th a lp ies  and fr e e  en erg ies o f so lu t io n  o f  a lk a li-m e ta l p e r c h lo r a te s .  

The radius o f  O .I85 nm was found em p ir ica lly  to  f i t  th e  experim ental data  

fo r  M’’’C10^~"(c) (M = K,Rb Cs) . S ince was a lso  derived  in  th e

c a lc u la t io n s , a thermodynamic cy c le  perm itted  th e eva lu a tion  o f  

AH^CIO  ̂ (g) = 235.6  kJ mol ^. Therefore:

Nocio^(o) —  -  ™  > m +(g) + cio^"(g)

U + 2RT = AH°HO"''(g) + AH°C10 “ (g) -AH^OClO.(c)

( l )  Using Waddington’s data

u = (989.9  -348 .1  -5 9 .0  -  5 .0)

= 577 .8  kJ mol""*

and s u b s t itu t io n  in  th e  K ap u stin sk ii equation:

120.2 . 2 [ 1-  — ■ ■ ]  = ' 5 7 7 . 8

(r^ + 0 . 236) (r^ + 0 . 236)

— (r + 0 .2 3 6  -  0 .0345) = (r + 0 .236) 
577 .8  + +

0 .4 1 6  (r^ + 0 . 2015) = (r^ + 0 . 236)2

p2 + 0 .0 5 6  r  -  0.0281 = 0 
+  +

= 0 .1 4  nm.
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(2) U sing Solomon’ s data:

u = (989.9  -  235.6 -  59 .0  -  5 .0 )

= 690.3

and s u b s t itu t io n  in  th e  K apustinsk ii equation;

, [1 _ . 0-0345 . ]  = 690.3

(r  + 0 .185) + 0 .185)

0 .348  (r^ + 0 .1505) = (r^ + 0 .185)

. .  + 0 .0219 r -  0 .0182 = 0
+ +

2

= 0 .1 3  nm.

Two s e t s  o f  data^^'^^ fo r  BCl̂ "" were independently d erived  by 

a p p lic a tio n  o f th e  Y a tsim irsk ii method to  measured thermochemical data  

fo r  CsBCl^ and RbBCl^. In both o f  th ese  s a l t s ,  th ere  i s  no evidence  

fo r  s ig n if ic a n t  p ertu rb ation  o f BCl^ and i t  may th ere fo re  be argued  

th a t i t  i s  in co rrect to  u se th e se  data in  c a lc u la t io n s  in v o lv in g  

NOBCl^. While t h i s  po in t should be recogn ised  i t  i s  f e l t  th a t any 

secondary in te r a c t io n  between M)*’’ and BGl^ would more s e r io u s ly
4 .

perturb NO because i t  fo llo w s  th a t on ly  one quarter o f  th e ch lo r in e  

atoms in  BCl^" are in v o lv e d .-  Therefore proceeding as above:

mOBCl^(c) K)+(g) + BCl^“ (g)

U + 2RT = AH°m*(g) + AH^Cl^"(g) -AH°EDBC1 .(c )

U (989.9  -  929 + 391 -5 )

Î V 447 kJ mol"’'.
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U sing th e  K ap u stin sk ii equation

U = _ _ _ 0 £ M5_  ]  =  44^

(r  + 0 . 306) (r  + 0 . 306)
+  +

0 .539  (r + 0 .2715) = (r + 0 .3 06 )2

r^2 + o .0733r^  -  O.O526 = 0

0 .2 0  nm.

The two va lu es fo r  r_̂  ̂ M)’’" derived  from th e NOCIO  ̂ c a lc u la t io n s  are

in  e x c e lle n t  agreement and demonstrate th e importance o f  u s in g  a radius

and i t s  a sso c ia te d  AĤ X (g) in  thermochemical c a lc u la t io n s . The

va lu es  are a lso  in  good, though p o s s ib ly  fo r tu ito u s , agreement w ith
4-2 +th e  in teratom ic d ista n ce  in  NO o f  0 .11  nm but are c le a r ly  lower 

than r̂ j  ̂ NO"’" = 0 .2 0  nm derived  from NDBCl  ̂ c a lc u la t io n s  as expected . 

Further comment i s  not p o s s ib le ,  however, owing to  th e  p o s s ib le  

experim ental u n c e r ta in tie s  in  measurement o f  AE°NDBC1^ (c) .

3 .5  INVESTIGATION OF THE NOgCl-BCl^ REACTION

In view o f  th e  d is s o c ia t iv e  nature o f  NOBCl ,̂ i t  was su r p r is in g  

th a t NOgBCl^, prepared by r ea c tio n  o f  NOgCl and BCl^ in  S O gfl), was 

r e c e n t ly  claimed^^ as a w hite s o l id  decomposing at +86°C. Although  

nitronium  s a l t s  o f  complex flu o ro  anions e .g .  NO^SbF  ̂ and NO^FF  ̂ are

1 3 3 1w e ll ch a ra cter ised , * and compounds w ith  sim ple in organ ic anions  

35 55e .g .  NO^CIO ,̂ NOgSO^F are a lso  known, s a l t s  w ith complex ch io r o -  

anions e .g .  NOgUCl  ̂ which are e s s e n t ia l ly  derived  from NOgCl, are  

com paratively r a r e . I t  was fu rth er  su rp r is in g  th a t th e  analogous
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preparation  o f NOgSbCl^ apparently  y ie ld e d  a w hite s o l id ,  decomposing 

at +112°C, when an e a r l ie r  preparation^^ in  liq u id  ch lo r in e  y ie ld e d  

an u n stab le  adduct r e a d ily  decomposing a t 0°C.

That NOgCl might donate Cl" to  a s u ita b le  Lewis a c id  must be  

r e la te d  to  th e  donor p ro p ertie s  o f  NO^Cl. NOCl shows n e g l ig ib le  

d is s o c ia t io n  in  th e  gaseous phase in to  NO and CI2 , and th e  lon g  N—Cl

29bond i s  sa id  to  in d ic a te  some degree o f  io n ic  character:

+ -  
ON * • • • Cl

4-6NO^Cl, however, d is s o c ia te s  in  th e gaseous phase:

2NO2CI -----------------NgO + Clg

and Seel^^ b e lie v e d  th e  equ ilibrium  to  l i e  s l i ^ t l y  to  th e  r ig h t in  th e  

l iq u id  phase. At low tem peratures, ND2CI re a c ts  w ith  ammonia^^ g iv in g  

chloramine and ammonium n i t r i t e ,  which su g g ests  th a t NO^" and Cl^ ions  

are formed. However, a so lu t io n  o f  ND2CI in  SgSgOy shows a band in  

th e  Raman spectrum a t I4OO cm  ̂ in d ic a t iv e  o f  NÔ "’" and i t  i s  c le a r  

th a t under th e se  con d ition s io n is a t io n  g iv in g  ND2*’" and Cl" occu rs.

I t  i s  t e n t a t iv e ly  suggested  th a t Cl ion  tr a n s fe r  r e s u lt in g  in  th e  

form ation o f  an io n ic  nitronium  ch lorom eta lla te  req u ires a very  stron g  

Lewis a c id . In  th e  case o f  BCl^, th ere  a ls o  e x i s t s  th e  p o s s i b i l i t y  o f  

s o lv o ly s is  by N^O ,̂ f i r s t  reported  as a sy n th e s is  o f  NOBCl  ̂ in  1874*^^ 

I f  th e  rea c tio n  i s  carr ied  out in  SC ^ fl), as d escribed  by P aul, then  

r e a c tio n  w ith  N̂ Ô  g iv in g  (NO)2^2^7 a ls o  o c c u r . gaseous 

phase r e a c tio n  between ND2CI and SO2 g iv in g  (NO)2^2^7 te e n  reported

51to  take sev era l days to  reach com pletion.
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SOgCl) as a so lv en t in  BCl^" s a l t  sy n th e s is  has been employed

33 11 10p r e v io u s ly , ' although Burg has reported  th a t th e  ch lo r id e  io n

s o lv o ly s is  o f  BCl^" by 80^ a t ta in s  com pletion in  sev era l days. A

s e r ie s  o f  attem pted preparations o f  NOgBCl  ̂ in  th e se  la b o ra to r ie s

in d ica te d  th a t SC^fl) undoubtedly undergoes r e a c tio n  in  t h is  system

producing a w hite s o l id  which does not correspond to  NOgBCl  ̂ as

d escrib ed  by P au l. As fa r  as p o s s ib le ,  th e  rea c tio n s  d iscu ssed  below

were m onitored by Raman spectroscopy although in  se v e r a l c a se s ,th e

products could not be id e n t i f ie d .

The measured Raman spectrum fo r  ND^Cl i s  presen ted  in  ta b le  3«10

7 12and fundamentals were lo c a te d  in  agreement w ith  th e  l i t e r a tu r e  ’

in  terms o f  a p lanar s tr u c tu r e . In a d d itio n , a weak band at 

""1ç a . 530 cm was a lso  observed, in d ic a t iv e  o f  ch lo r in e , but no bands

a t _ca. 265, 500 , 811, 1325, 1382 and 1724 cm  ̂ in d ic a t iv e  o f

The presence o f  a sm all amount o f  ch lor in e  i s  not ser io u s  and w i l l

tend  to  suppress any d is s o c ia t io n . The Raman spectrum fo r  a s o lu t io n

o f  BCl^ in  excess BD^Cl a t -100°C i s  a su p erp o sitio n  o f  th e  l iq u id

phase sp ectra  o f  NOgCl and BCl^. Warming th e  s o lu t io n  to  _ca. -50°C

r e s u lt s  in  broadening o f  NOgCl modes with s p l i t t in g  o f th e  bands at 

-1370 and 414 cm . BCl^ modes were u n a ffected  and th ere  was no 

in d ic a tio n  o f  c h a r a c te r is t ic  BCl^" modes'*'  ̂ a t 200 , 280 , 415 and 700 cm " \ 

On h ea tin g  to  +40°C fo r  f iv e  m inutes, then  co o lin g , a w hite d ep osit  

formed and th e  Raman spectrum o f  th e supernatant l iq u id  showed bands 

a t  285 and 540 cm ^, in d ic a t iv e  o f  NOCl.

NOgCl and BCl^ in  HCl(l) appeared to  undergo no r e a c tio n , but 

upon in trod u cin g  SOgfl) a t -95^0 a co lour change from p a le  green to  b rig h t  

red took  p la c e , presumably due to  th e  form ation o f  NOCl.
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Upon removal o f  HCl a t -95°C a v isco u s red l iq u id  remained, which 

com p lete ly  s o l id i f i e d  on warming to  -4 5 ° C. An id e n t ic a l  s o l id  was 

obtained  in  th e  absence o f  HCl in d ic a tin g  th a t , e ith e r  by v ir tu e  o f  

th e  so lv en t p o la r ity  or in te r a c t io n  w ith  one o f  th e  p recu rsors, SOg 

was resp o n sib le  fo r  th e se  o b serv a tio n s . The red s o l id  showed Raman 

bands a t 273(s) and 500(m)cm  ̂ in d ic a t iv e  o f  fr e e  NOCl, and a weak band 

a t jca. 380 cm  ̂ in d ic a t iv e  o f  unreacted NO2CI. S ince th e  s o l id  d id  

not s c a t te r  very  w e ll upon la s e r  ir r a d ia tio n  the bulk product i s  l i k e ly  

to  be ^20^-

In te r a c tio n  o f  SbCl^ w ith  an excess o f  NO2CI in  a sea led  tube 

produced, upon rapid  co o lin g , a Raman spectrum e x h ib it in g  bands at

—1 16 —180, 290 and 340 cm in d ic a t iv e  o f  SbCl^ and a weak band a t c a .

1382 cm"  ̂ in d ic a t iv e  o f  NÔ "̂ . On warming to  0°C decom position took  

p la ce  w ith  p r e c ip ita t io n  o f  a ye llow -w h ite  s o l id  and th e  Sb-Cl s tr e tc h in g  

reg ion  (280 -  350 cm became very  complex. These ob servation s agree  

very  w e ll w ith  th e con clusion s o f  S ee l et a l.^ ^  but in  no way 

su b s ta n tia te  th e  fin d in g s  o f  Paul et a l .  His reported  in fr a -r e d  

spectrum o f  NO^BCl  ̂ ( ta b le  3 .9 ) i s  in  many r e sp e c ts  incom plete.

Although NOg'’̂  was observed a t 2360 cm \  2^ 2"̂ s-i 980 cm ^

was o u ts id e  th e  range o f  th e spectrom eter. The anion data are not 

r e a l ly  convincing and BCl^ could be more r e a d ily  id e n t i f i e d  from th e  

complementary Raman data, which were apparently  not measured.

This study th ere fo re  c a s ts  con sid erab le doubt upon th e  e x is te n c e  

o f  NOgBCl  ̂ and th e  v a l id i t y  o f  th e  experim ental work c i te d .



82

TABLE 3.10  

VIBRATIONAL SPECTRA FOR NO^Cl

GAs7/af-1
I . r .

SOLID

RAMN RAMAN

LIQUID^ /̂CM"  ̂ LIQUID/CîÆ“  ̂
THIS WORK

B 18)™
1257)
1321)

1260)
1318)"

1262)... 
1315)* 4

793 vs 804 787 w 789 w,"br Y , 4

370 vs 399 370 vs 370 vs Y 3 4

1685 vs 1654 1670 vw 1670 wVjbr Y 4

408 vw 426 411 m 414 m Y 5

652 m 653 652 vw not observed Y g

TABLE 3.11

INFRA-RED DATA FOR NOgBCl. (R.C.- PAUL et a l .^ ^

BAND CM” ^ ASSIGNMENT

3760 Y 3 m)2+

2360 V 3 V

1460 . Y 3 BCI4-

1380 ^ 4  + % )  BCI4-

1275 (2  V , + B C lj-

690 V 3 BC14-
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CHAPTER 4

VIBRATIONAL SPECTROSCOPY AND CHEMICAL STRUCTURE

4.1  INTRODUCTION

V ib ration a l spectroscopy has found numerous a p p lica tio n s  in  

m olecular s tru ctu re  determ inations.^^  The exten t o f  the in te r p r e ta t io n  

o f  a g iven  spectrum, however, depends very  much upon th e  symmetry and 

com plexity  o f  th e  sp e c ie s  concerned. The number o f  normal modes f>r 

a n o n -lin ea r  sp e c ie s  w ith  N atoms i s  (3N-6) but, fo r  h ig h ly  symmetric 

s p e c ie s ,  some o f  th ese  modes may be doubly or t r ip ly  degenerate thus 

reducing th e number o f observable v ib r a tio n a l bands. In a d d itio n , 

th e  s e le c t io n  r u le s  which govern sp e c tr a l a c t iv i t y  may a lso  preclude th e  

ob servation  o f  c e r ta in  o f  th ese  modes. The vast m ajority  o f  chemical 

su b stan ces, however, are o f  low symmetry and a complete v ib r a tio n a l  

assignm ent in  terms o f  normal modes i s  u su a lly  im p o ssib le . N everth e less , 

in  complex m olecules c e r ta in  normal modes o f  v ib ra tio n  can o fte n  be 

approxim ately described  as s tr e tc h in g s  or deform ations o f  p a r tic u la r  

fu n c tio n a l groups. These have c h a r a c te r is t ic  v ib r a tio n a l freq u en cies  

which permit c e r ta in  s tru c tu ra l in feren ces  to  be drawn from th e spectrum  

o f  a p a r tic u la r  compound. The unequivocal id e n t i f ic a t io n  o f  a m olecular  

sp e c ie s  from i t s  v ib r a tio n a l spectrum, however, req u ires th e id e n t i f ic a t io n  

o f  a l l  th e  normal modes o f  v ib ra tio n  which i s  on ly  p o ss ib le  fo r  sm all 

symmetric s p e c ie s .  In t h i s  d iscu ss io n  v ib r a tio n a l data derived  on ly  from 

in fr a -r e d  absorption  and th e  normal Raman e f f e c t  w i l l  be considered .

Although the Raman e f f e c t^ ’ dates from 1928, i t  has not a tta in e d  

as wide an a p p lic a tio n  as in fra -red  ab sorp tion . P rior to  th e  in tro d u ctio n  

o f  la s e r s  as stron g  coherent monochromatic sou rces, th e  technique could
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r a r e ly  be r o u t in e ly  a p p lied . One o f  th e c h ie f  advantages over in fra -re d  

ab sorp tion  i s  th e convenient measurement o f  low -frequency v ib r a t io n s .

T h is, however, i s  o f  lim ite d  a p p lic a tio n  to  complex organic compounds 

fo r  which la s e r  ir r a d ia t io n  may induce photochem ical decom position .

The w id est a p p lic a tio n  o f  Raman spectroscopy i s  in  inorgan ic chem istry  

where a much la r g er  range o f sm all symmetric sp e c ie s  w ith normal modes 

at low frequency ( <  600 cm occur. The study o f  v o la t i l e ,  

m o is tu r e -s e n s it iv e  compounds i s  p a r t ic u la r ly  easy  s in c e  a l l  samples 

can be mounted in  sea led  g la s s  tu b es . However, fo r  a complete 

v ib r a t io n a l assignm ent, th e complementary in fra -re d  data are o fte n  

e s s e n t ia l  because th e m olecular symmetry d e fin es  th e  sp e c tr a l a c t iv i t y  

o f  th e  normal modes o f  v ib r a tio n . Low-frequency in fr a -r e d  data are  

com paratively very  much more d i f f i c u l t  to  measure. For v o la t i l e  

m o is tu r e -se n s it iv e  compounds considerab le in g en u ity  may be c a l le d  fo r  

u n le ss  s p e c ia l is e d  equipment to  mount th e  samples i s  a v a ila b le .  In  

chapter 5» v ib r a tio n a l an a lyses o f  various ICl^ and AuCl^ s a l t s  are  

attem pted, so th a t c e r ta in  s tru c tu ra l in feren ces  may be drawn. For th e  

purpose o f  d escr ib in g  th e  methods used, complex chloroanions g en era lly  

w i l l  be used as examples in  th e  fo llo w in g  d isu c ss io n .

4 .2  POINT GROUP SYMMETRY AND VIBRATIONAL ANALYSIS

The p referred  regu lar m olecular geom etries fo r  a g iven  coord ination  

number may be a ssign ed  to  p a r tic u la r  poin t groups. The number and 

sp e c tr a l a c t i v i t i e s  o f  th e normal modes o f  v ib ra tio n  fo r  fr e e  ions and 

m olecules may be derived  u sin g  point group a n a ly s is .  This fundamental 

techn ique may be i l lu s t r a t e d  by con sid ering  a sim ple example. For 

coord ination  number fou r , two regu lar geom etries are te tra h ed ra l (T^) 

and square planar (D ^ ) and th e poin t group analyses^^’ ^̂  fo r  BCl^"
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SMd mcms h avin g  ■tfchese r e sp e c tiv e  geom etries -are p resen ted  in

ta b le  4 - 1- The zmmiher o f  normal modes observed  anfl th e ir  sp e c tr a l 

a c t iv i t y  can b e u sed  to  determ ine w hether :another s p e c ie s  IMDl̂  i s  

te tr a h e d r a l or square p la n a r . The normal anodes may b e c la s s i f ie d  as 

s tr e tc h in g s  o r  deform ations vh ixh  a r e  observed  in  c h a r a c te r is t ic  

freq u en cy  ra n g es. Thus th e  reg io n  320 — 383 cm”"̂ m ight b e  c la s s i f ie d  

a s  th e  Au+m s tr e tc h in g  region ,, and th r e e  o f  th e  sev en  Aud^"" m odes, 

and E a re th e r e fo r e  s tr e tc h in g  m odes. Tbr BUL,, ,  th e  B-Cl 

s tr e tc h in g  re g io n  covers th e  range 400 — TOO cm  ̂ and two modes 

a re  th e r e fo r e  s tr e tc h in g  m odes.

Mo®^ver„ th e  sp e c tr a  summarised in  ta b le  4 -1  r e fe r  o n ly  to  th e  

f r e e  io n s . T h is s itu a t io n  i s  r e a lis e d  in  th e  ,^ se o u s , and., w ith  few  

ex cep tion s,, th e  liq u id  p h a ses. V ery o fte n  p a r tic u la r  compounds e x is t  

o n ly  in  th e  s o l id  s ta te ,, o r  a  s tru c tu re  change may occu r on go in g  

from  th e  s o lid  t o  th e  liq u id  p h a se . An io n  v ib r a tin g  in  a  c r y s ta l 

l a t t i c e  s i t e  w i l l  exp erien ce an  e le c t r ic  f i e l d  crea ted  b y  a l l  th e  oth er  

n eigh b ou rin g io n s . T h is can have pronounced e f f e c t s  upon th e  

v ib r a tio n s  o f  th e  s p e c ie s  occupying th e  s i t e .  In  ad d itio n ., s o lid  s ta te  

in fr a —red  and Raman sp ec tra  a re  ch a ra cter ised  b y  numerous a d d itio n a l 

low  freq u en cy  v ib r a tio n s  (below  1DD cm \  These cannot b e exp la in ed  

in  term s o f  p o in t group a n a ly s is  o f  th e  f r e e  io n s . The normal modes 

o f  v ib r a tio n  o f  io n s  in  th e  s o lid  s t a t e  a re  o fte n  lo c a te d  a t  freq u en c ie s  

d o s e  t o  th e  fr e e  io n  v a lu es  observed in  s o lu t io n . however., s p lit t in g s  

o f  d egen erate modes a re  o fte n  n oted  and o cca sio n a lly ., depending upon th e  

r e s o lu tio n  o f  th e  spectrom eter,, s p l i t t in g s  o f  non-degenerate modes may 

a ls o  b e ap p aren t. Two d iffe r e n t  methods o f  s o l id  s t a t e  v ib r a tio n a l
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a n a ly s is  a re  a v a ila b le , and bave been d escrib ed  in  numerous 

r e ™ 4 ’^l’^4,19,25

( i )  S i t e  Group A n a lysis  (S.G .A .) .

( i i )  F actor  Group A n a ly sis  (F.G.A*) •

B efore p resen tin g  a b r ie f  d esc r ip tio n  o f  each method, th e  understanding

o f  c e r ta in  b a s ic  term inology used in  crysta llograp h y  i s  req u ired . For

th e  v ib r a t io n a l s p e c tr o s c o p is t ,  t h i s  has been very  c le a r ly  p resen ted

25in  a  book by Sherwood, and may be b r ie f ly  summarised as fo llo w s .

Every c r y s ta l l a t t i c e  must have th e  symmetry o f  one o f th e  230 space  

groups. These are composed o f  th e  u su a l p o in t group symmetry elem ents 

p lu s  th e  unique elem ents o f  t r a n s la t io n , screw a x is  and g l id e  p la n e .

When d isc u ss in g  th e  v ib r a tio n s  o f  a  m olecular or io n ic  s o l id ,  th e  

s im p lest (p r im itiv e) u n it  c e l l  or B ravais space c e l l  should  be 

considered  ra th er  than  sim ply th e  is o la te d  io n  or m olecu le . This may 

b e d efin ed  as th e  sm a lle st u n it  in  which no atoms are equ ivalent under 

tr a n s la t io n s  although th e y  may be equ ivalent under any other symmetry 

o p era tio n . U nless th e  c iy s ta llo g r a p h ic  space group i s  p r im itiv e  i t  

w i l l  con ta in  2 , 3 or 4 tim es as many atoms as th e  s im p lest u n it  c e l l .  

This m u lt ip l ic i t y  fa c to r  may be r e a d ily  deduced from th e  f i r s t  character  

o f  th e  Eermann-Eauginn symbols d escr ib in g  th e  space group. The 

m u lt ip l ic i t y  fa c to r s  fo r  th e  various typ es o f c r y s ta l s tru c tu re  are  

p resen ted  in  ta b le  4 -2 .

Every atom in  th e  u n it  c e l l  occup ies a  s p e c i f ic  p o s it io n  or s i t e  

and s in c e  one or more symmetry elem ents (in c lu d in g  id e n t ity )  pass  

through each s i t e ,  th e  symmetry o f  th e  s i t e  i s  described  by a s i t e  group. 

The s i t e  group i s  always one o f  the 32 cry sta llo g ra p h ic  p o in t groups
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TABLE 4 .2

DERIVATION OP THE NUMBER OF MOLECULES IN THE SIMPLEST 

UNIT CELL FROM THE SPACE GROUP

TYPE OF CRYSTAL 
STRUCTURE MULTIPLICITY FACTOR

A 2

B 2

0
*•

2

F 4

I 2

P 1

R 3 or 1
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and must be a sub-group o f  th e  space group. S ince any poin t in  a u n it  

c e l l  i s  r e la te d  to  one or more other p o in ts  by at le a s t  one element o f  

symmetry, s i t e s  o f a p a r ticu la r  s i t e  group symmetry w i l l  occur in  s e t s .  

The p o s s ib le  s i t e  group symmetries fo r  each o f  the 230 space groups 

have been tabulated]^* The group d escr ib in g  th e symmetry o f  th e

sim p lest u n it c e l l  i s  termed th e  u n it c e l l  group and i s  r e a d ily  derived  

by removing th e su perscrip t from th e  S ch o en flie s  symbols d escr ib in g  

th e  space group. I t  has a lso  been termed th e fa c to r  group.

4 .3  SITE GROUP ANALYSIS (S.G .A.)

. S it e  group a n a ly s is  may be used to  in terp re t s o l id  s ta t e

v ib r a tio n a l sp ectra  when th ere  i s  v ir tu a l ly  no in te r a c t io n  between the

v ib r a tio n s  o f  l ik e  ions in  the u n it c e l l .  The method can on ly  account,

th e r e fo r e , fo r  a maximum o f  (3n-6) in tern a l v ib ra tio n s  from each io n ,

and th e d er iv a tio n  o f  th e in tern a l v ib ra tio n s  may be considered  as a

sim ple ex ten sion  o f  point group a n a ly s is .  Consider, as an i l lu s t r a t io n

o f  th e  method, a symmetric io n ic  sp e c ie s  -  e .g .  BCl^" w ith T  ̂ symmetry,

v ib r a tin g  in  a la t t i c e  s i t e  o f  lower symmetry -  e .g .  A ll th e

surrounding ions w i l l  create  an e le c t r ic  f i e l d  a t each BCl^ s i t e  o f

lower symmetry than T^. I f  the magnitude o f  th is  f i e l d  i s  s u f f ic ie n t

to  perturb th e  BCl^" ion , i t  i s  then appropriate to  d iscu ss  the

in te r n a l v ib ra tio n s  in  terms o f C^  ̂ symmetry. This i s  very  e a s i ly

15carr ied  out u sin g  c o r r e la tio n  ta b le s ,  and th e s i t e  e f f e c t  upon 

th e  BCl^" v ib ra tio n s  i s  presented  in  ta b le  4 .3 .  The o v e r a ll e f f e c t  

upon th e  spectrum w i l l  be s p l i t t in g  o f degenerate modes and th e  

appearance o f  form ally  in a c tiv e  modes in  th e in fra -re d  absorption

spectrum.
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T. "2v

Y g  (E) E

( i r  + R) R,

^1 i(±r ■+ e )

^1
( i r  -f- e )

A^ (e )
, 2

( i r  -f- e )

( i r  ■+ e)

( i r  4- e )
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The s i t e  symmetry method can a lso  p red ic t th e  number o f  ex terna l

( l a t t i c e )  modes which are considered to  r e s u lt  from th e  o s c i l la t io n s

o f  th e  io n s . S ince no in te r a c t io n  between l ik e  ions i s  assumed,

n o n -lin e a r  polyatom ic ions g iv e  r i s e  to  3 tr a n s la to r y  (T T T ) andX y  z'
3 r o ta to r y  (r^ R  ̂ R )̂ o s c i l la t io n s ,  lin e a r  polyatom ic ion s g iv e  r i s e

t o  3 tr a n s la to r y  and 2 ro ta to ry  o s c i l la t io n s ,  w h ilst monatomic ions

g iv e  r i s e  to  on ly  3 tr a n s la to r y  o s c i l la t io n s .  The number o f

freq u en cies  and th e ir  sp e c tr a l a c t iv i t y  can be determined from th e

ch aracter ta b le  o f  th e  s i t e  group. Thus as an example consider

EOAICI. ,  which was d iscu ssed  in  chapter 3: UD*** and A l C l i o n s  were
4 4

T 8s ta te d  to  occupy C„ s i t e s .  ’ A t o t a l  o f  11 ex tern a l modes areO

p red ic te d , 6 (3T + 3R) derived  from AlCl^"" and 5 (3T + 2R) derived  

from M)**", which are a l l  both in fr a -r e d  and Raman a c t iv e .

As a poin t o f  in t e r e s t ,  co n sid era tion  o f th e  proposed c r y s ta l  

s tru c tu re  re v e a ls  a p o s s ib le  f a l la c y  in  t h is  p a r tic u la r  c a se . The 

c r y s ta llo g r a p h ic  space group was id e n t if ie d  as w ith  4 m olecules  

per u n it  c e l l .  C onsu ltation  o f  s i t e  symmetry tab les^^'^^  shows th a t  

th e  p o s s ib le  s i t e  symmetries fo r  th is  space group are:

®2h : 2 C .(4 ) , C g(4), nC^(8)

Thus s in c e  th ere  i s  on ly  one s e t  o f  four equ ivalent sym m etry-related  

Cg s i t e s ,  then  e ith e r  4 RO*’’ or 4 A1C1^~ ions can be accommodated in  

them. The counter ions must th erefo re  occupy or s i t e s .  S ince

th e  s i t e  group must be a sub-group o f  both the po in t group o f  th e  fr e e  

ion  and th e  unit- c e l l  group, AlCl^”  cannot occupy 0^ s i t e s .  The 

fo llo w in g  p o s s i b i l i t i e s  e x is t :
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S it e  Cg Ĉ  No. o f  l a t t i c e  modes

NO" A lC l^- 6(ir+R )+3(ir)+2(R )

NO*̂  A lC l^- 11 ( i r  + R)

( i r  + r)

N0+, A lC l^- 11 ( i r  + R)

F urther in v e s t ig a t io n  o f  th e  c r y s ta l stru ctu re  i s  required so th a t the  

s i t e  symmetries o f  NO'*' and AlCl^" can he a ssig n ed .

4 .4  FACTOR GROUP ANALYSIS (P.G.A.)

Factor group a n a ly s is  may he used to  in terp re t v ib r a tio n a l sp ectra

when th ere  i s  more than one m olecule in  th e p r im itiv e  u n it c e l l  and

su b s ta n t ia l in te r a c t io n  between th e  v ib ra tio n s  o f l ik e  io n s . Coupling

o f  v ib r a tio n s  can on ly  occur in  th ose  combinations perm itted  by th e

u n it  c e l l  group symmetry. This i s  o ften  re ferred  to  as c o r r e la t io n  

2Scou p lin g ,  ̂ and may be i l lu s t r a t e d  by th e fo llo w in g  sim ple example. 

Consider two hydroxyl groups in  a p r im itiv e  u n it c e l l  a lig n ed  a long  

th e  c r y sta llo g ra p h ic  z a x is .  The OH s tr e tc h in g  modes may be coupled  

in  phase and out o f  phase y ie ld in g  c r y s ta l modes o f d if fe r e n t  symmetries:

H -------------- 0 H ---------------  0

<— — > ^
0 --------------- H 0 ----------------H

I f  th e  s i t e  group i s  o f  lower symmetry than th e  m olecular group, 

c o r r e la t io n  coupling i s  considered to  take p lace  between v ib ra tio n s  

la b e l le d  according to  th e  s i t e  group symmetry. The fr e e  ion  v ib ra tio n s
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must f i r s t l y  be co rre la ted  to  th e  s i t e  group to  g iv e  an ir red u c ib le  

rep re se n ta tio n  which i s  then  co rre la ted  to  th e  fa c to r  group. Consider 

an ex ten sio n  o f  th e  example d iscu ssed  in  th e  previous s e c t io n  — two 

BCl^ ions o f  symmetry occupying C^  ̂ s i t e s  in  au n it c e l l  o f  fo r  

example symmetry. The c o r r e la tio n  i s  presented  in  ta b le  4»4«

U sing t h is  method i t  i s  p o s s ib le  to  account fo r  a maTrimnm o f  m(3n—6) 

modes, where n i s  equal to  th e  number o f  atoms in  th e io n  and m i s  

equal to  th e  number o f  ion s in  th e  sim p lest u n it c e l l .  The a n a ly s is  

p resen ted  in  ta b le  4*4 i s  observed to  be m athem atically r ig o ro u s.

Thus th ere  i s  a t le a s t  one space group where r  i s  an in te g e r

1 ^  r  ^  16, w ith  a t le a s t  one s e t  o f two sym m etry-related C^  ̂ s i t e s .

This i s  a d ir e c t  consequence o f  th e  correct assignment o f  a space  

group to  th e  c r y s ta l s tr u c tu r e . In sp ectio n  o f  ta b le  4 -4  shows th a t  

th e  a n a ly s is  breaks down i f  fo r  example th ree  ions had been considered  

to  occupy Cg^ s i t e s .

The ex terna l ( la t t i c e )  modes are s im ila r ly  derived  by r e la t in g  th e  

r o ta t io n a l and tr a n s la t io n a l u n it v ecto rs  o f  th e  s i t e  group to  th e  

fa c to r  group ( ta b le  4 . 5) . Again t h is  procedure i s  noted to  be 

m athem atically  r ig o ro u s. I f  the counter ion  i s  considered  to  be a 

mono-atomic ca tio n  M"*" occupying s i t e s ,  th en  on ly  th ree  tr a n s la t io n a l  

modes need to  be considered . The o v e r a ll ir r e d u c ib le  rep resen ta tio n  

fo r  th e  ex tern a l l a t t i c e  modes i s  th erefo re  g iven  by:

Pert = r  ext BCl̂ " + P  ext H+

= (Ag + + ^ 2 g

=  ( 2 A g  +  +  3 B g g  +  3 Z ^ g  +  +  3 B ^ ^ )  ( i i )
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This t o t a l  rep resen ta tion  a lso  contains the a co u stic  modes o f the  

c r y s ta l  l a t t i c e .  These can he e a s i ly  recognised  s in c e  th ey  p o ssess  

th e  same symmetry as th e tr a n s la t io n a l un it vectors o f  th e  fa c to r  

group -  Thus:

r  a co u st. “ ^1u ’*■ ®2u ■*■ ®3u ( ü i )

T herefore th e o p tic a l branch i s  given  by:

r  e x t ,o p t ic a l  = + 3®2g + + ZB,̂  ̂ + 2B^J ( iv )

This example i s  an i l lu s tr a t io n  o f the c o rr e la tio n  method o f  app lying  

fa c to r  group a n a ly s is . This method i s  f u l ly  explained in  an e x c e lle n t  

book by Fate le y  et a l.^ ^  Adams and Nevrton, however, have prepared  

a s e t  o f  ta b le s  which very much s im p lif ie s  the procedure in  c e r ta in  

c a s e s . Thus th e d er iva tion  o f the irred u c ib le  rep resen ta tion  o f  th e  

l a t t i c e  modes in  the previous example may be reduced to  th e  a d d itio n  o f  

th r e e  rows in  a su ita b le  B^  ̂ space group ta b le .  Thus ta b le  4 .6  i s  a 

rep rod u ction  o f  th e tr a n s la tio n a l and r o ta tio n a l s e c t io n s  o f  ta b le  2 

fo r  th e  space group Bg^. The rows 2E-P, in  Wyckoff n o ta tio n , 

rep resen t two s e t s  o f  two symmetry—rela ted  s i t e s ,  which in  the

example c ite d  both BC1^~ and M**" were considered to  occupy. As b efore:

r  ext = ' trans BC1^“ BCl." + T tr a n s  M+

"2g / 1 U ^2u B

2 E-F TRANS 1 0 1 1 0 1 1 1

2 E-F ROT 0 1 1 1 1 0 1 1

2 E-F TRANS - 1 0 1 1 0 1 1 1

'
2 1 3 3 1 2 3 3
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This rep resen ta tio n  i s  id e n t ic a l w ith equation ( i i ) • The su b traction  

o f  th e  a c o u s t ic  modes then produces th e ir red u c ib le  rep resen ta tion  fo r  

th e  o p t ic a l  branch as b e fo re . I t  i s  the author’ s b e l i e f ,  however, th a t  

th e se  ta b le s  provide an e x c e lle n t  check in  com plicated  

exum ples, a l l  p h y sica l s ig n if ic a n c e  o f  the problem i s  l o s t .  Further, 

u n le ss  th e  s i t e  symmetries o f  a l l  th e atoms in  the ions are known, 

no in form ation  concerning th e in tern a l modes can be obtained from 

th e s e  t a b le s .

The c o r r e la t io n  method la r g e ly  rep laces an e a r lie r  method due to  

Bhagavantam and Venkatarayadu.^^'^^ The a p p lica tio n  o f th is  method 

p r e d ic ts  th e  same r e s u lt  as th e  co r r e la tio n  method, but the procedure 

i s  much more com plicated s in ce  a d e ta ile d  d escr ip tio n  o f th e lo ca tio n s  

and o r ie n ta t io n s  o f  a l l  th e  ions in  th e u n it c e l l  i s  requ ired .

S in ce th e  c o r r e la t io n  method does not requ ire t h is  ad d itio n a l 

c r y s ta llo g r a p h ic  in form ation , th e  Bhagavantam and Venkatarayadu method 

need not be considered fu r th er .

4 .5  THE APPLICATIONS OF S.G.A. AND P.G.A. TO SOLID STATE VIBRATIOML 

SPECTRA ' ~

In d iv id u a l d isc u ss io n  o f  P.G.A. and S.G.A. was g iven  in  the  

p rev iou s s e c t io n s ,  and th e b a s ic  s im ila r it ie s  and d iffere n c es  between 

th e  two methods can be appreciated . C learly  both methods can be 

regarded as extreme cases — in  S.G.A. a l l  in te r a c t io n  constants are zero , 

in  F .G .A . a l l  in te r a c t io n  constants are non-zero. Undoubtedly, th e  

in term ed ia te  case w i l l  o ften  a r ise  in  which some in tera c tio n  constants  

a re  zero w h ils t  others are non-zero. In a d d itio n , although both methods
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p r e d ic t  th e number and symmetries o f  the in tern a l and ex tern a l modes, 

whether a l l  o f  th ese  w i l l  in  fa c t  be observed la r g e ly  depends upon

( i )  th e  r e so lu tio n  o f  the spectrom eter, ( i i )  the p o s s i b i l i t y  o f  

a c c id e n ta l co incid en ces, and ( i i i )  the in t e n s i t ie s  o f  th e  normal modes. 

The th eory  o f  in fra -red  and Raman band in t e n s i t ie s  i s  c le a r ly  beyond 

th e  scope o f  th is  work, but the problem was encountered w ith  \/^B C l^~  

in  chapter 3 . I t  th erefore fo llow s that in  ce r ta in  cases a complete 

v ib r a t io n a l assignment may s t i l l  be im p ossib le . Kettle"*^ has 

considered  th e interm ediate case in  some d e ta i l  and concludes th a t i t  

i s  correct to  tr e a t  cer ta in  aspects o f the v ib r a tio n a l sp ectra  o f  

complex m olecules by S.G.A. and other, a sp ects , where n ecessary  by 

P . G.A. A further com plication should a lso  be reco g n ised . S p lit t in g s  

o f  non-degenerate modes a lso  a r ise  from iso to p e  e f f e c t s .  I so to p ic  

s p l i t t in g s  are large fo r  the l ig h te r  elem ents, but th e s p l i t t in g  i s  not 

alw ays observed for  a l l  the modes. The com plexity caused by both  

fa c to r  group and is o to p ic  s p l i t t in g s ,  which has been observed fo r  

B r C l g " ,c a n  be appreciated.

The d iscu ssio n  so fa r  has considered s o l id  s ta t e  v ib r a tio n a l  

a n a ly s is  in  terms o f  a known cry sta l stru ctu re . The important 

co n sid era tio n s  as fa r  as th e work in  chapter 3 i s  concerned i s  to  

what ex ten t th e reverse procedure i s  p o ss ib le  — i . e .  what inform ation  

about th e  c r y s ta l structure o f a compound can be derived  from i t s  

v ib r a t io n a l sp ectra . Considering a l l  the problems described  in  the  

p rev ious paragraph, th e  short answer must be very  l i t t l e .  That i s ,  

th e  assignm ent o f  space groups and numbers o f  m olecules per u n it c e l l  

would be im possib le in  many cases and very u n re lia b le  in  most o th e r s .
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N e v e r th e le ss , th e  fo llo w in g  s tru ctu ra l inform ation can he in ferred  

from s o l id  s t a t e  v ib ra tio n a l sp ectra:

( i )  S p ecies id e n t if ic a t io n .

In s p it e  o f  numerous s o lid  s ta te  e f f e c t s ,  a g iven  io n ic  sp e c ie s  

can s t i l l  o fte n  be id e n t if ie d  by lo c a tin g  the bands p red ic ted  by poin t 

group a n a ly s is .  When s o lid  s p l i t t in g s  are observed, th ese  can be 

regarded as perturbations to  the so lu tio n  spectrum without in v o lv in g  

th e  c r y s ta l  s i t e  symmetry o f  the s p e c ie s . The dangers o f  drawing 

s tr u c tu r a l in feren ces from say only  the Raman spectrum without 

s u b s ta n t ia t io n  from any other sp ectroscop ic technique in  doubtfu l cases  

cannot be overemphasised at th is  s ta g e .

( i i )  I d e n t if ic a t io n  o f  s im ilar  un it c e l l s .

8 9In r e la te d  compounds, e .g .  NOAlCl^, NoGaCl ,̂'  ̂ th e  c r y s ta l  

s tr u c tu r e s  might be considered to  be id e n t ic a l .  This can o c c a s io n a lly  

be in fe r r e d  i f  the v ib ra tio n a l spectra show an id e n t ic a l p a ttern  o f  

l a t t i c e  modes. The method, however, should consider both th e in fr a -r e d  

and Raman sp ec tra , e s p e c ia lly  in  the case o f centrosymmetric fa c to r  groups

( i i i )  I d e n t if ic a t io n  o f low symmetry's i t  es occupied by ion s in  the

c r y s ta l l a t t i c e .

When a strong low symmetry e le c t r ic  f i e l d  is  created  a t a g iven  

c r y s ta l  s i t e ,  s i t e  group a n a ly s is  can o ften  be used to  exp la in  th e  

s p l i t t in g s  o f  degenerate modes. Certain inform ation regarding th e s i t e  

symmetry can be derived from the in fra -red  and Raman sp ectra:

(a) S p lit t in g  o f  a l l  degenerate modes and the appearance o f  

fo rm a lly  in a c t iv e  modes u su a lly  im plies that th e  s i t e  i s  o f  Cg^ or lower 

symmetry (not •
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((b) ï^or f r e e  io n s  iwhich a re  centrasymmetric., s p l i t t in g  o f  

d egen erate Raman mrodes m fh o iit "the ajrpearance o f  form ally  in a c t iv e

imodes ±n5} l ie s  "that th e  s i f e  ;group I s  a ls o  eentrosym m etric but o f  lower 

Ejmmetry.

((c) îb r  f r e e  io n s  wbich are centroeym m etric, s p l i t t i n g  o f  

degen erate  Raman imodes accompanied b y  th e  appearance o f  form ally  

nm active inodes im p lies  ib a t  "the s i i e  i s  o f  or low er symmetry 

((noi C^) »

I t  i s  u s u a l ly  im p ossib le  f o  s p e c ify  fh e  exact symmetry o f  th e  s i t e .

((iv) D étec tio n  o f  phase changes..

Phase changes are conven iently  d etected  by d if f e r e n t ia l

B a n n in g  ca lor im etry  (D*d«C„) .  fh ey  can a ls o  be recogn ised  by changes

i n  th e  l a t t i c e  modes o f  th e  v ib ra tio n a l spectrum, but i t  i s  not p o s s ib le

t o  d e r iv e  an accurate tr a n s it io n  temperature.. The assignment o f  th e

new fa c to r  group and s i t e  groups r e s u lt in g  from th e  phase change i s

u s u a l ly  v e r y  d if f ic u l t . ,  although th e se  have been proposed in  c e r ta in  

2cases..

The d isc u ss io n  so  fa r  has considered th e  e f f e c t  o f  a low symmetry 

e l e c t r i c  f i e l d  on th e  v ib r a tio n a l spectrum o f a symmetric io n . This 

f i e l d  i s  crea ted  by a l l  th e  other surrounding io n s  and can produce a 

d is t o r t io n  o f  th e  ion.. I f  th ere  i s  a  stron g  secondary in te r a c t io n  

betw een io n s  o f  o p p osite  charge., th e  id istortion  o f  th e  fr e e  ion  may be 

ccfnsiderable.. iBecondai^ m tera o tio n s  have been p o stu la ted  in  numerous

5system s and a re  th e  su b jec t o f  an ex ce llen t review  by A lcock.

3h d iscussedinchapter 3-, a  s tro n g  secondary in te r a c t io n  may

b e  con sid ered  t o  account fo r  th e  anom ale^ e f fe c t s  in  the Raman sp ectra
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a t low tem peratures. X—ray cry sta l data are u su a lly  requ ired  to

id e n t i f y  a secondary in te r a c tio n , cer ta in  in teratom ic d ista n ces  "being

sh o rter  than th e sum o f the van der Waal s ’ r a d i i .  Secondary

in te r a c t io n s  o fte n  r e su lt  in  considerable d is to r t io n  o f  th e  io n ic

sp e c ie s  so th a t a crysta llo g ra p h ic  d escr ip tio n  in  terms o f fr e e  ions

i s  no longer p o s s ib le .  For example, TeCl^‘*AlCl^“ i s  described

22 20c r y s ta llo g r a p h ic a lly  ’ as c o n s is t in g  o f  s tro n g ly  d is to r te d  TeCl^ 

octahedra sharing th ree  neighbouring ch lor in e atoms w ith th ree  

d if fe r e n t  AlCl^ tetrah ed ra . No s o l id  s ta te  v ib ra tio n a l data are 

a v a ila b le  fo r  th is  compound, but an in terp re ta tio n  in  terms o f  TeCl̂ "*" 

ion s would probably be very d i f f i c u l t .

The presence o f  secondary in tera c tio n s  should be recon g ised , 

although as fa r  as in terp re ta tio n  o f  s o l id  s ta te  v ib r a tio n a l sp ectra  

i s  concerned, i t  i s  the author’ s b e l i e f  that th ese  may o fte n  be 

regarded as con tr ib u tin g  fa c to rs  to  a strong low symmetry e l e c t r ic  f i e l d  

created  a t c r y s ta l s i t e s .  This i s  the approach adopted in  chapter 5 .

I t  i s  f u l l y  recongised  however, that w hile weak secondary in te r a c t io n s  

may produce no more than a s p l i t t in g  o f ,degenerate modes and the  

appearance o f  form ally  in a c tiv e  modes at freq u en cies c lo se  to  th e  fr e e  

ion  v a lu e s , very strong secondary in tera c tio n s  may produce anomalous 

e f f e c t s  which may on ly  be reso lved  i f  th e  X-ray c r y s ta l stru ctu re  o f  

th e  compound i s  known.

4 .6  N.Q.R. SPECTROSCOPY

In order to  v e r ify  any conclusions drawn from v ib ra tio n a l 

sp ectroscop y , confirm atory data from a second sp ectro sco p ic  technique
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a r e  r'equired* Dot campiez ctLLarDarrixms e.~nfl chlDTDGaTbians, ZN#Q»R« 

sp ectro sco p y  i s  a  s u ita b le  teubnigue and ZPLQ.R* irequency  measurements 

may b e e a r n e d  out on samples se a le d  in  .^ a ss  am poules. 'The d e ta ile d  

itbeopy o f  t i e  IT.'Q.R. m etiod i s  not n ecessa ry  f o r  a  co n sid éra tio n  o f  

t i e  arguments in  chapter 5-> '^tbici a re  p u re ly  q u a l i t ia t iv e .  The 

fo llo w in g  sim ple d e sc r ip tio n  i s  adequate fo r  c o r r e la t io n  o f  t i e  

c o n c lu s io n s  iw iti t i o s e  from v ib ia t io n a l sp ectroscop y .

JT.Q.R. s ig n a ls  a re  observed from n u c le i having a  n u clear  

quadrupole moment ( i . e .  t i e  sp in  quantum number 1  is g r e a te r  t ia n  «

Ifpr b o t i  and 1  = 3 /2  and in te r a c t io n  o f  t i e  n u clear

qimdrupole moment w i t i  an e l e c t r i c  f i e l d  grad ient a t  t i e  n u cleu s  

produces a  s in g le  resonance l i n e  from a  s in g le  bound ch lo r in e  n u c le u s . 

T his i s  ezp la in ed  a s  fo llo w s .  The 'energies o f  t i e  va r io u s quadrupole 

s t a t e s  in  an a x ia l ly  symmetric f i e l d  are  g iven  b y  t i e  f  o llo w in g  equation .

_  «QctT3m̂  -  1 (1  4- 1)1
^  4 1 (21  -  1)

where 1 = n u clear  s p in  quantum number

m = n u clear  m agnetic quantum number

q -  f i e l d  grad ient at t i e  nucleus produced b y  t i e  e le c tr o n ic  

d is tr ib u t io n  in  t i e  m olecule

Q = quadrupole moment o f  t i e  nucleus

For 1  = 3/ 2 , m can ia v e  t i e  v a lu es  43/2., 4^., -J ., —3 /2 .  S in ce  in  t i e

ifynergy  ezp ress io n , m i s  squared., t i e  v a lu e  f o r  m — —3 /2  w i l l  be

id e n t ic a l  t o  t i e  va lu e  fo r  m = 43/2., und a  doubly degenerate s e t  o f

quadrcpole energy s t a t e s  r e s u l t s -  S im ila r ly , t i e  s t a t e  from m = %

w i l l  b e  doubly degenerate..
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AE

m = Ï 3 /2  E = + ^
4

m = 4  E = - ^

The -tra n sitio n  energy, AE, corresponds to  Thus fo r  a nucleus

w ith  sp in  I  = 3 /2  in  an a x ia l ly  symmetric f i e l d ,  a s in g le  tr a n s it io n  

i s  expected , and th e NQR frequency i s  r e la te d  to  AE hy:

Ae = ^  = 2hV

35,In  KICl^, a s in g le  Cl resonance l in e  at ambient tem perature i s  

12observed a t 22 .3  MHz. This in d ic a te s  equivalence o f  a l l  four I-C l 

bonds. N.Q.R. sp ectra  are only  observed in  th e s o l id  s ta t e  and from 

’ c o v a le n tly ’ bonded n u c le i -  i . e .  the e le c t r ic  f i e l d  grad ient a r is e s  

from th e  e le c tr o n ic  d is tr ib u t io n  in  th e chemical bond and no resonance would 

be observed from a fr e e  Cl” io n . N.Q.R. spectrom etry i s  o fte n  an 

u n r e lia b le  technique in  th at resonances are not always observed from 

compounds in  which th ey  would be expected . The reasons fo r  t h i s  are  

not always c lea r  and in  some cases an impure compound w i l l  g iv e  s ig n a ls  

whereas th e  pure compound w i l l  n o t. N.Q.R. s ig n a ls  are u su a lly  stronger  

a t low tem peratures, and hence i t  i s  usual to  record sp ectra  a t 77 N.

The fo llo w in g  inform ation may be derived  from N.Q.R. sp ectra :



109

( i )  S p ecies id e n t i f ic a t io n .

C h a r a cter istic  freg u en c ies , which may he measured, very  

p r e c is e ly  i f  th e  s ig n a l—to —n o ise  r a t io  i s  h igh , are  ohserved from  

n u c le i  hound in  complex ion s -  e .g .  I C l ^ ,  PCl,g” , SCl̂ "*' e t c .

The tech n iq u e may he used to  d is t in g u ish  between two sp e c ie s  in  cases

2“  ( ^ 1 3  M z) and XCl^
"12 —o f  d isp u te , e .g .  IG l JIHz') and XCl “  22 lESz).. Xn

35EXGl^, one Cl resorance a t  2 2 .3  l/IHz i s  observed a t 2 3 5  -K. Xn XC1^~

s a l t s  in  which a l l  fou r X—d  bonds a re  in eg u iv a len t due t o  d if fe r e n t

e l e c t r i c  f i e l d  grad ients a t  each nucleus — e .g .  i n  IdCl^.UgO, fou r

13sep a ra te  l in e s  are observed. Large frequency s p l i t t in g s  are u su a lly

35in d ic a t iv e  o f  la r g e  d is to r t io n s .  The mean Cl resonance frequency, 

however, w i l l  l i e  in  a narrow range c h a r a c te r is t ic  o f  th e  io n .  Thus 

in  EXCl^.H^O, four l in e s  a t 295 % are observed a t  28. 17 , 2 4 . 86 , 20 .14  

pTid 16.85 MHz. The mean frequency o f  22 .5  M z  i s  n e v e r th e le ss  

c h a r a c te r is t ic  o f  XCl^ «

( i i )  D etec tio n  o f  phase changes.

Xn normal circum stances, co o lin g  a s o l id  down w i l l  produce 

an in c r e a se  in  resonance frequency. A  p lo t  o f  resonance frequency  

v ersu s tem perature fo r  each resonance l i n e  from a g iven  io n  w i l l  c o n s is t  

o f  a  s e r ie s  o f  smooth curves. Any sh a ip  changes in  th e  curvature fo r  

some or a l l  o f  th e  resonances a t a  tem perature T i s  considered in d ic a t iv e  

o f  a  phase change. The techn ique, th e r e fo r e , can g iv e  s im ila r  

in form ation  as DSC. The la t t e r  techn ique may not always b e used to  

determ ine tr a n s it io n  p o in ts  i f  th e  san p les a re  co rr o siv e  and a tta ck  th e  

sample co n ta in ers . T ran sition  ten p eratu res d erived  from D .Q .E ., however,

may be ra th er  im p rec ise .
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( i i i )  D etection  o f  secondary in te r a c t io n s .

Anomalous p o s it iv e  temperature c o e f f ic ie n t s  o f  NQR freq u en cies

may he a ttr ib u te d  to  secondary in te r a c tio n s  between a ch lo r in e  atom in

th e  ion  and other sp ec ies  in  the l a t t i c e .  The phenomenon u su a lly

in v o lv e s  th e  lon g est M-Cl hond whose ^^Cl resonance frequency occurs

a t low est frequency. Thus in  NaIC1^.2H20 th e low est Cl frequency

ranges from 20.008 MHz at 77 K to  20.574 MHz a t 293 K. This i s  

24considered  to  a r ise  from hydrogen bonding o f one ch lor in e  to  a water 

m olecu le .

These p o in ts , which hy no means ex p lo it  a l l  th e  inform ation  

a v a ila b le  from N.Q.R. sp ectra , w i l l  he used, where appropriate, to  

d isc u ss  N.Q.R. spectra  o f  the ICl^” and AuCl^“ compounds stu d ied  in  

chapter 5*
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CHAPTER 5

A STRUCTURAL INVESTIGATION OF IC1^“ AND AuCl^“ COMPOUNDS USING 

VIBRATIONAL SPECTROSCOPY AND N.Q.R.

5 .1  JAILLARD’S COMPOUND -  INTRODUCTION

In  i 860, M. described  the preparation  o f an orange

c r y s t a l l in e  compound by ch lor in a tio n  o f a fin ely -grou nd  m ixture o f

io d in e  and sulphur. The a n a ly s is  o f  the product, not e x p l i c i t l y

rep orted , was s ta te d  to  be co n sisten t w ith th e  sto ich iom etry  S IC l..
4-

In  1866 t h is  em pirical formula was challenged by R. Weber^^ who showed 

th e  product to  be id e n t ic a l ,  a n a ly t ic a lly , w ith th a t obtained by 

c h lo r in a tin g  a s o lu t io n  o f  iod in e in  carbon d isu lp h id e . Weber’s 

a n a ly s is  was co n sisten t w ith  the sto ich iom etry  (3012) 2^^1^, based upon 

S = 16, or in  modern terms SCl^.ICl^ based upon 8 = 32. In I904,

0 . Ruff^"^ reported  the a n a ly s is  o f th e  orange m ateria l obtained  by 

c r y s t a l l i s in g  ICl^ from a large  excess o f  SClg to  be co n s is te n t w ith  th e  

sto ich io m etry  ( lC l^ )2SCl^, as d is t in c t  from th e e a r l ie r  compounds.

No fu r th er  experim ental in v e s t ig a t io n s  were apparently  reported  u n t i l
23

1975, when Forneris and Tavares-Forneris ^repeated J a i l la r d ’s o r ig in a l  

prep aration  and in terp reted  th e Raman spectrum o f  the product, assuming 

th e  o r ig in a l a n a ly s is ,  in  terms o f a mixed c r y s ta l con ta in in g  both  

SC1^’*’IC1 ” and a novel sp ec ie s  SICl^ (Table 5 . I ) .
3 2 J

Some considerab le in te r e s t  during recent years in  ICl^” sa lts^ ^  

and su lp hu r-ch lorin e compounds^^ in  th is  department prompted a d e ta ile d  

exam ination o f  t h is  sp ec tra l a n a ly s is . A ca re fu l c r i t i c a l  con sid era tio n  

o f  th e  sp ectro sco p ic  evidence fo r  SICl^ togeth er  w ith  a l i t e r a tu r e  survey  

rev ea led  sev era l f a l la c ie s  which required fu rth er  experim ental in v e s t ig a t io n .
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1) 1)5

The c h ie f  c r if ic ism s  azre a s  fo llow s s

( i )  'The n ovel sp e c ie s  SIGl^ was a ssig n ed  symmetry. However.,

i f  such  a  s p e c ie s  ex isted ., ih e  va len ce s h e l l  e le c tr o n  p a ir  r e p u ls io n  
10 29

l) 'theory would c le a r ly  preclude a  regu lar  ie tr a h e d r a l

c o n fig u râ t io n  o f  th ree  ch lo r in e  atoms and one io d in e  atom about sulphur.

I f  th e  s p e c ie s  were not io n ic ,  th en  i t  would b e  expected  t o  p o sse s s  th e
,10geom etry found in  SF^ ( f i g .  5-1.)

F

F

F ig .  5-1

( i i )  A  s o l id - s t a t e  Raman spectrum was in terp re ted  i n  term s o f  th e  

p o in t .group symmetries o f  th e  proposed fr e e  io n ic  and m olecular sp e c ie s . 

The lim ita t io n s  o f  :such an approach were d iscu ssed  i n  chapter 4 .  In  

p a r t ic u la r , SDl^"  ̂ modes were a ssign ed  b y  CDnparison w ith  th e  Raman 

spectrum^^ o f  m olten BGl^lOl^” - The p o in t group a n a ly s is  approach i s  

c l e a r ly  f e a s ib le  in  th e  m olten s ta te  and fo u r  normal modes a t  210, 278., 

504 anfl 522 cm~  ̂ a re  observed as  expected f o r  symmetry. %)on 

s o lid i^ c a t io n , in  common w ith  o th er  s a l t s ,  th e  F  modes a t  210 and

522 cnT^ s p l i t  and th e  S-01 s tr e tc h in g  reg io n  ( 48D-53D cnT^) e x h ib its  

th r e e  bands o f  s im ila r  r e la t iv e  in t e n s i t ie s  t o  th o se  found a t  482, 493 

508 cuT^ i n  J a i l la r d ’’s  compound.
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( i i i )  The v ib ra tio n a l a n a ly s is  was carried  out assuming th a t th e  

product analysed as (3101^ )2 , an a n a ly s is  reported^"^ in  i860 . This i s  

th e  most ser io u s  c r it ic is m . The co -ex isten ce  o f  an io n ic  sp e c ie s  

SCl^ IClg 3-nd a m olecular sp ec ies  SICl^ in  th e same c r y s ta l l a t t i c e  

in  e x a c t ly  1:1 sto ich iom etry  i s  an am bitious cla im . C areful, 

reproducib le  elem ental analyses are e s s e n t ia l e s p e c ia l ly  as a sulphur  

to  io d in e  mole r a t io  o f 4:1 was used in  the preparation .

( iv )  J a i l la r d ’ s o r ig in a l em pirical formula, SICl^, i s  in exact in  

modern term s. The correct assignment o f atomic weight va lu es was a 

h is t o r ic a l  landmark in  the development o f  modern chem istry. Sulphur 

a ssa y s published  la s t  century are l ik e ly  to  be based upon 3 = I6 . The 

correct em pirical formula derived from J a i l la r d ’s a n a ly s is  i s  th ere fo re  

SIgClg, which renders t o t a l l y  in v a lid  the s tru c tu ra l in te r p r e ta tio n  o f
23

th e  Raman spectrum proposed by Forneris and T avares-Forneris.

5 .2  THE CONSTITUTION OF JAILLARD’S COMPOUND

J a i l la r d ’ s o r ig in a l preparation was repeated in  th ese  la b o ra to r ie s  

and two products, as d istin g u ish ed  by Raman spectroscopy, were is o la te d  

( f i g .  5 . 2) . The a n a ly s is  o f  each product i s  co n s is ten t w ith  the  

sto ich io m etry  SICly in  complete agreement w ith the subsequent a n a ly t ic a l  

work reported  by Weber in  I866. The product u su a lly  obtained , form 1, 

i s  sp e c tr o sc o p ic a lly  id e n t ic a l w ith that described  by F o rn er is . Form 2 

was o c c a s io n a lly  obtained u sin g  J a i l la r d ’ s method but was th e  e x c lu s iv e  

product p rec ip ita te d  when a so lu tio n  o f ICl^ in  SClg was sa turated  w ith  

c h lo r in e . In e f f e c t ,  form 2 may be regarded as a m etastable m o d ifica tio n  

in  th a t complete conversion to  form 1 takes p lace  over a period  o f  tim e 

ranging from sev era l hours to  severa l days a t ambient tem perature.
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Form 2 may be prepared from form 1 by p r e c ip ita t io n  w ith ch lo r in e  fo llo w in g  

com plete d is s o lu t io n  in  SClg. Undoubtedly th is  i s  a reform ation process  

in v o lv in g  an ICl^ — SClg interm ediate, and sa tu ra tio n  w ith  ch lor in e  

r a p id ly  p r e c ip ita te s  form 2, the k in e t ic —con tro lled  product, whose 

c r y s ta l  s tru ctu re  changes over to  form 1, the thermodynamically—sta b le  

p roduct. Both m od ifications o f J a i l la r d ’ s compound are exceed in g ly  

v o la t i l e  a t ambient temperature, e x is t in g  as s o lid s  on ly  under th e ir  

own vapour pressure or in  a ch lorine atmosphere.

The em pirical formula SICl^ may be considered in  terms o f SC1 *̂ ÎC1^"”.

Raman s h i f t s  a r is in g  from SCl^^ with approxim ately symmetry in  both

forms may be r e a d ily  id e n t if ie d  by comparison with standard sp ectra

(Table 5*3) • The S-Cl s tre tch in g  modes and V^) occur a t lower

freq u en c ie s  than observed in  s o lid  SCl^t&lCl^ SCl^tsbCl^ and

SCl^"^SO^Cl"", but are higher than the s h i f t s  o f  449 and 471 cm ^

rep orted  in  s o l id  801^^^'^^ (Table 5 .2 ) .  The la t t e r  compound i s

b e lie v e d  to  contain  SCl^* u n its  with Cl“ counter ions wliich may be

21in v o lv ed  in  some secondary bonding. Bridging ch lor in e lin k a g es  are
o

found in  th e  r e la te d  compounds SeCl^ and TeCl^, although in  th ese  

compounds d is t in c t  tetram ers o f  SeCl^* and TeCl '̂*' u n its  occur.

Lowering o f  fundamental frequencies when • h a lid e  ions are present in  a 

c r y s ta l  l a t t i c e  has been observed in  cer ta in  phosphorus h a lid e  systems^^ -  

e .g .  PBr^'^Br". This may p o ssib ly  a r ise  because PBr̂ "*" u n its  are lin k ed  

by Br” io n s . In SC1 '̂*'IC1^“ , the S-Cl s tr e tc h in g  modes may occur a t  

low er freq u en cies because o f a secondary in te r a c tio n  between SCl^ and 

IC1^~ io n s .  The s p l i t t in g  o f both E modes can be explained  in  terms 

o f  SCl^* ions occupying low symmetry s i t e s  w ith n e g lig ib le  c o r r e la t io n

cou p lin g  tak in g  p la ce .
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The rem aining Raman s h i f t s  must’ th erefo re  o r ig in a te  from ICl^ •

The e f f e c t  o f  a stron g  low symmetry e le c t r ic  f i e l d  at IC1^~ s i t e s  w i l l

have a much more pronounced e f fe c t  s in ce  th e ru le  o f mutual exc lu sio n

may he re la x ed . Thus in stea d  o f observing th ree Raman fundamentals 
-  19from a ICl^ io n , in  th e  l im it in g  case , w ith no c o r r e la t io n  

co u p lin g , a maximum o f  n ine normal modes can be accounted fo r .  Pour 

o f  th e se  may be approxim ately described  as s tr e tc h in g  modes and th e  

rem aining f iv e  as deform ations. Raman s h i f t s  ascribed  to  ICl^”  in  

both  forms are presen ted  in  ta b le  5«4« These are th e  f i r s t  reported  

examples o f  v ib r a tio n a l sp ectra  fo r  IC1^~ fo r  which removal o f the  

cen tre  o f  symmetry must be considered . The lim ite d  v ib ra tio n a l data 

rep orted  fo r  o ther ICl^ compounds^^*^^ are c o n s is ten t w ith  re te n tio n  

o f  th e  in v er s io n  cen tre . The most d e ta ile d  in vestig a tio n ^ ^  o f  s o l id  

Cs ICl^ d etected  fa c to r  group s p l i t t in g s  a t h igh r e so lu t io n , but because 

both  th e  s i t e  symmetry o f  ICl^ , and th e u n it c e l l  group, are

centrosym m etric, th e  Raman spectrum at low r e so lu tio n  might otherw ise be 

in te r p r e te d  in  terms o f  B ^  poin t group symmetry. The two Raman a c tiv e  

I-C l s tr e tc h in g  modes in  t h is  and other s a l t s  are observed a t ca . 260 

and 280 cm " \ In  form 2 801^^ ICl^", two stron g  I-C l s tr e tc h in g  modes 

a re  s im ila r ly  observed a t th ese  freq u en cies, but in  form 1 801^* ICl^ 

th e  two stro n g est I-C l s tr e tc h in g  modes are s h if te d  to  282 and 296 cm \  

H ir a ish i and Shimanouchi^"* demonstrated m athem atically th at in  complexes 

"where con sid erab le  ca tio n —anion in te r a c tio n  i s  to  be expected e .g .  K^PtCl^  ̂

and KgPtCl^, sev era l o f  th e  normal modes o f  v ib ra tio n  o f th e  anion would 

be d r a s t ic a l ly  r a ise d  above th e fr e e  ion  v a lu es . They considered th a t  

s tr e tc h in g  modes would not be s ig n if ic a n t ly  a f fe c te d  but th at  

deform ation modes could w e ll s h if t  by as much as 50 cm ~\ In both form 1 

and form 2 SCl^"  ̂ ICl^" th e  stron gest deformation mode i s  lo ca ted  a t a
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h ig h er  frequency than observed in  anhydrous KICl^, (at room

tem perature th ree  Raman bands are observed at 286 (a ) 260 (b )
1g  ̂ 2 g '

and 128 (B^^ cm“ )̂ . S ince in  form 1 801^+ th e I-C l

s tr e tc h in g  freq u en cies have a lso  sh if te d  to  h igher freq u en cies, i t  i s  

p o s s ib le  th a t th e  anion—ca tio n  in te r a c tio n  i s  very much stronger than  

th a t considered  in  th e model proposed by H ira ish i and Shimanouchi.

35In order to  confirm th e se  in fere n c es , 01 HQR spectra  were 

measured fo r  both form 1 and form 2 801̂ "  ̂ 101^"”, and the observed

freq u en c ie s  are presen ted  in  ta b le  5«5« Frequencies c h a r a c te r is t ic

+ 1 3  — 9 11 *o f  both 801-, and 101, ’ ions were observed in  each ca se .
3 4 ,

A sample o f  form 2 fo r  which the Raman spectrum showed p a r t ia l conversion

35 —to  form 1 a ls o  showed 01 freq u en cies from th e  two d iffe r e n t  101^ io n s .

In  form 1, th e  four .^^01 HQR freq u en cies from 101^ are spread over a

11wide range and resem ble th ose  reported fo r  KIOl^.H^O. In the  

l a t t e r  compound, X-ray d iffra ctio n ^ ^  has shown considerab le d is to r t io n  

o f  th e  101^" io n . Of a d d itio n a l in te r e s t ,  th e low est ^^01 resonance 

frequency from 101^" in  form 1 801^* 101^" i s  found to  have a p o s it iv e  

tem perature c o e f f i c ie n t .  Unlike other reported examples, no hydrogen 

bonding can be considered to  account fo r  t h is  phenomenon but i t  i s  

t e n t a t iv e ly  suggested  th a t th is  a r ise s  because o f  a strong secondary 

in te r a c t io n  between th e ion s:

Cl^S  Cl* ” IC lj

F ig . 5 .3
Both HQR and Raman data are th erefore co n sisten t w ith d is to r t io n  o f  

IC1^“ , In form 2 8C1^"*'IC1^", four ^^Cl frequencies from 101^" are 

spread over a very  much narrower range and to  a cer ta in  extent resem ble
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51th e  freq u en cies observed in  UaIC1^.2ÏÏ20• This resem blance, however, 

i s  much l e s s  marked than in  th e previous example o f  form 1 and 

KICl^.EgO. The frequency at 21 MHz a ls o  appears to  have a p o s it iv e  

tem perature c o e f f ic ie n t ,  but t h is  i s  su b ject to  fu rth er  in v e s t ig a t io n  

because m alfunction  o f  the frequency markers d id  not permit accurate  

frequency measurements at 77 K.

Although c r y s ta l data'^^’ '̂  and HQR fr e q u e n c ie s '^ * ^ h a v e  been  

reported  fo r  both HaIC1^ .2H20 and EICl^yH^O, no s o l id - s t a t e  v ib r a tio n a l  

data are a v a ila b le .  In view o f the marked s im i la r i t ie s  between the

^^Cl HQR freq u en cies observed fo r  th ese  compounds and forms 2 and 1

r e s p e c t iv e ly , Raman sp ectra  were measured and are summarised in  ta b le  

5 . 4 . U sing th e  published  c r y s ta l data, a complete v ib r a tio n a l  

a n a ly s is  may be attem pted. KIC1^.H20 crysta llises**^  in  a m onoclinic  

space group, P2^/m (^2^ ) » w ith  four m olecules per u n it c e l l .  

C onsu ltation  o f tables**^ shows th a t th e  p o ss ib le  s i t e  symmetries fo r  

t h i s  space group are;

: 4 C .(2 ), Cg(2), nC^(4).

H2O, ICl^”  and may be a l l  assumed to  occupy 0  ̂ s i t e s  -  th ese  b ein g

th e  on ly  s e t s  o f  four sym m etry-related s i t e s .  The complete a n a ly s is  

fo r  ICl^"” i s  presented  in  ta b le  ^ . 6 *  I t  fo llo w s  th a t s i t e  group 

a n a ly s is  p red ic ts  9 modes, a l l  o f  which are both i . r .  and Raman a c t iv e .  

Each mode may fu rth er  s p l i t  in to  two Raman a c t iv e  modes v ia  c o r r e la t io n  

co u p lin g . C onsistent w ith  th e s i t e  symmetry approach n ine Raman 

a c t iv e  ICl^"" modes are observed at low r e s o lu t io n . In terms o f  s i t e  

group a n a ly s is , f i f t e e n  l a t t i c e  modes are p r e d ic te d :-  both ICl^ and 

HgO g iv e  r i s e  to  th ree  tr a n s la to r y  and th ree  ro ta to ry  modes w hile K'*’
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g iv e s  r i s e  to  on ly  th ree  tr a n s la to r y  modes. These could not a l l  he 

reso lv e d  in  th e measured spectrum however.

HalCl^.ZH^O c r y s ta l l is e s ^  in  an orthorhomhic space group,

Pnam four m olecules per u n it c e l l .  C onsu ltation  o f

tables'^^ shows th a t th e  p o s s ib le  s i t e  symmetries are

C g(4), nc^(8)

EgO m olecules w i l l  occupy Ĉ  s i t e s  whereas ICl^ could occupy e ith e r

Cg or Ĉ  s i t e s .  The p red ic ted  v ib r a tio n a l spectrum fo r  each p o ss ib le

ca se  i s  summarised in  ta b le  5 -7 - At low tem perature, two stron g  I-C l

s tr e tc h in g  modes are observed in  th e  Raman spectrum at 268 and 289 cm ,

w ith, two weak bands a t 235 and 248 cm **. In  a d d itio n , two or p o s s ib ly

th ree  modes are reso lv ed  in  th e  I —Cl deform ation reg io n . This i s  an

in d ic a t io n , but not con c lu siv e  evidence fo r  a ss ig n in g  IC I. ion s to  C4 s

l a t t i c e  s i t e s .  C learly  under h igh  r e so lu t io n , bands from im p u rities  

might a lso  be d e tec ted . The Raman spectrum from a commercial sample
50o f  EaAuC1^ .2H20 which i s  considered to  be isomorphous^ w ith  

EaIC1^.2H20 shows four Au-Cl s tr e tc h in g  modes and p o ss ib ly  f iv e  Au-Cl 

deform ation modes a t low tem perature. This confirms th a t AuCl^"" ions  

occupy Cg s i t e s ,  and g iv e s  credence to  th e  con clusion s drawn from th e  

Raman spectrum o f  EaIC1^.2H20. S im ila r it ie s  w ith form 2 SCl^'^ICl^" 

are apparent, but whether th e  two compounds are iso s tr u c tu r a l remains 

unknown.

The complementary in fr a -r e d  data fo r  th e se  conq)ounds were not 

e a s i l y  ob ta in ed . Forms 1 and 2 SCl^'^ICl^'” could not be mounted in to  

th e  in terferom eter  sample con^artment w ithout undergoing ex ten siv e  

decom position . An in fra -re d  spectrum fo r  form 1 was ev en tu a lly  

o b ta in e d  over th e  reg ion  220-350 cm ** u s in g  a conventional g ra tin g
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TABLE .5 . 7

SOLID STATE YIBRATIOML ANALYSIS FOR IC1^“ IIT miC1^.2HgO

FREE lOD

D4h

SITE GROUP

C.
1

FACTOR GROUP 

^2h

( r ) 4 g
( r ) ® ig
( r ) ® 2g

( ir )

( in a c t iv e )

( ir )

( ir )

B

E

'2n

2u
u

E

S

S

g

u

( r )

®ig ( r )

"2g (R)

"3g ( r )

A  ̂ (in a ct

^1u ( ir )

^2u (ir )

^3u (ir )

Hence 3 Raman modes which may s p l i t  in to  4 v ia  c o r r e la t io n  cou p lin g .

FREE lOH 

^4h

SITE GROUP 

0

FACTOR GROUP 

®2h

' ^ g

2̂g

B

E

'2u

2u

u
E.u

A»

A*

A»

A*

A*

g

1g
2g

3g

u
B1u

2u

3u

Hence 9 Hŝ man modes which may each s p l i t  in to  2 v ia  c o r r e la t io n  cou p lin g .



130

sp ectrom eter , w ith  th e  crushed c r y s ta ls  mounted between EIGIDEX p la t e s .  

M anipulation o f  th e  compound proved very  cumhersome, hut a 

rep rod u cib le , though very  in fe r io r  spectrum was obtained showing 

co in c id en t in fr a -r e d  absorption  freq u en cies fo r  a l l  th e  Raman s h i f t s  

observed in  th e reg ion  220-350 cm \  In  a d d itio n  weak broad bands
_ _ i  22

a t  ca . 330 and 340 cm a r is in g  from were observed. I t

proved im p ossib le to  ob ta in  in fra -re d  sp ectra  from ElCl^.S^O or

HalC1^.2H20. This may be a ttr ib u te d  to  th e  considerab le energy

ab sorp tion  by th e  bound water m olecu les.

In  order to  e s ta b lis h  whether d is to r t io n  o f  IC l. and th e  o ften
4

isomorphous AuCl. could be observed in  r e la te d  compounds, an HQR 
4

and v ib r a tio n a l sp ectro sco p ic  in v e s t ig a t io n  o f  s e le c te d  compounds was

undertaken. Before d escr ib in g  th e  r e s u lt s  obta ined , i t  i s  re lev a n t

to  present here th e  X-ray c r y s ta l stru ctu re  fo r  Form 1 SCl^'^ICl^”’

15carr ied  out at Birmingham U n iv ers ity  a f t e r  th e  sp ec tro sco p ic  

in v e s t ig a t io n s  described  in  th e  subsequent se c t io n s  had been carr ied  o u t. 

The con clusion s derived  from HQR and v ib r a tio n a l sp ectroscop y  were 

u n eq u ivoca lly  confirm ed. The s im ila r ity  between I C l ^  io n s  in  form I  

SCl^'^'lCl^” and KlCl^.H^O i s  apparent ( f i g .  5 .4  and f i g .  5-5) • Both 

c r y s ta ls  have th e  same u n it c e l l  group, w ith  I C l ^  io n s  lo c a te d

in  s i t e s .  The s im i la r i t ie s  between th e  Raman s h i f t s  and ^^Cl 

ITQB freq u en cies are th ere fo re  not unexpected. A b onglete v ib r a tio n a l 

a n a ly s is  fo r  form 1 SCl^^ICl^", which c r y s ta ll is e s ^ ^  w ith  th e  P2^/c 

(C^h) space group w ith  four m olecules per u n it  c e l l ,  i s  presen ted  in  

ta b le  5 .8 .  Both S and 1 are lo ca ted  in  s i t e s .  At th e  low  

R eso lu tio n  employed,, th e  Raman spectrum ( f i g .  5 .2 ) i s  adequately  exp la ined  

in  terms o f  s i t e  group a n a ly s is  -  s ix  SCl^* and n ine ICl^" modes are  

observed w ith n early  co incid en t SCl '̂*' and 101^“ . modes a t  282 cm ^  b ein g
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Fig 5 -4  The crystal structure, of Form 1 S Cl^ ICl̂ "

\  100-7^̂ ^̂ 55̂ 2.002

k3-12b3.097

dll bond distances in X



Fig 5 - 5  The structure of ICl^ in KICl -̂H^O

132
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SOLID STATE YIBRATIOML AEALISIS EOR EORM 1 SCl^ ICI^

( i )  SClj+

FREE lOR 

^3v

SITE GROUP
c .

FACTOR GROEP 

^ 2 h

A.

A.

E

E

A + A

A + A

A
g

B
E

An

BT1

( i i )  ICI
4

FREE lOB

D4h

B
2u
2 m

E
M

E11

( i i i )  EXTERML MODES 

SITE GROUP

4801]+

4IC1

T T T X y  z

SITE GROUP 

C.

A
A H- A 

A 4- A

FACTOR GROUP 

^2h

A

A

A

A

2h

A

A

A
S

B
g

A_
M

B11

A
g

B
g

11

11

FACTOR GROUP 

C.
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re so lv e d  a t low tem peratiire. Twelve Raman a c t iv e  external, modes 

are  p red ic ted , tu t  co n s id era tle  overlap a t  t h i s  r e s o lu t io n  preclu des  

a complete id e n t i f ic a t io n .

This work d isproves a claim  fo r  th e  n ovel s p e c ie s  SlC l^ and

p resen ts  th e  f i r s t  v ih ra tio n a l sp ectro sco p ic  data fo r  a  d is to r te d

io n . A ll  in v e s t ig a t io n s  have f a i l e d  to  id e n t i f y  th e  compound o f

sto ich io m etry  SC l^(lC l^)2 described  by R uff U sing th e  reported

method o f  preparation , th e  on ly  s o l id  is o la te d  was form 2

I t  seems somewhat strange th a t a s to ich io m etry  o f  1:2  fo r  S : f  should

be derived  under con d ition s employing a la r g e  ex cess  o f  S d ^ -  I t  i s

con ceivab le , however, th a t R uff’ s compound c o n s is ted  o f  form 2

SC1̂ **’IC1^'” mixed w ith  an equimolar amount o f  unreacted  I d ^ «  Uo

complex anion such as IgCl^ has ever been rep orted , and even i f  such

a sp e c ie s  e x is te d , treatm ent w ith  an excess o f  S d ^  would undoubtedly

r e s u lt  in  conversion to  form 2 SCl^’̂ Id^’”.  n e v e r th e le s s , a n a ly t ic a l

data co n s is ten t w ith  t h is  c o p r e c ip ita tin g  w ith  an equimolar amount

o f  ICl^ are d i f f i c u l t  to  ex p la in . One p o s s ib le  exp lan ation  i s  a s
10

fo l lo w s .  The s l ig h t  d is s o c ia t io n  o f  SCl^ v iz :

PSClg SgClg +  d ^

w i l l  r e s u lt  in  conversion o f  ICl^ "to Sd^**Id^ w ith  concomitant 

form ation o f  SgClg. Beyond a c r i t i c a l  p o in t , no more c h lo r in e  i s  

a v a ila b le  fo r  re a c tio n  and excess ICl^ remains in  s o lu t io n .  S in ce  

KICl^.HpO i s  a known s ta b le  hydrate, then  i t  i s  p o s s ib le  th a t  

SCl^’*’l d ^ ~ . I d ^  i s  a lso  a  d e f in it e  compound e x is t in g  under c e r ta in  

c o n d it io n s . Thus ICl^ may be trapped in  th e  c r y s ta l l a t t i c e  w eakly  

in te r a c t in g  w ith  e ith e r  ICl^" or SCl^* .̂ Undoubtedly such a compound
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would, be f a i r l y  u nstab le but fu rth er p rep arative work would be 

c le a r ly  o f  in te r e s t  to  a sc e r ta in  whether t h is  and other compounds 

could  be is o la te d .

The o r ig in  o f  t h is  d is to r t io n  in  ICl^ compounds i s  worthy o f
11fu rth er  comment. In KICl^H^O, a fo rce  f i e l d  c a lc u la t io n  has 

in d ica te d  th at the d is to r t io n  a r is e s  from th e stron g  low symmetry 

f i e l d  created  a t ICl^ s i t e s  by a l l  th e surrounding ions and m olecu les. 

The con tr ib u tion  o f water m olecules to  th e  f i e l d  was estim ated  to  be 

s ig n if ic a n t  though not the predominating in f lu e n c e . C onsistent w ith  

t h is  argument, the low est ^^01 RQR frequency e x h ib its  a normal n eg a tiv e  

tem perature c o e f f ic ie n t .  Thus, th e  c r y s ta l stru ctu re  a r is in g  when 

KICl^ forms a monohydrate must be s ig n i f ic a n t ly  d if fe r e n t  from 

anhydrous KICl^ fo r  which and v ib r a tio n a l spectroscopy in d ic a te

an unperturbed io n . In form 1 SCl^^ICl^, the low symmetry f i e l d  

created  at ICl^ s i t e s  may again  be considered to  account fo r  the  

d is to r t io n .  However, th e p o s it iv e  temperature c o e f f ic ie n t  o f  th e  

low est ^^Cl HQR frequency fo r  ICl^" i s  in d ic a t iv e  o f  a stron g  secondary  

in te r a c t io n  between ICl^" and SCl̂ **". The two longer I-C l bond len g th s  

c lo s e s t  to  SCl^"’’ ( f i g .  5-5) are co n sisten t w ith th is  argument. In  

form 2 SC1^" ÎC1^” , a weaker in te r a c t io n  i s  p red ic ted  s in ce  the HQR 

freq u en cies are spread over a narrower range and no apparent p o s it iv e  

temperature c o e f f ic ie n t  o f  the low est HQR l in e  i s  observed. Thus in  

m etastab le SCl^'^ICl^” th e o r ien ta tio n s  and p o s it io n s  o f  ICl^" and SCl^* 

io n s  in  th e c r y s ta l l a t t i c e  are not favourable fo r  a stron g  secondary  

in te r a c t io n . The c r y s ta l l a t t i c e ,  th e r e fo r e , s low ly  rev er ts  to  form 1 

SCl^’̂ ICl^"’ where SCl̂ "*" and ICl^" ions are in  c lo se r  proxim ity . In  

d is t in c t io n  from form 2 SCl^^ICl^", th e  low est ^^Cl HQR resonance
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frequency in  HalCl^.RH^O does e x h ib it  an anomalous p o s it iv e  tem perature 

c o e f f ic ie n t  which has been a ttr ib u te d  to  stron g  hydrogen bonding. A~ll 

attem pts to  prepare th e  anhydrous s a l t  were u n su c c e ss fu l. I f  may b e , 

th e r e fo r e , th at i f  form 2 SCl^'^ICl^ p o sse sse s  a  r e la te d  s tr u c tu r e , th e  

compound may be s t a b i l i s e d  by trapping a sp e c ie s  capable o f  s tro n g  

in te r a c t io n  w ith ICl^ ion s in  th e  C.,| l a t t i c e  s i t e s .  I t  i s  p u re ly  

sp ecu la tio n  th a t ICl^ could ach ieve t h is  by form ation o f  SCl^'^ICl^”'.

ICl^ (R uff’ s compound).

D iscu ssio n  so fa r  has attem pted to  co r r e la te  th e  HQR sp ectro sco p ic  

data w ith  con clusion s reached from v ib r a tio n a l sp ectroscop y . % th

r e fe ren ce  to  th e  d is to r t io n  o f  square p lanar io n s ,' numerous p o in ts  may 

be r a ise d  a t t h is  sta g e:

( i )  To what exten t are th e  Cl RQR freq u en cies r e la te d  t o  th e  

stren g th  and th e symmetry o f  a  stron g  low symmetry f i e l d  a t  a  l a t t i c e  

s i t e ?

( i i )  For a g iven  sp e c ie s  IC1^~, i s  i t  p o s s ib le  to  p red ic t  whether 

form ally  in a c t iv e  Raman bands w i l l  be observed from th e  in te r v a l between 

th e  h ig h est and low est '̂ Cl HQR freq u en cies?

( i i i )  "What i s  th e  o v e r a ll e f f e c t  o f  secondary in te r a c t io n s  upon th e  

HQR spectrum?

D iscu ssio n  o f  th e se  p o in ts  w i l l  be reserved  u n t i l  fu r th er  data fo r  

analogous ICl^" and AuCl^”  compounds, in  which d is to r t io n s  might a r i s e ,  

have been p resen ted . A ll  1 01^" compounds d iscu ssed  so  fa r  may be 

considered  e s s e n t ia l ly  in  terms o f  fr e e  io n s . Secondaiy bonding  

in te r a c t io n s  have th erefo re  r e su lte d  in  o n ly  sm all cova len t co n tr ib u tion s  

to  th e  o v era ll e le c t r o s t a t ic  a t tr a c t io n  between th e  io n s .  In  th e  

fo llo w in g  s e c t io n s , th e  e f f e c t s  o f changing th e  ca tio n  upon th e
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v ib r a tio n a l and HQR sp ectra  o f  ICl^ and AuCl^ ion s are presented  

and d iscu sse d .

5 .3  ICl^ SALTS OF [SMe^Cl^^^]"^ CATIOHS

Two m od ifica tion s o f SCl^^ICl^ have a lread y  been d escr ib ed . The 

e f f e c t  o f methyl s u b s t itu t io n  in  th e ca tio n  was in v e s t ig a te d  w ith the  

in te n t io n  o f  a scer ta in in g  to  what extent d is to r t io n  i s  dependent upon 

secondary bonding. C learly  rep la c in g  ch lor in e atoms by methyl groups 

w i l l  r e s u lt  in  a la rg er  ca tio n  which w i l l  not n e c e s s a r ily  adopt the same 

c r y s ta l stru ctu re  as SCl^^ICl^". Thus, i t  i s  not p o ss ib le  to  s p e c ify  

whether methyl s u b s t itu t io n  i s  s o le ly  resp o n sib le  fo r  th e observed  

e f f e c t s ,  in  the absence o f  X - r a y  c r y s ta l d ata .

SMe^'^ICl^ has been r e p o r t e d , b u t  no v ib ra tio n a l data are  

a v a ila b le .  The Raman and fa r  in fra -re d  sp ectra  are presented  in  

Table 5*9 and f i g .  5 r e s pe c t i v e l y ,  and c le a r ly  an in te r p r e ta tio n  in  

terms o f  poin t group symmetry fo r  ICl^ i s  p o s s ib le .  The absence 

o f  a secondary in te r a c t io n  and a stron g  low symmmetry e le c t r ic  f i e l d  a t  

IC1^~ c r y s ta l s i t e s  can th erefo re  be in ferr ed . This i s  as might be 

expected  s in c e  methyl groups, being le s s  e lec tro n eg a tiv e  than ch lor in e  

atoms, w i l l  tend to  push n egative  charge on to sulphur (in d u ctiv e  e f f e c t )  

which w i l l  tend to  reduce any in te r a c tio n  w ith  ICl^ . U nfortunately,

UQR s ig n a ls  could not be observed from t h is  compound at ambient or l iq u id  

n itro g en  tem peratures thus precluding confirm ation o f  a io n .

MeSCl^’*’ and Me^SCl'*’ s a l t s  o f  SbCl^ have been reported^^ and the

52 + —s o l id  s t a t e  Raman spectrum^ fo r  SMeCl  ̂ SbClg has been measured.

Although s o l id  s ta te  s p l i t t in g s  o f form ally  a c t iv e  Raman modes were

apparent, th ere  was no evidence to  suggest th at th e ru le  o f  mutual
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Fig 5 -5  The infra-red spectrum of SMe^
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e x c lu s io n  had heen l i f t e d .  This can he regarded as an in d ic a tio n  th at  

th e  s i t e  group i s  a lso  centrosym m etric. MeSCl '̂ ’̂lC l^", a novel 

compound, was analogously  prepared and the Raman spectrum recorded  

( ta h le  5*9)• Although the I-C l s tr e tc h in g  modes are n o tic e a b ly  

broader, c e r ta in  s im ila r it ie s  w ith SC1^" ÎC1  ̂ are n ev er th e less  apparent. 

In  p a r t ic u la r , a t low tem perature, form ally  in a c t iv e  Raman modes at 

250 and 260 cm ^ are observed. This s tro n g ly  su ggests  th a t IC1^~ ions  

occupy low symmetry s i t e s  and th at th ere  i s  a secondary in te r a c t io n  

between anion and ca tio n . However, MeSGl^'^ICl^” i s  a very u n stab le  

compound by comparison w ith SCl^^ICl^". I t  r e a d ily  l iq u e f ie s  even  

in  a sea led  tube under ch lor in e soon a f te r  preparation , and c r y s ta ls  

are  not reformed upon c o o lin g . Decomposition may be considered to  occur 

d isp ro p o rtio n a te ly

ZMeSClg''' ----- > Me^S + [SGl^] # SGlg + Gig.

One o f  th e  products o f  decom position i s  8GI2 , but id e n t i f ic a t io n  o f  the  

other products was not undertaken. P a r tia l decom position may account 

fo r  th e  broad I-G l s tr e tc h in g  modes, but th e absence o f  SGl̂ *  ̂ bands 

precludes contam ination from th is  s p e c ie s .  For th ese  reason s, in fra -re d  

and HQR sp ectra  were not obtained, which n e c e s s a r ily  r e s t r i c t s  fu rth er  

d is c u s s io n . However, i t  may be t e n ta t iv e ly  suggested  th at rep la c in g  

one ch lo r in e  o f  SGl^* by methyl in  SGl^^IGl^" does not s ig n i f ic a n t ly  

reduce th e  secondary in te r a c tio n , which may a s s i s t  in  th e breakdown o f  

SMeGlg" .̂

5 .4  TRIGHLOROGHALGOŒH GATIOHS WITH AuGl^

Both SeCl^ and TeGl^ have been reported to  form complexes w ith
27 28m e ta ll ic  and n o n —m e ta llic  sp ec ies  — eg SbGl^, PGl^.

V ib ra tion a l data have been reported fo r  sev era l compounds which have been
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ch a ra cter ised  as io n ic  in v o lv in g  TeCl̂ "*" and SeCl̂ "*" ca tion s*

c h a r a c te r is t ic  v ib r a tio n a l freq u en cies fo r  SeCl^"*” and TeCl^*  ̂ may be

used to  d is t in g u ish  th ese  sp e c ie s  from th e  SeCl^^“  and TeGl^^”' anions"'’ "'̂
iOwhich are a lso  known. I t  was o r ig in a lly  b e lie v e d  th a t both TeGl^ a/nH 

SeCl^ co n s is ted  o f MGl '̂^Gl ion s in  th e  s o l id  s t a t e ,  but recen t X—ray  

d if f r a c t io n  s tu d ie s  fo r  TeGl^ have in d ica ted  t h i s  to  be in correct*

In  fa c t  th e  s o l id  s ta te  stru ctu res  c o n s is t  o f  d is t in c t  tetram ers o f  

MGl̂ "̂  u n its  lin k ed  by b rid g in g  c h lo r in e s . S o lid  s t a t e  Eaman data^^ 

have r e c e n t ly  been in terp reted  u sin g  t h is  model and fa c to r  group a n a ly s is .

MG1̂ **"IG1̂  (M = Se, Te) have not been rep orted , but an in te r e s t in g  

s itu a t io n  a r is e s  as to  whether in te r a c t io n  o f  MGl  ̂ w ith  IgCl^ would

produce th is  sp ec ie s  or a c a t io n ic  iodochloro sp e c ie s  .

+ 55IGlg s a l t s  have been reported  and th e  ca tio n  has been ch aracter ised

by both and v ib ra tio n a l spectroscopy*^^ The former technique

r e a d i ly  d is t in g u ish e s  t h i s  sp ec ie s  from IGl^ because th e  ca tio n

resonances are observed a t h i^ e r  frequency HHz) • S in ce no

sulphur analogue SGlg^~ has been reported , t h is  s i tu a t io n  d id  not a r is e

when con sid ering  J a i l la r d 's  confound* N ev erth e less , in sp e c tio n  o f  th e

X -ray c r y s ta l stru ctu re  ( f i g .  5-4) shows th a t th e  two lo n g est I-G l bonds

are c lo s e s t  to  SGl^" .̂ This may be in d ic a t iv e  o f  a  v ery  sm all

co n tr ib u tio n  from.IGlg'^SGl^". The anion SGl^ has not been is o la te d
5 — _although th ere  i s  some evidence^ fo r  SeGl^ and TeCl^ a n io n s. Thus a

th ir d  p o s s ib i l i t y  fo r  rea c tio n  product o f MGl  ̂ (M = Se,Te) w ith  IgClg  

i s  IC Ig'^MGl^",which should a lso  be considered .

In  f a c t ,  id e n t if ic a t io n  o f rea c tio n  products proved to  be very  

sim p le  because a l l  attem pts to  react IgCl^ w ith  MCl^ were u n su cc ess fu l.

A v a r ia t io n  on J a i l l a r d ' s  p rep ara tion  was not p o s s ib le  because both  SeGl^
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and TeCl^ melt above 100°C, and c h lo r in a tio n  o f  a f in e ly  ground 

m ixture o f  S e /lg  or T e/l^  m erely r e su lte d  in  a m ixture o f  th e  s o l id  

c h lo r id e s . In tera ctio n  between IgCl^ and MCl  ̂ in  s o lu t io n  was a lso  

u n su cc ess fu l, th e on ly  s o l id  product is o la te d  b ein g  MCl^. SeCl^ 

i s  a very  in so lu b le^  compound and could not be re ta in ed  in  so lu t io n  

in  AsCl^ or POCl  ̂ a f te r  ad d ition  o f  IgGl^. H eating a s o lu t io n  o f

AsCl^ w ith a suspension o f  SeCl^ w hile p assin g  a current o f  

ch lo r in e  was eq u a lly  u n su ccessfu l. This method has been employed 

in  th e  preparation  o f other SeCl^*  ̂ s a l t s  and has succeeded when the

s l ig h t  s o lu b i l i t y  o f  SeCl^ i s  greater than th a t o f  th e  io n ic  compound
5 .formed. Thus SeCl^ i s  slow ly  d isso lv ed  and p r e c ip ita te d  as an io n ic  SeCl^

s a l t .  In  th e case o f  SeCl^ and I^Cl^, i t  i s  p o ss ib le  th a t a weak ICl^ 

complex may be formed w ith AsCl^ and POCl  ̂ thereby preclud ing rea c tio n  

w ith  d isso lv ed  SeCl^. TeCl^ i s  markedly more so lu b le  than SeCl^, but 

th e  on ly  product again p r ec ip ita ted  from so lu t io n  was TeCl^. The . 

subsequent work carried  out w ith AuCl^ s a l t s  s tro n g ly  in d ic a te s  th at th e  

sy n th e s is  o f  TeCl̂ "*’lC l^~ i s  required in  order to  a s s i s t  w ith  th e  NQR 

frequency assignm ents fo r  TeCl^*^AuCl^~. As a su g g estio n  fo r  fu rth er  

work, th e  s o l id  s ta te  h igh  temperature rea c tio n  between IgCl^ and TeCl^ 

in  a sea led  tube under pressure might be attem pted.

S ince a l l  attem pts to  in v e s t ig a te  IC1^~ s a l t s  o f  other chlorochalcogen  

ca tio n s  proved u n su ccessfu l, a tte n tio n  was g iven  to  AuCl^"" s a l t s ,  w hich.are  

o fte n  found to  be isomorphous^^ with th e  corresponding ICl^" s a l t s .  Both 

s p e c ie s  are square planar ions and lin e a r  AuCl^ and ICl^” are s im ila r ly  

known. The preparations o f  SCl^.AuCl^ and SeCl^.AuCl^ have been 

r e p o r t e d , b u t  su rp r is in g ly  no stru ctu ra l in v e s t ig a t io n s  have been carr ied  

o u t. The i n i t i a l  preparative work was concerned w ith  SCl^.AuCl^, in  

order to  a sc e r ta in  whether two c r y s ta l m o d ifica tio n s, corresponding to  

forms 1 and 2 SC1+ 103" could be is o la te d .
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SCIa'AuCIb was o r ig in a lly  prepared^^ in  I886 by h ea tin g  m e ta llic  

go ld  w ith  SClg. A m odified procedure was used s ta r t in g  w ith  SClg and 

AUgCl^ and a b righ t yellow  powder was is o la te d .  U nlike th e  IC1^~ 

analogue, th e  gold  compound i s  n o n -v o la t ile  showing no tendency to  lo se  

SClg cr ch lor in e  at ambient tem perature. I t  may th ere fo re  be 

manipulated in  a dry box under n itrogen  and in fra -red  sp ectra  were very  

much e a s ie r  to  ob ta in . The measured Raman and in fra -red  sp ectra  are  

p resen ted  in  ta b le  $ .1 0 , f i g .  5*7 and f i g .  $ .8 .  Only one m od ifica tio n  

could  be is o la te d  which in d ica te s  that no analogue fo r  th e m etastable  

m o d ifica tio n  o f SCl^^ICl^ e x i s t s .  In sp ection  o f  f i g .  5*7 shows th at  

s i x  Raman s h i f t s  a r is in g  from 801^^ are observed a t s im ila r  freq u en cies  

to  th ose  in  form 1 SC1^* ÎC1  ̂ • As was d iscu ssed  p rev io u sly , th e  

low ering o f  S-Cl s tre tch in g  modes may be in d ic a t iv e  o f a n io n -ca tio n

secondary in te r a c tio n , and the th ree modes at 4^2, 498 and $12 cm ^

4-1 —1in  th e  gold  complex compared with modes at 501» 524 and 535 cm in

SCl^*^SbClg” are again in d ic a tiv e  o f t h i s .  In the gold  compound, the

V ”- SCl-*^ mode at 270 cm” *' i s  not masked by anion s tr e tc h in g  modes 
' 3 3

as in  form 1 SCl^^ICl^". The remaining bands in  the spectrum can be 

assign ed  to  l a t t i c e  modes and AuCl^“ . Eight Raman bands are observed  

above 100 cm” *' which may be ascribed  to  AuCl^” . Comparison o f  ta b le  

5 .10  w ith  ta b le  4 . I ,  which g ives the in fra -red  and Raman modes fo r  

KAuCl in  aqueous so lu tio n  shows marked s im i la r i t i e s .  In t h is  compound,
4

form ally  a c t iv e  Raman Au-Cl s tre tch in g  modes have not sh if te d  to  h igher  

frequency and form ally in a c tiv e  Au-Cl s tr e tc h in g  modes have not s h if te d  

to  lower frequency,which i s  observed fo r  th e corresponding I-C l modes 

in  form 1 SCl^'^ICl^". In fa c t ,  fo r  a AuCl^” sp ec ie s  ( ta b le  4 . I ) ,  

th e  in fra -re d  a c t iv e  Au-Cl s tre tch in g  mode occurs a t h igher frequency
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than th e two Raman a c t iv e  modes, whereas fo r  a ICl^ sp ec ie s  

th e  in fra -re d  a c t iv e  I —Cl s tr e tc h in g  mode i s  at lower frequency than  

hoth Raman a c t iv e  modes. From th ese  ob servation s, two p o in ts  may be 

considered:

( i )  D is to r tio n  o f AuCl^ in  SCl^’̂ AuCl  ̂ i s  apparently l e s s  than  

th e  d is to r t io n  o f  ICl^" in  form 1 SG1 *̂**IC1 ~̂, so th at AuGl^~ modes are  

not s ig n i f ic a n t ly  perturbed.

( i i )  The com paratively heavier cen tra l metal atom in  AuGl^" i s  

probably th e  dominating in flu en ce  upon th e s tr e tc h in g  freq u en cies and 

a comparable d is to r t io n  to  th a t observed in  SGl^’̂’lGl^" may requ ire a 

very  much stronger secondary in te r a c t io n .

The in fra -re d  and Raman sp ectra  fo r  SCl^’̂ AuGl  ̂ show numerous

broad bands below 100 cm \  A weak band i s  observed at 97 cm  ̂ in  the

in fra -re d  and at 95 cm  ̂ in  th e Raman spectrum. This may be a ttr ib u te d

to  th e (form ally  in a c tiv e  in  both i . r .  and Raman) modes based

upon D^  ̂ symmetry, which would be expected to  occur at ca . 100 cm \

The rem aining bands below 100 cm”  ̂ must be a ttr ib u te d  to  l a t t i c e  modes.

I f  th e  compound i s  iso s tr u c tu r a l with form 1 SG1̂ **’IG1^ , then  12 l a t t i c e

modes would be expected . The r e so lu tio n  i s  very poor even at low
2 3tem peratures, and u n lik e the examples o f  ROAIGI  ̂ and EOGaCl  ̂

mentioned in  chapter 4 , i t  i s  not p o ss ib le  to  in fe r  whether th e  two 

compounds are is o s tr u c tu r a l.

The ^^Gl FQR spectrum i s  presented in  ta b le  $.11 and four l in e s  

a r is in g  from AuGl^“ are observed spread over 5 MHz. This frequency  

in te r v a l i s  s ig n if ic a n t ly  sm aller than th at observed fo r  form 1 

SCl^’̂ ’lGl^" ( A /1 3  MHz) but i s  s ig n if ic a n t ly  wider than observed in  

other AuGl^“ s a l t s  (ta b le  5 .1 2 ) .  In a d d itio n , th e  low est frequency  

shows a normal n egative  temperature c o e f f ic ie n t  which would again  seem



UÔ

0)
m

i n

II

ir\

I

«=4
o
S

o
CDCO

M O  O  UN 0 0 LfN r o (ON
O  0 0  t— U N O  CM UN

r o
UN % - VO UN r o  ON CM

ON C—  > - VO O - ON C7N0O ON
r O  r O  r O r O CM CM CM CM

M
m

M

.1
o
m

M
mON

M
LfN
ON
<M

O UN O 0 0 • UN OO U N  U N  O O r o
O CM ON CM UN ON OO UN r o
r —  O r O C—  UN V- VO O N  ON O VO

t-- M - C— t-- C N  ON ON ON CM VO VO
r o  r O  r o r O CM r O  CM CM r O  CM CM CM CM

m

o ic> 0  OJ
' C\j ^
CM t . -  CM D—

t . -  VO VO 
r n  r O  r o

VO
r o

ON NO 
r o  O N  m

ON 0 0  0 0  
CM CM CM

VO
ON

OO
CM

r O  ^  UN o
•= t  CM ON CM

r o  CM

CM CM ^ CM
^ «=4

UN UN
VO r o  O O r o
C—  r o  r o CO UN

CM CM \ - CM
.vj- r O

t:5i
m

■ë
+>

§

• d
(D

I
+=

§

O
IfN
r o

Ss  ro
ü

I

O  O  O  0 0  
i r v v o  UN r o  
CM OO l> -  ON

CM VO VO r O  
r O  CM CM CM

U N  O O UN 
CM C— 0 0  CM 00 C— .^00
r  VO VO r O  
r o  CM CM CM

O
UN
r o

O

CM

UN
CM
CM

t> -
CM

r o
UN ^ r o

VO O N  ON CM ON

O r —  IN - UN t ^
r o  CM CM CM CM

U N  CM ^
O U N  T -  ' — CM
VO ON ON  CM ON

O UN t —
r o  CM CM CM CM

UN UN t — •vt-
CM C—  ' . 4
CM h - V O CM C~-

O UN C—
CM CM CM CM CM

CM OO O  UN  T -  
UN r -  0 0  C ^  
t —  U N  r O  T -

O N  t - ~  UN 
CM CM CM CM CM

h -  r o
t—  t—  VO ON
0 0  LTN r o  CM <3"

O N  UN
CM CM CM CM CM

%
u

i6
m
0)
m
(D

c d

I
â
F:

•H

I
3



U 9

TABLE 5»11 (continued)

(b) HQR PREQUEHCIES FOR TeCl^'^AuCl^'

Y - '5 c i — — (th e o r e t ic a l  
" \[3 7 c i 1.2688)

T = ?95 K

30.987 24.42 1.2689
29.255 23.045 1.2694
28.902 22.782 1.2686
28.79 22.685 1.2691
27.473 21.64 1.2695
26.65 21.01 1.2684
25.445 120.07 1.2678

T = 193 K

31.36 24.726 1.2683
29.545 23.29 1.2686
29.226 23.04 1.2685
29.073 22.912 1.2688
27.66 21.79 1.2694
26.873 21.178 1.2689
25.675 20.235 1.2688

T = 77 K

31.675 24.97 1.2685
29.80 23.499 1.2681
28.508 23.265 1.2683
29.322 23.12 1.2683
27 .808 21.94 1.2675
27.04 21.335 1.2674
25.878 not in v e s tig a te d
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t o  in d ic a te  th a t a i a j  secondary bonding between SCl^”*" and AiiCl^”  i s  

"^sry much weaker than th e  secondary bonding between SCl^"  ̂ and 

in  form 1 SCl^"  ̂ ICl^ • U nlike th e  ICl^ complexes, ca tio n  freq u en cies  

were o n ly  observed a t low tem peratures. Subsequent t o  ob ta in in g  

th e s e  measurements, Russian workers^^ published d e ta i ls  o f  th e  ^^Cl 

IHQR spectrum o f  SCl^"*AuCl  ̂ • Their r e s u lt s  ( ta b le  5 -1 1) agree very  

w e ll  w ith  th o se  from t h is  stu d y . However, th e  in te r p r e ta tio n  g iven  

was made in  th e  absence o f  any v ib ra tio n a l data . B r ie f ly ,  th ey  

considered  th e  la rg e  spread o f  anion resonances to  be in d ic a t iv e  o f  a 

bridged  sp e c ie s  ( f i g .  5-9)

Gl^S — — — — Cl ~  — AuCl^

F ig . 5 -9

Presumably, th e  low est ^C1 resonance frequency a r is in g  from th e  bridged

c h lo r in e . This i s  c le a r ly  th e  extreme l im it  o f secondary bonding v i z .

d is c r e te  th r e e -c e n tr e  bond form ation. The Haman data from t h is  work

are  c le a r ly  not co n s is ten t w ith  t h is  exp lan ation . There i s  an

apparent co n trad iction  in  th a t th e  non-appearance o f ca tio n  l in e s  at

room tem perature was a ttr ib u te d  to  fr e e  r o ta t io n  o f  SCl^*’’. This

r e s u l t s  in  th e  ^^Cl resonances b ein g  s h if t e d  to  _ca. 0 ,5  MHz which i s

o u ts id e  th e  frequency range o f  many commercial sp ectrom eters. I t  i s
12considered  th a t t h is  exp lanation  i s  p la u s ib le  and has been p o stu la ted  

i n  o th er  system s. However, i f  th ere  i s  f r e e  r o ta t io n  o f SCl^* a t room 

tem perature, th en  a  d is c r e te  th ree -ce n tr e  bond does not account fo r  th e  

la r g e  frequency range over which ch lor in e resonances from AuCl^ are 

spread . In  f a c t ,  fr e e  r o ta tio n  o f  SCl^* i s  co n sisten t w ith  th e  Raman
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spectrum from which i t  was concluded th at th e secondary in te r a c tio n  

between 801^^ and AuCl^ was weaker than th e corresponding in te r a c t io n  

in  form 1 SC1 '̂’’IC1^~.

The corresponding SeCl^*  ̂ and TeCl^^ compounds were sy n th es ised  

from MCl  ̂ (M = Se, Te) and Au^Cl^ in  AsCl^ as a s o lv e n t . The selenium  

compound was o r ig in a lly  reported in  1887, whereas th e te llu r iu m  compound 

i s  apparently  n o v e l. Both s a l t s  were obtained as orange c r y s ta l l in e  

s o l id s  fo r  which on ly  one c r y s ta l m od ifica tion  e x is t s  and v ib r a tio n a l  

data are presented  in  ta b le  5 «10» f i g .  5»10» f i g .  5 .1 1 , f i g .  5 .12  and

f i g .  5*13. Comparison o f  th e  Raman sp ectra  from the two compounds
) :

shows th at th ey  are not iso s tr u c tu r a l and th is  was confirmed by X-ray  

powder s tu d ie s .  The SeCl^*  ̂ s a l t  contains a d is to r te d  AuCl^ ion  and 

X -ray powder s tu d ie s  have shown i t  to  be isomorphous w ith SCl^'^AuCl^'".

The TeCl '̂*' s a l t ,  on the other hand, shows on ly  th ree  Raman bands 

which may be a ttr ib u te d  to  AuCl^"”, which i s  co n s is ten t w ith a cen tro -  

symmetric io n . The Raman spectrum fo r  SeCl^’*’ AuCl^" i s  com plicated  

in  th a t th ere  i s  overlap between Se-Cl and Au-Cl s tr e tc h in g  modes, and 

a t low tem peratures non-degenerate Au-Cl s tr e tc h in g  modes are apparently  

s p l i t .  The r e la t iv e  in t e n s i t ie s  o f  th e  two bands from each mode are  

c o n s is te n t  w ith  iso to p e  e f f e c t s  but could a lso  be in terp reted  in  terms o f  

c o r r e la t io n  coupling between AuCl^“ io n s . I f  th e  compound i s  

iso s tr u c tu r a l w ith form 1 SC1̂ **'IC1̂ “ , then referen ce  to  th e  v ib ra tio n a l  

a n a ly s is  ( ta b le  5 .8 ) shows th at nine AuCl^” modes p red icted  by s ite -g ro u p  

a n a ly s is  would each s p l i t  in to  four modes under c o r r e la tio n  coup ling . 

S in ce th e  u n it c e l l  group i s  centrosyim netric, two modes are Raman a c t iv e  

and two are in fra -re d  a c t iv e .  This i s  c le a r ly  a f e a s ib le  exp lanation  

fo r  s p l i t t in g s  o f  the Au-Cl s tr e tc h in g  modes. The v ib ra tio n a l
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Fig 5-11 The infra-red spectrum of SeCl^AuC^
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Fig 5-13 The infra-red spectrum of TeCl^AuCl^

o

'Q

LJ
I—

OClO
6 '

oCQ
O

O

'o.co &0 00 jGO.00 2W0.00
WAVENUM8ER

3 2 0 .00 MOO.OO



157

assignm ent presented  in  t a t l e  5*10 was made t y  comparison w ith the  

AnCl4 modes in  SCl^’̂ AiiCl  ̂ . There are , however, s ig n if ic a n t  

d iffe r e n c e s :

( i )  The stron gest An-Cl deform ation in  th e Raman spectrum o f

AUCI4 i s  lo ca ted  at I86 cm in  SeCl^’̂ AuCl  ̂ , t h is  i s  apparently
—1s h if t e d  to  172 cm • The weak hand observed at I86 cm in  

SeCl^"^A.uCl4 i s  considered more l ik e ly  to  a r ise  from SeCl^*  ̂ ( o f .  s im ila r  

hands in  th e  sp ectra  o f  other compounds, ta h le  5 . 13) .

( i i )  The form ally  Raman-inactive Au-Cl s tr e tc h in g  mode (e^) in

SCl^^AuGl4~ i s  lo ca ted  at 354 and 360 cm” \  In  SeCl^’̂ AuCl4” , th e

s itu a t io n  i s  com plicated hy the presence o f  th ree  hands in  t h is  reg ion

at 352, 360 and 367 cm \  which could he a ttr ib u te d  to  fa c to r  group

s p l i t t in g s  o f t h is  Au-Cl s tr e tc h in g  mode. A lte r n a tiv e ly , th e  hands at

—  1360, 367 and 384, 390 cm could he a ttr ib u ted  to  fa c to r  group 

s p l i t t in g s  o f  th e  a lr e a d y -sp lit  (e) SeCl̂ "*" mode. This exp lanation  

seems p la u s ib le , although u n lik e in  other examples where fa c to r  group 

s p l i t t in g s  have been p ostu la ted , the stronger hands are lo ca ted  at 

h igh er frequency. The in t e n s it ie s  o f th e  hands at 384, 390 and 4OO cm  ̂

are not co n s is ten t w ith  is o to p ic  s p l i t t in g s  o f  th e 'Y^(a^) SeCl^^ mode 

(se e  Appendix 2 ) .  Further, i t  i s  considered th at the sample i s  not 

contaminated w ith SeCl4 which would show Se-C l s tr e tc h in g  modes^^ at 

399 and 366 cm

Four ^^Cl ITQR freq u en cies a r is in g  from AUCI4'” are observed  

( ta h le  5 . 11) and th e in te r v a l between th e h ig h est and low est frequency  

i s  even wider than in  SCl^‘̂ AnCl4” . The low est frequency again  e x h ib its  

a normal n egative  temperature c o e f f ic ie n t  which i s  an in d ica tio n  th a t  

any secondary bonding between SeCl^’*’ and AUCI4 i s  very weak.
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The ^C1 resonance l in e s  from SeCl^^ m erit very  l i t t l e  comment because  

comparable data from other SeCl^*  ̂ s a l t s  are not cu rren tly  a v a ila b le .  

Although frequencies fo r  SeCl^ have been reported^ th e se  add l i t t l e  to  

th e  d iscu ss io n  s in ce  d is t in c t  tetram ers o f SeCl^"  ̂ ion s are p resen t. 

SeCl^**"SbClg was apparently stud ied  by Japanese w o r k e r s ,b u t  in  the  

absence o f  a tr a n s la t io n  the observed resonance freq u en cies cannot be 

d is t in g u ish e d . I t  i s  s ig n if ic a n t ,  however, th at u n lik e  SCl^’̂ AuCl^” , 

c a tio n  s ig n a ls  are observed at room tem perature. This may be taken  

as an in d ic a tio n  th at r o ta tio n  o f  SeCl^"  ̂ i s  r e s tr ic te d  and th e secondary  

bonding w ith  AuCl^” i s  stronger than in  the SCl "̂  ̂ s a l t .

The Raman spectrum from TeCl^^AuCl^" i s  com paratively sim ple.

Three modes due to  AuCl^” and f iv e  from TeCl^’*' are observed — th e  

s p l i t t in g  o f TeCl̂ **" not being  observed. Two exp lanations may

be considered to  account fo r  th ese  observations:

( i )  The e le c t r ic  f i e l d  created  at AuCl^ s i t e s  i s  s u f f i c ie n t ly  

weak not to  perturb th e AuCl^” ions which may be considered in  terms 

o f  symmetry.

( i i )  The e le c t r ic  f i e l d  created  at AuCl^” s i t e s  i s  stron g  but th e  

s i t e s  are centrosyim netric.

Table 5 .1 4  demonstrates that any lower centrosyimnetric poin t group 

s t i l l  on ly  p red ic ts  th ree Raman a c tiv e  modes fo r  AuCl^"". This 

exp lanation  i s  p la u s ib le  because TeCl *̂  ̂ Raman modes are s p l i t  and th e  

complementary low -frequency in fra -red  data show s p l i t t in g s  o f  

degenerate AuCl^” deform ations. Thus th e d if fe r e n t  c r y s ta l l a t t i c e  

accommodating TeCl^* and AuCl^" ions does not permit a stron g  secondary  

in te r a c t io n  between anion and c a tio n . This might be considered  

analogous to  SCl^* and ICl^" ions in  th e  m etastable m o d ifica tio n .
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There i s  no obvions reason otherw ise, why secondary bonding between

AnCl^ and TeCl^"  ̂ should not be im portant. I t  i s  c le a r ly  present

in  TeCl^ AlCl^ upon in sp ec tio n  o f  th e  %—ray c r y s ta l s tr u c tu r e .

The ^^Cl 3QP freq u en cies were a lso  measured (ta b le  5 .I I )  and four

l in e s  a r is in g  from AuCl^ were observed, spread over a very  narrow

frequency range. This i s  co n s is te n t w ith  on ly  a sm all d is to r t io n  o f

AUCI4 ,  Complete assignment o f  th e  resonances i s  somewhat d i f f i c u l t

"because resonances from AuCl^”” and TeCl^^ overlap . In  a d d itio n , th e

37spectrum i s  unusual in  th a t Cl resonances were observed from anion

and c a t io n  a t both ambient and liq u id  n itro g en  tem peratures. In  a l l

37th e  prev ious compounds d iscu ssed . Cl resonances could on ly  be observed  

w eakly from th e  ch i oro cat ion s a t low tem peratures. These d i f f i c u l t i e s  

o f  assignm ent are u n lik e ly  to  be reso lv ed  in  th e  absence o f  fu rth er  

d ata from r e la te d  compounds. As in  th e  case o f  SeCl̂ **" compounds, WQR 

d ata  fo r  TeCl^*  ̂ compounds are somewhat l im ite d . Frequencies fo r  TeCl^ 

are  available"^^ and a lso  fo r  TeCl^tAlCl^* where th ree  ^^Cl resonances at
42

29 . 420, 29*574 and 30.570 HEz are observed at ambient tem peratures.

However, t h i s  does not a s s i s t  w ith  the assignment o f TeCl^^AuCl^

because th e  c r y s ta l stru ctu re  in d ic a te s  a -stro n g  a n ion -ca tion  in te r a c t io n .

39The compound, in  f a c t ,  i s  described  c r y s ta llo g r a p h ic a lly  as c o n s is t in g

o f  s tr o n g ly  d is to r te d  TeCl^ octahedra sharing th ree  neighbouring ch lor in e  

atoms w ith  th ree  d if fe r e n t  AlCl^”  tetrah ed ra . A s o l id  s ta t e  v ib ra tio n a l 

sp ec tro sco p ic  a n a ly s is  has not apparently been undertaken, but i t  fo llo w s  

th a t  t h is  could not be carr ied  out in  terms o f  TeCl^*  ̂ c a t io n s . Thus 

assignm ent o f  th ree  ^^Cl HQR freq u en cies in  TeCl^'^AuCl^"’ to  TeCl̂ "*" i s  

im p o ss ib le . S in ce th e  freq u en cies are c lo se  to g e th er , th e  average va lu e  

obtained  from four l in e s  assigned  to  AuCl^ does not permit an unequivocal
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assignm ent. C learly  any th ree o f  the four h ig h est  resonances could he 

a ssig n ed  to  TeCl^"  ̂ and fu rth er attem pts to  prepare TeCl^*^ICl4 ~, which 

may p o sse ss  a r e la te d  s tru ctu re , are req u ired .

5 .5  ICI4"" AM) AuCl^" CQMPOUM)S OP SUBSTITUTED CHLOROPHOSPHORUS CATIODS

In th e previous s e c t io n s , ICl^ and AuCl^ io n s  were shown to  he  

d is to r te d  in  chlorochalcogen s a l t s .  Further in v e s t ig a t io n s  were carr ied  

out w ith  d if fe r e n t  ch lorocation s to  a sc e r ta in  whether t h is  phenomenon 

was p ecu lia r  on ly  to  sulphur, selenium  and te llu r iu m . Raman data fo r  

various su b stitu te d  chlorophosphorus c a t io n ic  d e r iv a tiv e s , PCl^ICl^,

^  PCl^ICl^, (j)^PGlICl4 and PCl^AuCl^ are presented  in  ta b le  5 . 15*

The assignment o f  ca tio n  frequencies was made by referen ce  to  th e  

litera tu re^ ^ '^ ^  fo r  PCl^* and to  th e  measured sp ectra  fo r  PClg”  

d e r iv a tiv e s  o f  (j) PCl "̂  ̂ and ^^PCl*^. The la t t e r  samples were k in d ly  

loaned by Dr. K.B. D illo n  o f  Durham U n iv ers ity , and th e  measured sp ectra  

showed ca tio n  bands o f comparable r e la t iv e  in t e n s i t ie s  to  th o se  observed  

in  th e  ICl^" s a l t s .  The remaining bands in  th e  sp ectra  o f a l l  four  

compounds may be a ttr ib u ted  to  AuCl^”  and ICl^"" ion s and th e se  may be 

considered  in  terms o f centrosyimnetric po in t groups. In  th e  ICl^"  

s a l t s ,  th e  two I-C l s tr e tc h in g  modes are lo c a te d  a t ca . 260 and 280 cm  ̂

which i s  expected fo r  an u n d istorted  square planar io n .  On th e  b a s is  

o f  v ib r a tio n a l spectroscopy, th ere fo re , i t  may be in ferr ed  th a t e ith e r  

a very  weak low symmetry e le c t r ic  f i e l d  i s  created  a t ICl^ s i t e s  or 

th a t th e  f i e l d  created  i s  stron g  but centrosyim netric. The ca tio n  

v ib r a tio n s  do not y ie ld  any a d d itio n a l in form ation . In  th e  PCl^^ s a l t s ,  

v ib r a tio n a l assignm ents are co n s is ten t w ith  T  ̂ symmetry. The F^ mode a t  

ca . 660 cm"̂  and th e Â  mode a t ca . 46O cm“  ̂ are s p l i t  in  both compounds.
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The s p l i t t in g s  o f  th e  mode are o f  th e  correct r e la t iv e  in t e n s i t ie s  

to  a r is e  from iso to p e  e f f e c t s  and s im ila r  s p l i t t in g s  have been observed
48

in  other s a l t s .  The s p l i t t in g s  are not co n sisten t w ith  iso to p e  

e f f e c t s  and th ere fo re  a r is e  from s i t e  group e f f e c t s .  This may be an 

in d ic a t io n  th a t s o l id  s ta te  e f f e c t s  in  th ese  compounds are im portant, 

but fo r  th e  ICl^"" modes, th e  complementary in fra -red  data are req u ired .

^^Cl ¥QR freq u en cies could not be observed from ICl^"" in  PCl^'^ICl^" 

or {^^PCl^ICl^ . The EQR freq u en cies observed from (|) PCl^'^ICl^’" 

and PCI4AUCI4 are presen ted  in  ta b le  5 . I 6 togeth er w ith  ca tio n  data  

from th e  other two compounds. These data support th e  conclusions  

reached from v ib r a tio n a l spectroscopy but th e  fo llo w in g  in d iv id u a l 

comments are worth m entioning:

( i )  In PCÎ '̂ ’ICI^”', two anion freq u en cies are observed a t 295 K 

and four at 77 K. This could in d ic a te  th a t a phase change occurs but 

v a r ia b le  temperature Raman s tu d ie s  f a i le d  to  d etect t h i s .  The two
Q

freq u en cies  a t 295 ^ are comparable w ith  th o se  observed^ from CsICl^ 

in  which ICl^" io n s  occupy (centrosymmetric) s i t e s .  As was 

d iscu ssed  p rev io u sly , th e  Raman spectrum o f  th e  la t t e r  compound a t low  

r e s o lu t io n  can be in terp re ted  in  terms o f  poin t group symmetry.

( i i )  In  ^  PCl '̂ ’̂lC l^’’, four ca tio n  resonances are observed a t 77 K. 

This i s  somewhat unusual s in c e  th ere  are on ly  th ree  ch lor in e  atoms 

p resen t in  each in d iv id u a l c a t io n .

( i i i )  In  PCl^’̂ AuCl^", four anion freq u en cies are observed at both  

295 K and 77 K spread over ;;^2MEz. This undoubtedly a r is e s  from some 

d is to r t io n  o f  AuCl^” , but s in c e  th e Raman spectrum did not apparently  

in d ic a te  t h is  i t  i s  t e n ta t iv e ly  suggested  th a t d is to r t io n  i s  produced 

by a stron g  e l e c t r ic  f i e l d  at AuCl^"" s i t e s  o f symmetry. This 

exp lanation  i s  co n s is ten t w ith  on ly  th ree  bands from AuCl^ b ein g  

observed in  th e  Raman spectrum.
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These in v e s t ig a t io n s  have f a i le d  to  id e n t ify  stron g  secondary 

bonding e f f e c t s  in  su b stitu ted  chlorophosphorus system s. The e f fe c t  

o f  phenyl (|) su b s t itu t io n  on PCl^^ i s  somewhat d if fe r e n t  from su b s t itu t in g  

methyl ' groups on SCl^* .̂ The in d ica tio n s  are th at upon phenyl 

s u b s t itu t io n , the e le c t r ic  f i e l d  strength  at ICl^" s i t e s  i s  in creased .

Two p o in ts , however, must again  be emphasised as w ith th e  chlorosulphonium  

system s. F ir s t ly ,  phenyl su b s t itu tio n  considerab ly  in crea ses  the ca tio n  

s i z e ,  so th at a change in  c r y s ta l stru ctu re undoubtedly occurs on going  

from PCl̂ '*" to  (|> PCl^^ to  (|)^PC1^. Secondly, th ere  i s  th e  p o s s ib i l i t y  

th a t phenyl groups w i l l  s h if t  th e  p o s it iv e  charge from the phosphorus 

atom. C ontributions from such canonical forms may enhance the  

secondary bonding to  ICl^" and so in crease  th e stren gth  o f  the e le c t r ic  

f i e l d  created  at ICl^ s i t e s .  In th is  re sp e c t, th e  e f f e c t  o f phenyl 

s u b s t itu t io n  on 801^^ in  SCl^’̂ ICl^ m erits experim ental and sp ectroscop ic  

in v e s t ig a t io n .

5 .6  AUGI4” AM) 1014“ WITH EETROGEHEOUS BASES
24 25A recen t p u b lica tio n  concerning tr ia to m ic  p o lyh a lid e  anions ’ 

reported  Raman sp ectra  fo r  th e M e4*’' s a l t s  and both fa c to r  group and 

is o to p ic  s p l i t t in g s  o f  the anion modes were observed. In v e st ig a tio n  o f 

th e  corresponding 1014“ and AuCl4~ s a lt s  was th ere fo re  undertaken in  

order to  a sc e r ta in  whether s im ila r  s p l i t t in g s  could be observed and, 

more im portantly, to  e s ta b lis h  the e f f e c t  upon th e  HQR freq u en cies.

A commercial sample o f  EBu4‘̂ IGl4” and a lso  Me^H'’’lG l4” were s im ila r ly  

in v e s t ig a te d  as examples in  which th e ca tio n  s iz e  has been increased  and 

decreased r e sp e c tiv e ly . In  the la t t e r  compound, th ere i s  a lso  the  

p o s s i b i l i t y  o f  strong hydrogen bonding. Other IGI4 s a l t s  in v e s t ig a te d
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were pyridini-um pyH"̂ , deuteropyridinium  pyD"̂  and B-chloropyridininm

S-ClpyH*^.

The Raman sp ectra  fo r  Me '̂^’lCl^'", and are

p resen ted  in  ta b le  5 .1 7 . Bands a r is in g  from th e ca tio n s were not

observed a t t h is  r e so lu tio n , and consequently s p l i t t in g s  o f  I —Cl

s tr e tc h in g  modes are apparent in  Me^’̂ ICl^ and RBu^'^ICl^. In each case

th e se  may be a ttr ib u ted  to  a combination o f  both iso to p e  and fa c to r  group

e f f e c t s  upon an otherw ise centrosymmetric ICl^"" io n . However, to  be

c o n s is te n t  w ith  t h is  argument, i t  i s  not th e  same I-C l s tr e tc h in g  mode

which i s  a ffe c te d  in  each ca se . Thus consider M e4" ÎCl4" a t 130 K  when

th e  broad bands observed at room temperature are f u l ly  reso lv e d . The

s h i f t s  a t 280, 288 cm and 302, 208 cm  ̂ may be ascrib ed  to  fa c to r

group s p l i t t in g s  o f  the I-C l s tr e tc h in g  mode. I t  may be envisaged

th a t two or p o ss ib ly  four ICl^" ions per u n it c e l l  are coupled so th at

each degenerate Raman a c t iv e  mode i s  s p l i t  in to  two. Each mode i s  then

fu rth er  s p l i t  by ch lor in e  iso to p e s . The expected in t e n s i t ie s  o f  bands

a r is in g  from a l l  p o ss ib le  ^^Cl/^^Cl is o to p ic  su b s t itu t io n  at natural

abundance in  ICl^” are 8 l :  104: 27: 27: 12: 1 (se e  appendix 2 fo r  th e

d er iv a tio n ) . In t h is  case on ly  the two stron gest bands a r is in g  from

[l^^C l^]"  and [l^^Cl^^Cl^]" are f u l ly  r e so lv e d . Factor group s l i t t i n g s

o f  th e  deform ation mode a t I40 cm“ "* are a lso  apparent but th e I-C l

35s tr e tc h in g  mode i s  apparently u n a ffected . U nfortunately , "̂ Cl HQR 

freq u en cies  could not be observed, but the in fra -re d  spectrum showed an 

in te n se  absorption  c o n s is t in g  o f  two bands a t ca . 210 and 250 cm \  other  

bands in  the spectrum being  unresolved . These bands may a r is e  from e ith e r

( i )  Factor group s p l i t t in g s  o f  the in fra -re d  a c t iv e  E^ I-C l s tr e tc h in g

mode

or ( i i )  S it e  group s p l i t t in g s  o f  th e in fra -re d  a c t iv e  E  ̂ I-C l s tr e tc h in g  

mode •
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TABLÉ 5.17

ICI4“ VIBRATION IH SALTS WITH HITROGEÏÏEOUS BASES

Me4H^ICl4 nBu4H^ICl4 Me^M'^ICl4 ASSIGMEHT

T=ainlDient T = 130 K T=ambient T=130 K T=ambient T=130 K

137 (w ,b r ) l37 (w) 133(w) 136 (w) I40(w,br) 147(w,br) B^  ̂ ICI4
l 48 (shoul(^ 160 (should)

,255 257 (m)
256 (vs) 259 (s) 264(s) \  ^2g

270 (m)

277 (s) 279 (s) 286 (m-s) 289 (vs) 276 (vs) 283 (vs) Y , A^^ ICI4"

288 (m)

294 ( s ,b r )302 (m)
308 (should)

300 (m) 307 (m) ?
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1!he in fra -red  spectrum i s  th erefo re  co n s is ten t w ith  co rr e la tio n  

cou p lin g  o f ICl^ modes. The observed sp ectra  may a lso  he 

exp la ined  in  terms o f  two c r y s ta llo g r a p h ic a lly  d if fe r e n t  IC1 ~̂" io n s , 

g iv in g  r i s e  to  Raman s h i f t s  a t;

( i )  I4O) 260, ca , 280 cm ^

( i i )  150, ca , 280, ca , 300 cm ^

However, on the b a s is  o f  the c r y s ta l data^^ fo r  th e r e la te d  IClg" s a l t s ,  

th e  former explanation  i s  p referred .

The Raman spectrum for  EBu^'^ICl  ̂ may be explained in  terms o f  

is o to p ic  s p l i t t in g s .  At 77 K, th ree bands in d ic a t iv e  o f  a centm -  

symmetric ion  are observed but in  d is t in c t io n  from th e previous example, 

th e  I-C l s tr e tc h in g  mode at ca , 260 cm ^  i s  s p l i t .  The bands at

270, 264 and 256 cm are o f  the correct r e la t iv e  in t e n s i t ie s  (see  

Appendix 2) fo r  iso to p e  s p l i t t in g s .  U nfortunately, HQR freq u en cies  

could not be observed from th is  compound, and fu rth er d isc u ss io n  i s  

th ere fo re  not p o s s ib le ,

A sample o f RMe^H^ICl^" was k in d ly  loaned by Hr, K.B, H illo n  o f  

Durham U n iv ers ity  for  v ib ra tio n a l sp ectroscop ic  measurements. The UQR 

spectrum was considered to  be co n sis ten t w ith  an u n d istorted  ICl^ io n .  

The Raman spectrum, however, ta b le  5 ,1 7 , showed four bands which 

precludes a sim ple in terp re ta tio n  in  terms o f  D ^  point group symmetry -  

th e  c h a r a c te r is t ic  bands o f D ^  ICl^" at 142, 260 and 282 cra“  ̂ are  

accompanied by a weak band at 305 cm"̂  which may not be a ttr ib u ted  to  th e  

c a t io n . Subsequent attempted preparations r e c e n t ly  carr ied  out in  th ese

la b o ra to r ie s  however, f a i le d  to  produce a pure compound. The Raman 

spectrum fo r  each impure product showed a band at ca , 307 cm \  fo r  which 

th e  in t e n s ity  r e la t iv e  to  the other th ree was d if fe r e n t  fo r  each preparation .
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I t  i s  p o s s ib le ,  th ere fo re , th a t t h is  band a r is e s  from an ingDnrity anfl 

th a t th e  o r ig in a l sample underwent decom position during t r a n s i t .

Further d iscu ssio n  o f th ese  a lk y l ammonium ICl^ s a l t s  w i l l  not be 

attem pted .

Pyridinium te tra ch lo ro io d a te  was s im ila r ly  rec e iv ed  from Durham 

U n iv e r s ity  fo r  v ib ra tio n a l sp ectroscop ic  measurements. The UQR 

spectrum, ta b le  5*19, showed one resonance a t 22.375 MEz a t  295 % 

two resonances a t 25.364 and 19-924 MHz a t 77 The tr a n s it io n

tem perature was b e liev ed  to  be c lo se  to  223 M. These data are

c o n s is te n t  w ith  a ICl^ io n  a t ambient tem perature and a  tra n s

or or c i s  ICl^ sp e c ie s  a t 77 Z . D if fe r e n t ia l

scanning ca lorim etry  (D .S.C .) id e n t if ie d  a phase tr a n s it io n  a t  

( 215.2 — 0 .5 )K . Raman sp ectra , ta b le  5*18, were recorded over a  wide 

tem perature range in  an attempt to  se e  i f  th e  tem perature o f  th e  phase 

change could be confirm ed. At ambient tem perature, ( f i g .  5*14) ■» th ree  

bands a t I40 , 268 and 288 cm  ̂ were observed in d ic a t iv e  o f  a D ^  I C l ^  

s p e c ie s .  Cation freq u en cies were not observed at low r e s o lu t io n .  

C ooling th e  sample r e su lte d  in  sharpening o f  th e se  th r e e  bands and a t  

c a . 213 K a weak band appeared at 302 cm%l. At c a . 203 Z, s p l i t t in g  

o f  th e  l a t t i c e  modes was apparent. However, i t  was im p ossib le  to  

e s ta b lis h  th e  tr a n s it io n  temperature by v ib r a tio n a l sp ectroscop y  because:

( i )  I t  i s  im possib le to  measure e x a c tly  th e  tem perature o f  th e  

sample u s in g  th e low temperature sample holder (se e  chapter 6 fo r

fu rth er  d e t a i l s ) •

( i i )  There i s  some confusion  as to  th e  p r e c ise  change in  th e  

v ib r a tio n a l spectrum corresponding to  th e  t r a n s it io n .  This could  be  

taken  as e ith e r  th e  temperature a t which th e  a d d itio n a l band appears 

(213 Z) or th e temperature a t  which changes in  th e  l a t t i c e  modes occur
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TABLE 5 .18

VARIABLE TEMPERATURE RAtM SPECTRUM FOR PyH'^ICl
4

295 z 273 z 223 z 213 z 193 z 163 Z 133 Z ASSICmiEUT

3 8 ( s ) 40 (m) 42 (m) 40 (m) 40 (m) 42 (m) 42 (m) ^

4 8 (s) 52(m) 57 (m) 51(a) 50 (m) 520^ 52 (m) /

56 58 58 I
( s h o u l d ) ( s h o u l d )  ( s h o u l d )  ̂ LATTICE

• 58 (m) 60 (m) 62 (m) 62 (m) MODES

80 (vw) 82 (vw) 86( w) 88 (w) 89 (w) 89 (w)

100(vw) 102 (vw) 112(w) 114(vw) 116 (w) 1l6(w)

130(vw) 128 ( v w ) 128( v w ) 128 ( v w )

140 (w) 140(w) 140 (w) 142 (w) 143(w) 144(w) 144(w)

266 (s) 266(s) 266 (s) 267(3) 267(s) 268(s) 268(s)

286(vs) 286(vs) 288 (vs) 282(m-s) 282(m-s) 283(m-s) 283(m-s)

301(m-s) 301(m-s) 302(m-s) 302(m-s)

308 308 308 308
( s h o u l d )  ( s h o u l d )  ( s h o u l d )  ( s h o u l d )
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(203 K) • Although th e  former p o in t ’ i s  c lo se r  to  th e  D .S .G . t r a n s it io n  

tem perature, th e  l a t t e r  p o in t t h e o r e t ic a l ly  seems th e  more reason ah le  

c h o ic e . However, s in c e  th ere  i s  undouhtedly an error in  th e  

tem perature recorded on th e  co ld  c e l l  c o n tr o lle r  u n it  e s p e c ia l ly  a s  a  

y e llo w  sample i s  b e in g  ir r a d ia te d  by a red  sou rce, fu r th e r  d is c u s s io n  

i s  not j u s t i f i e d .

C ooling th e  sample below 200 K produced an in c r e a se  in  th e

in t e n s i t y  o f  th e  new band a t 302 cm ^  w ith  concom itant decrease in
 -1

in t e n s i t y  o f  th e  band o r ig in a l ly  observed a t 288 cm • At 130 th e  

th r e e  bands observed in  th e  I —Cl s tr e tc h in g  reg io n  resem bled th o se  in  

Me^*^ICl^ although is o to p ic  s p l i t t in g s  were a b sen t. The I —Cl 

deform ation a t 144 cm  ̂ was markedly decreased  in  in t e n s i t y  and 

accompanied by th e  appearance o f  a new band a t 128 cm .  To l>e c o n s is te n t  

w ith  th e  HQR data , th e  fo llo w in g  exp lan ation  i s  t e n t a t iv e ly  put forw ard.

At ambient tem peratures, pyH*̂  and ICl^" occupy l a t t i c e  s i t e s  such th a t  

th e r e  i s  on ly  a weak, secondary in te r a c t io n  between Cl and H - As th e  

tem perature i s  low ered, two ch lo r in e s  o f  th e  an ion  tr a n s  t o  each o th er  

become s tr o n g ly  a s so c ia te d  w ith  th e  o f  th e  pyridinium  c a t io n . At 

th e  t r a n s it io n  tem perature, d is to r t io n  o f  th e  l a t t i c e  r e s u l t s  i n  fo rm a lly  

^2h ÏGl^" ion s b e in g  s tr o n g ly  coupled v ia  th e  ca tio n :
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C oupling o f  fo rm a lly  centrosym m etric ICl^" io n s  ta k es  p la c e  producing
25

s p l i t t in g s  o f  degenerate modes. A  s im ila r  s i tu a t io n  has been p o stu la te d  
^ —

in  pyH 101^ to  account fo r  fa c to r  groizp s p l i t t i n g s .  An a lt e r n a t iv e  

ex p la n a tio n  in  term s o f  a  io n  i s  a ls o  p o s s ib le .  C orrela tion  o f  

t o  C ^  shows th a t  9 Haman a c t iv e  ICl^ modes would be exp ected . Four 

1—Cl s tr e tc h in g  modes a re  observed in  th e  low tem perature spectrum  

(130 e )  .  However, u n lik e  th e  band p a ttern  observed fo r  ICl^"" in  form 1 

SCl^^lCl^U th e  a d d it io n a l s tr e tc h in g  mode i s  observed a t  a  h i ^ e r  

frequency than  th e  two form ally  Haman a c t iv e  I —Cl s tr e tc h in g  modes.

Bor t h i s  reason , th e  former exp lan ation  in  term s o f  a  centrosym m etric io n
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i s  p re fer red . N ev erth e less , i t  should he p o in ted  out th a t in  I^Cl^, 

which has a p lanar s tru ctu re  w ith  two b r id g in g  c h lo r in e s , the  

term ina l I-C l s tr e tc h in g  modes are lo c a te d  at 314 and 344 cm”"̂  in  th e  

Raman. I f  c i s  I -C l s tr e tc h in g s  occur at h igher frequency th en  th e  

Cg^ stru c tu re  cannot be e n t ir e ly  elim in ated  and in v e s t ig a t io n  o f  th e  

in fr a -r e d  spectrum would provide some a d d itio n a l ev id en ce .

S im ilar  e f f e c t s  were observed in  th e  sp ectra  o f  PyD’*’ IC1^~. This

sample was r ec e iv ed  from Durham U n iv e r s ity  but s in c e  th e  t r a n s it io n

tem perature by DSC was id e n t ic a l  w ith  th a t fo r  pyH" ÎCl^"", i t  i s  p la u s ib le

35th a t some deuterium scram bling had occurred . The Cl NQR resonances  

( ta b le  5 . 19) are s l i g h t l y  d if fe r e n t  from th o se  observed in  pyH’̂ ICl^ 

however. In 3-ch loropyrid in ium  te tr a c h lo r o io d a te , 3-ClpyH*^ICl^ 

s im ila r  cou p lin g  o f  v ib r a tio n s  could  not be observed . The NQR 

spectrum at both ambient and l iq u id  n itro g en  tem peratures was c o n s is te n t  

w ith  an u n d isto r ted  ICl^ io n , and no t r a n s it io n  po in t could  be d e te c te d .  

The Raman spectrum i s  in  accord w ith  t h is  -  th ree  bands o n ly  a t 142,

258 and 280 cm"  ̂ are observed a t ambient tem perature, but a t 130 K, 

however, th e  two bands corresponding to  th e  I -C l s tr e tc h in g  modes are  

asymmetric on th e  h igh  frequency s id e .  This can be a ttr ib u te d  to  

i s o t o p ic  s p l i t t i n g s .  S u b s titu tio n  o f  ch lo r in e  in  th e  3 -p o s it io n  on 

th e  pyridinium  r in g  i s  s u f f i c ie n t  to  e lim in a te  cou p lin g  o f  ICl^" modes. 

Whether t h is  i s  a s t e r ic  or e le c tr o n ic  e f f e c t  remains unknown. The 

e le c tr o n  withdrawing p ro p er tie s  o f  ch lo r in e , however, s u b s t itu te d  a t  

th e  th ree  p o s it io n  in  th e  pyridinium  r in g  tend  to  in cr ea se  th e  b a s ic i t y  

o f  th e  n i t r o g e n , r e s u l t i n g  in  reduced a t tr a c t io n  o f  th e  proton to  

th e  ICl^" io n s .



1 77

TABLE 5 .19

NQR FREQUENCIES FOR pyH+ICl^” , pyD+ICl^~

pyH+ICl^ pyD+ICl^

T = 295 K 22.375 22.375

T = 77 K 25.364 25.277

19.924 19.872

mean 22.644 "22.574

TABLE 5 .20

VARIABLE TEMPERATURE RAMAN SPECTRA FOR 3-ClpyU'^ICl4

295 K 250 K 230 K 200 K 170 K 130 K

110(br,w) 116 (w)

123(w) 122(w) 123(w) 124(w)

144(w) 143(w) 145 (m) 145 (m) 145 (m) 144(w)

256 ( s ) 256 ( 8) 257(s) 2 5 8 ( s )  ' 258 ( 8) 257(s)

266 (should) 264(should) 265(should) 265(should) 265(sh o u ld )265(m-s)

2 78 (vs) 2 7 8 ( v s ) 278 (vs) 280 (vs) 281(vs) 280 (vs)

288(should) 287(sh o u ld )286(should)
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Me^AuCl^ does not resem ble th e  corresponding ICl^^ s a l t  and so

i t  i s  considered  se p a r a te ly . At ambient tem perature, th ree  Raman

s h i f t s  due to  AuCl^ were observed a t 172, 324 and 353 cm  ̂ in d ic a t iv e

o f  a centresym m etric io n . At 223 K, s p l i t t i n g  o f  th e  Au-Cl s tr e tc h in g

mode a t 324 cm  ̂ was apparent and fu rth er  cooling to  130 K r e s u lte d  in

splitting of the other Au-Cl stretching mode. These splittings are

not c o n s is te n t  w ith  iso to p e  e f f e c t s  (s e e  Appendix 2 ) .  NQR s ig n a ls

cou ld  not be observed a t ambient tem peratures, but a t 193 K and 77 K,

35f i v e  Cl resonances were apparent. At both tem peratures, one l in e  

was very  much weaker than th e  o th er fo u r . The average o f  th e  four  

s im ila r  freq u en cie s  a t 77 K was 28 .34  MHz which i s  in d ic a t iv e  o f  AuCl^~. 

The rem aining l in e  a t 28 .74  MHz i s  a t a con sid era b ly  h igh er frequency  

than  would be expected  fo r  a sym m etrical AuCl^ s p e c ie s .  At 193 K, 

however, th e  weaker l in e  i s  lo c a te d  a t 28.01 MHz which i s  c lo se  to  th e  

average o f  th e  o th er four fr eq u en c ie s , 28 .036 MHz, in d ic a t iv e  o f  AuCl^ • 

The NQR sp ectra  could  be in terp re ted  in  terms o f  two c r y s ta llo g r a p h ic a lly  

d if fe r e n t  ty p es o f  centresym m etric AuCl^"" io n s . A s im ila r  exp lan ation  

was g iv en  to  account fo r  th e  ^^Hr NQR frequencies^^  in  KIBrg. The 

s p l i t t i n g  o f  th e  Raman modes a t low tem perature i s  c o n s is te n t  w ith  

t h i s  argument, but th e  exp lan ation  req u ires  fu rth er  sp ec tro sco p ic  

in v e s t ig a t io n s .

5 . 7  M)AuCl.

NOAuCl. was investigated by vibrational spectroscopy and NQR 
4

in order to ascertain whether anion-cation association producing 

anomalous effects in the Raman spectrum at low temperature could be 

observed. The corresponding ICl^" salt has already been investigated
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(a) RAMAN SHIFTS FOR NMe '̂^AuCl '̂
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T = 295 K T = 220 K T = 170 K T = 130 K
32(m) 31 (m)

3 6 (s ) 41 (s) 42 (m-s) 42 (m-s)

60 (should) 60 (should) 60 (should)

I72(m) I75(m) I75(m) I74(m)

324(m-s) 324 (should) 325 (m) 324 (m)

327(m-s) 328(m-s) 328(m-s)

353(should) 351(should)

353(s) 355(s) 357(s) 356(s)

(b) NQR FREQUENCIES FOR NMe '̂+AuCl
4

T = 295 K T = 77 K T = 193 K

3^01 AuCl^ NOT OBSERVED 29.521 29.045

28.574 28.275

27.657 27.430

28.623 27.395

mean 28.344 28.036

odd l in e 28.740 28.010
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32by French workers, and was found to  be d is s o c ia te d  in to  NDIClg and

ch lo r in e  a t tem peratures above 250 K. The Raman spectrum a t low

tem perature was in te r p r e te d  in  terms o f  symmetry. NDAuCl^,

however, i s  a s ta b le  compound showing no d is s o c ia t io n  in to  NDCl and

Au^Clg at ambient tem perature. The th ree  bands in  th e  Raman spectrum

at 295 K, a t 181, 322 and 346 cm \  are in d ic a t iv e  o f  a centrosym m etric

AuCl. io n  and a weak broad band at ca . 2200 cm  ̂ i s  in d ic a t iv e  o f  NO"̂ .
4 —

The la t t e r  band i s  lo c a te d  a t low er frequency than  observed fo r  sim ple

NO**' s a l t s ,  t y p ic a l ly  a t 2309 cm  ̂ in  NDCIO ,̂ and as d iscu sse d

in  chapter 3 , t h i s  i s  c o n s is te n t  w ith  anion—c a tio n  in te r a c t io n .  At

130 K, -^ Q +  had gained in t e n s i t y  and was s h if t e d  to  2180 cm \  The

AuCl,'" modes were con sid erab ly  sharper and th e  deform ation a t  ca . I 8O cm ^
4 —

was ap p aren tly  s p l i t .  C onsisten t w ith  s im ila r  e f f e c t s  observed in  

54 2NOBCl^, NOSbClg, NOAICI  ̂ e t c . ,  a weak broad band was a ls o  observed  

a t ca . 275 cm which may be a ttr ib u te d  to  an ex tern a l mode as d iscu sse d  

in  chapter 3 .

I n i t i a l  in v e s t ig a t io n  o f  ^^Cl NQR freq u en cies  a t 77 E, 193 N,

273 K and 293 K in d ic a te d  anomalous p o s it iv e  tem perature c o e f f i c ie n t s  

o f  c e r ta in  fr e q u e n c ie s . In  order to  e s ta b lis h  th e  cro ss-o v er  o f  l i n e s ,  

a f u l l  frequency-tem perature study was ca rr ied  out over th e  tem perature  

range 77-300 K and r e s u lt s  are p resen ted  g r a p h ic a lly  in  f i g .  5«17*

The most in t e r e s t in g  fe a tu r e  o f  t h is  p lo t  i s  th a t th e  two low est freq u en c ie s  

a t  77 N both  show anomalous p o s it iv e  tem perature c o e f f i c i e n t s .  This i s  

in d ic a t iv e  o f  two ch lo r in e  atoms in  AuCl^ s tr o n g ly  in te r a c t in g  w ith  NO”**, 

and p o s s ib le  d is to r te d  AuCl^~ io n s  are shown in  f i g .  5 . 18(a) and (b) .
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EAMABT SHIFTS FOR ND'^AnCl
4

T = 295 E ASSIGNMENT T = 77 K

54 (should)

181 (m,hr)

322 (m)

346 (vs)

LATTICE MODES

N 2 * ig

AuCl^

^1g

35 (m)
40 (m)
55 (m)
63 (w)
74 M  

93 (w)

181 (m)
190 (should)

275 M

322 (s)

349 (vs)

2200 (w,hr) NO'1+ 2180 (s)
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The th ree  s h i f t s  ohserved in  th e  Eaman spectrum a t low tem peratures 

are more co n s ite n t w ith  th e  centrosym m etric AuCI^*” sp e c ie s  in

I t  should  a ls o  he p o in ted  ou t, however, th a t th e  in te r v a l betw een th e
85------------------------------- -----h ig h est  and low est "̂ Cl ITQP freq u en cies a t both  295 K and 77 K i s  very-

much l e s s  than in  SCl^’̂ AuCl^”’ and SeCl^*^AuCl^ , fo r  which i t  i s

concluded th a t AuCl^"" i s  d is to r te d  and TeCl^'^AuCl^” , in  which no

d is to r t io n  i s  e v id e n t. data fo r  r e la te d  compounds are aga in

very  l im ite d . In  HOSbClg, in  which s im ila r  Raman e f f e c t s  are observed,

s i x  ^^Cl resonances from SbCl^ are observed^^ a t 77 E spread over a

narrow range, w h ile  on ly  th ree  resonances are apparent a t 193 K and 295 K.

In  t h is  compound th e r e fo r e  th ere  i s  a d e f in it e  phase change between

77 K and 193 K. For NOAuCl^, t h is  i s  l e s s  obvious from th e  ITQjR spectrum .
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Study o f  MDAuCl  ̂ by DSC i s  m erited  and fu rth er  in v e s t ig a t io n  o f  DO**" 

s a l t s  showing stron g  a n io n -ca tio n  in te r a c t io n  a t low tem peratures by 

DQR and X-ray cry sta llo g ra p h y .

5 .8  STRUCTURAL lEPORMATTOR FOR ICl^" AM) AuCl^“ SALTS FROM

VIBRATIORAL SPECTROSCOPY AM) U.Q.R.

In th e  previous s e c t io n s ,  th e  in te r p r e ta t io n  o f  th e  v ib r a t io n a l  

sp ec tra  o f  s e le c te d  IC1^~ and AuCl^~" s a l t s  was ca rr ied  out in  terms o f  fr e e  

io n s . In sev era l compounds, a s tron g  a n io n -ca tio n  secondary bonding  

in te r a c t io n  was p o stu la ted , which im p lies th a t th ere  i s  s ig n if ic a n t  

cova len t character to  an otherw ise e le c t r o s t a t ic  in te r a c t io n .

A bsolute confirm ation  o f  a secondary bonding in te r a c t io n  i s  d erived  

from th e  X -ray c r y s ta l s tr u c tu r e . However, th e se  are a v a ila b le  fo r  

o n ly  two o f  th e  compounds stu d ied , form 1 SC1 *̂̂ IC1^~ and KICl^.HgO, 

and in  both cases su b s ta n tia te  th e  in feren ces  drawn from sp ec tro sco p ic  

s tu d ie s .  In other c a se s , HQR sp ectroscop y  was used to  id e n t i fy  

d is to r t io n  o f  th e  ICl^" or AuCl^” io n , which was considered  to  a r is e  

from a secondary in te r a c t io n . This was then  considered  to  co n tr ib u te  

s ig n i f i c a n t ly  to  a low symmetry e l e c t r ic  f i e l d  created  a t  

(M’ = Au, l )  which was p o stu la ted  to  account fo r  th e  observed  

v ib r a t io n a l spectrum . At th e  end o f  s e c t io n  $ .2  variou s q u estion s  

were r a ise d  concerning th e  exten t to  which v ib r a t io n a l sp ectroscop y  

and HQR might be c o r r e la te d . An attem pt w i l l  now be made to  d iscu ss  

th e se  q u estion s in  r e la t io n  to  th e  subsequent r e s u lt s  ob ta in ed .

The f i r s t  p o in t fo r  d isc u ss io n  concerns symmetric ion s in  low  

symmetry c r y s ta l s i t e s .  I f  th e  a s so c ia te d  e l e c t r ic  f i e l d  i s  very  weak, 

th e  v ib r a tio n a l spectrum can be adequately  in terp re ted  in  terms o f  th e
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p o in t group symmetry o f  th e  fr e e  io n . For th e  compounds s tu d ied ,

c r y s ta llo g r a p h ic  data su b s ta n t ia t in g  t h i s  claim  are not a v a ila b le ,

KICl^ was considered  to  be an example w ith in  t h i s  category  s in c e  th r e e

35Raman s h i f t s  and one Cl EQR frequency are observed . In  c a se s  where 

th e  in te r p r e ta t io n  o f  th e  v ib r a tio n a l spectrum may be ca rr ied  out i n  

term s o f  th e  s i t e  group symmetry — i . e .  th e  a s so c ia te d  e l e c t r i c  f i e l d  i s  

stro n g , then  in  general two or fou r ^^Cl FQR freq u en c ie s  from H’ Cl^ 

are observed . L im ited examples are a v a ila b le  fo r  which th e  s i t e  

symmetry i s  known u n eq u iv o ca lly . Thus in  CsICl^, ICl^ io n s  occupy 

centrosym m etric l a t t i c e  s i t e s  and two ^^Cl FQR freq u en c ie s  a re

observed — i . e .  th e  e l e c t r i c  f i e l d  inq)arts centrosym m etric d is to r t io n  

upon IC1^“ . In  pyH*^ICl  ̂ , two ^^01 ITQR freq u en c ie s  from ICl^ are  

observed a t low tem perature, which are more w id e ly  separated  th an  in  

CsICl^. The Raman spectrum could be ad eq u ately  exp la in ed  i n  term s o f  

^2h’ ^2h p o s s ib ly  s i t e  group symmetry, although  in  f h i s  case th ere  

are a d d it io n a l com p lication s from c o r r e la t io n  co u p lin g . N e v e r th e le ss , 

su b jec t to  cr y s ta llo g r a p h ic  v e r i f ic a t io n ,  th e  e l e c t r ic  f i e l d  had d is to r te d  

one or both p a ir s  o f  c i s  or tran s I —Cl bands. In  both  ZICl^.H^^ and 

form 1 SCI^’̂’ICI^’", ICl^"" io n s  occupy l a t t i c e  s i t e s  — th e  lo w est p o s s ib le  

s i t e  group symmetry. I t  i s  s ig n if ic a n t  th a t by fa r  th e  la r g e s t  frequency  

in te r v a ls  between th e  h ig h est and low est ^^Cl NQR l i n e s  f o r  ICl^  

rep orted  are found in  th e se  compounds ( s p l i t t in g  3 MHz a t  77 M) .  In  

SCl '̂^AnCl^"" and SeCl^*  ̂ AuCl^” , which may be i s o  s tr u c tu r a l w ith  form 1 

SCl̂ **" IC1^~, th e  ^^01 NQR frequency in te r v a l f o r  A u C l^  i s  la r g e r  than  

observed fo r  any other AuCl^ s a l t .  These l im ite d  sxam ples su ggest th a t  

th e  io n ic  d is to r t io n  i s  r e la te d  to  th e  s i t e  group symmetry.
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The second poin t fo r  co n sid era tio n  r e la te s  to  th e  low symmetry

e l e c t r ic  f i e l d  and th e  frequency in te r v a l sep a ra tin g  th e  h ig h est  and 

35low est Cl NQR l i n e s .  The p a r tic u la r  case o f  in te r e s t  concerns

whether a c r i t i c a l  frequency in te r v a l fo r  a g iven  ion  must he exceeded

b efo re  changes in  th e  v ib r a tio n a l spectrum are observed. There are

in s u f f ic ie n t  examples w ith which to  d iscu ss  t h is  p o in t, but con sid er

as i l lu s t r a t io n s  th e  two isomorphous compounds NalCl^^H^O and

NaAuCl^. 2HpO. The low est ^^Cl NQR frequency in  each s a l t  shows an

anomalous p o s it iv e  tem perature c o e f f i c ie n t ,  in d ic a t iv e  o f  hydrogen 

35bonding so th a t to  a f i r s t  approxim ation s im ila r  in te r a c t iv e  e f f e c t s  

are in v o lv ed . In  NaAuC1 .̂2HpO th e NQR frequency in te r v a ls  a t 77 K and 

295 K are 2 .1  and 4 MHz r e s p e c t iv e ly . In NaIC1^.2H20 th e  corresponding  

v a lu es are 2 .7  and 3 .8  MHz. The Raman spectrum o f  th e  former compound

i s  in terp re ted  in  terms o f  symmetry fo r  th e  anion at both 295 and 77 K.

In  th e  la t t e r  compound, t h i s  o n ly  becomes apparent under h igh  r e s o lu t io n  

a t 77 K. That th ere  i s  a stron ger low symmetry f i e l d  in  th e  case o f  

HaAuCl^. 2HgO may be in te r p o la te d  from t h is  frequency intervEil i f  i t  i s  

remembered th a t s p l i t t in g s  fo r  ICl^" s a l t s  tend  to  be much la r g e r  -  

o f .  SCÎ '̂ 'AuCÎ "" and form 1 SCl^'^'lCl^”  w ith in te r v a ls  o f  5 .4  and 13.2 MHz 

r e s p e c t iv e ly  a t 77 K. In  form 2 SCl^'*'lCl^’” which i s  b e lie v e d  to  have a 

r e la te d  c r y s ta l s tru ctu re  -  or a t le a s t  to  have I 01^" ions in  l a t t i c e  

s i t e s ,  th e  corresponding frequency in te r v a l fo r  ICl^ at both 295 K and 

77 K i s  5 .2  MHz. The Raman spectrum can be in terp re ted  in  terms o f  

s i t e  group symmetry a t both tem peratures which i s  not e n t ir e ly  

su r p r is in g  i f  i t  i s  considered  th a t a c r i t i c a l  frequency in te r v a l fo r  

an ion  in  a s p e c if ie d  s i t e  e x i s t s .
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The model used in  t h is  study assumes th a t a secondary in te r a c t io n  

d is to r t s  th e ion  by co n tr ib u tin g  s ig n i f ic a n t ly  to  the low symmetry 

e l e c t r ic  f i e l d .  From X-ray d if f r a c t io n ,  a measure o f  th e  s tren g th  

o f  a secondary in te r a c t io n  can be derived  from th e  exten t to  which 

in term olecu lar d is ta n ces  are sh orter  than van der Waal’ s d is ta n c e s  and 

in tram olecu lar d is ta n ces  are longer than ’normal’ bonds (se e  chapter 4) •  

A ra th er em pirica l e stim a tio n  fo r  a given  ion  may be d erived  from NQR 

freq u en c ie s , by con sid erin g  th e fo llo w in g  r a t io s  fo r  a g iven  sp e c ie s

(i) h ig h est NQR frequency ^ ^ ^

mean frequency ^

(ii) low est NQR frequency ^ ^ ^

mean frequency ^

( i i i )  frequency in te r v a l ^ ^ %
mean frequency AV

These r a t io s  have been ca lcu la ted  fo r  SCl^^ICl^ (forms 1 and 2) , 

KICl^.HgO, NaIC1^.2H20, NaAuCl^.2HgO, S C l^ \u C l^ “ , and SeCl^'^AuCl^“ 

and th e  r e s u lt s  are presented  in  ta b le  5*23« In a l l  o f  th e se  compounds 

a secondary in te r a c t io n  was p o stu la ted , although an anomalous p o s it iv e  

tem perature c o e f f ic ie n t  fo r  th e  low est ^^Cl NQR frequency i s  not observed  

in  a i l  c a se s . The exten t to  which th ese  r a t io s  r e la te  to  th e  stren gth  

and symmetry o f  th e  e l e c t r ic  f i e l d  created  a t anion s i t e s ,  however, 

remains unknown.
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TABLE 5 .23

NQR CALCULATIONS FOR IC1^“ AND AuCl^ SALTS

COMPOUND ^L ^AV

SCl^+ICl^“ (form I) 123.6 68.9 54 .8

125.2 66,1 59 .2

SC l.'^IC l.’"(form 2) 111.7 88 .7 23.1
j  4 111.7 88 .8 22 .9

KIC1..BL0 125.2 74.9 50 .34 c 125.2 75.0 50 .3

NaIC1..2H„0 104.7 92 .5 12.34 ^ 106.5 89.0 17.5

NaAuC1..2HgO 104.4 93 .2 11.1
4 ^ 105.5 9 0 .8 14.7

S C lA u C l “ 108.6 9 1 .6 16.9
3 4 109.6 9 0 .4 19.3

SeCl +AnCl.“ 116.9 87.5 2 9 .43 4 118.1 86.9 3 1 .2

For each example th e  f i r s t  va lu e i s  a t 295 K, th e  second at 77 K,
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CHAPTER 6

EXPERIMENTAL 

6 .1  PREPARATIVE

(a) NITRONIHM AND NITROSONIHM SALTS

V o la t i le  and m o is tu r e -s e n s it iv e  rea c ta n ts  used in  th e  

sy n th e s is  o f  nitroniura and nitrosonium  s a l t s  proved e a s ie r  to  handle on 

a vacuum l in e  than in  conventional q u ic k f it  apparatus. For th e  

purpose o f  p u r ify in g  and s to r in g  q u a n tit ie s  o f  v o la t i l e  compounds, th e  

g r e a se -fr e e  vacuum system  ( f i g .  6 . l )  was co n stru cted . G rease less  

j o in t s  ( j . Young Co. L td .) and g r e a se le s s  tap s (Jencon L td .) were 

employed to  f a c i l i t a t e  c lea n in g , rep a ir  and a d ap ta tion . The l in e  

e s s e n t ia l ly  c o n s is te d  o f  two fr a c t io n a t in g  system s, A and B, and 

th ree  m an ifo ld s, C, D and E, f i t t e d  w ith tap s fo r  a tta c h in g  r e a c tio n  

v e s s e l s .  Vapour p ressure measurements as p u r ity  checks were made 

u sin g  th e  mercury manometer G. The pumping system  c o n s is te d  o f  a 

r o ta r y  pump (w. Edwards Co. L td .) and a mercury d if fu s io n  pump.

N itr o sy l ch lo r id e  (Matheson Co. L td .) , from a le c tu r e  h o t t l e ,  was 

fr a c t io n a te d  through a trap  a t -78°C, to  remove N^O ,̂ b efore b e in g  

condensed and sto red  in  a U-tube at -196°C; any n i t r i c  oxide im purity  

was pumped away.

Boron t r ic h lo r id e  (BDH), su pp lied  in  ampoules, was tra n sferred  

in  a g love  bag to  an ampoule f i t t e d  w ith a g r e a s e le s s  ta p , and was 

degassed  se v e r a l tim es on th e  l in e  p r io r  to  u se; no o th er  

p u r if ic a t io n  was attem pted .

D in itrogen  te tr o x id e  (Matheson Co. L td .) ,  from a le c tu r e  b o t t le ,  

was separated  from d in itro g e n  tr io x id e  (m .p t. -102^C) by s lo w ly  

drawing th e  gas through a trap  a t -78°C and pumping th e condensate a t
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—78° u n t i l  a c o lo u r le s s  g la s s  was obtained  on c o o lin g  to  -196°C .

2W itryl ch lo r id e  was prepared according to  th e  method o f  Brauer 

from ch lorosu lp h on ic  a c id  and f r e s h ly - d i s t i l l e d  anhydrous n i t r i c  a c id .  

The lib e r a te d  gas was d ried  over cone, su lp hu ric  a c id  and c o l le c t e d  in  

th e  condensation' trap  ( f i g .  6 -2  ) a t -196° under an atmosphere o f  dry 

n itr o g e n . The product was sto red  at -78°C on th e l i n e .

Hydrogen ch lo r id e  was generated from conc. h yd roch loric  a c id  by 

dehydration  w ith  conc. su lp hu ric  a c id  u s in g  an apparatus p r e v io u s ly  

employed in  t h is  lab o ra to ry  and described  e l s e w h e r e . T h e  gas was 

condensed as d escrib ed  in  th e previous prep aration , and sto red  on th e  

l i n e  a t -196^0.

Sulphur d iox id e  (BDH), su p p lied  in  a c y lin d e r , was d ried  w ith  conc. 

su lp h u ric  a c id  p r io r  to  c o l le c t io n  in  a U-tube and storage  on th e  l in e  

at 496°C .

C hlorine (BDH), su p p lied  in  a c y lin d e r , was condensed in to  a 

U-tube when req u ired .

HOBCl^

This was prepared u s in g  a m o d ifica tio n  o f  th e method d escr ib ed  

by P artin gton  and Whynes.  ̂  ̂ BGl^ (1 0 .6  g , 0 .1  mol) was weighed out 

and tra n sferred  to  th e  r e a c tio n  f la s k  on th e  l i n e .  An equimolar 

q u a n tity  o f  HOCl (6 .1  g) was s im ila r ly  weighed and condensed in to  the  

f la s k  which was th en  warmed to  ca . + 30^0 so th a t two la y e rs  sep arated . 

Samples fo r  a n a ly s is ,  sp ectroscop y  and thermodynamic measurements were 

tra n sfe r r e d  from th e  coo led  r e a c tio n  f la s k  in to  th e  appropriate tubes  

at -196^0, and pumped a t -23°C u n t i l  a pure w hite f lo c c u le n t  m ateria l 

rem ained.



195

CL
o

c  o

g
o

-g
o
CV|
II

ID

LL.



196

(A n a l.: Pound: B = 5»88^, Cl = B:C1 r a t io  1 :3 -9 9

BOBCl  ̂ req u ires: B = 5-92^» Cl = 77-64^, B:C1 r a t io  1 :4 ) .

BITRTL CHLORIBE-BOROB TRICHLORIDE REACTION

Three u n su ccessfu l attem pts to  prepare t h is  adduct u s in g

12e s s e n t ia l ly  v a r ia t io n s  on a method reported  hy Paul et a l .  were 

ca rr ied  o u t .

( i )  R eaction  in  SO^Cl)

This preparation  fo llow ed  th e  method g iven  in  r e f . 12.

BCl^ (5-3  E l  0 .0 5  mol) was weighed out and tra n sferred  at -196°C to  

a r e a c t io n  f la s k  to g e th er  w ith  HO^Cl in  excess o f  th e  molar e q u iv a le n t , 

SOg (50 cm )̂ was then  condensed in to  th e  f la s k ,  which was removed from

th e  l in e  and warmed to  -45°C . The con ten ts o f  th e  f la s k  s o l id i f i e d

and th e  la r g e  red lumps d ep osited  d id  not d is s o lv e  in  a fu r th er  

q u a n tity  o f  SO  ̂ (25 cm^). A fter  3 hr, th e  f la s k  was pumped, w h ile  

s lo w ly  r a is in g  th e  tem perature from —45°C to  am hient. The red  

co lou r faded, le a v in g  a w hite  resid u e which was not r e a d ily  powdered 

and fo r  which a Raman spectrum could not he ob ta in ed . D is so lu t io n  o f  

th e  res id u e  in  water was com plete w ith  e v o lu tio n  o f SO^-

( i i )  R eaction  in  0̂ 2 (1}

This method i s  based upon an e a r l ie r  p rep aration  fo r  

ROgCl.SbCl^.^^ BCl^ (5 .3  g , 0 .0 5  mol) was weighed out and condensed  

in to  th e  r e a c tio n  f la s k  con ta in in g  ch lo r in e  (50 cm )̂ and an excess o f  

BOgCl. The f la s k  was warmed to  -78°C and removed from th e  l in e ,  

shaken and allow ed to  stand  overnight a t -78°C . A green s o lu t io n  was 

formed which com p lete ly  v o la t i l i s e d  on pumping at -80°C .
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( i i i )  R eaction  in  HCl ( l )

BCl^ (5 .3  g» 0 .0 5  mol) was weighed out and tra n sferred  to  th e  

r e a c tio n  f la s k  con ta in in g  hydrogen ch lo r id e  (40 cm )̂ and an excess  o f  

BOgCl. The f la s k  was warmed to  -96°C , removed from the l in e  and 

shaken. A straw -co lou red  s o lu t io n  r e su lte d  which com pletely  

v o la t i l i s e d  on warming to  room tem perature, in d ic a tin g  th a t no r e a c tio n  

had taken  p la c e .

The procedure was repeated  u sin g  a m ixture o f  HGl (30 cm )̂ and 

SOg (20 cm )̂ as s o lv e n t . On warming to  -96°G th e  l iq u id  s lo w ly  changed 

colour from p a le  green to  b righ t red , and a f te r  one hour, th e so lv e n t  

HGl was g e n t ly  removed by pumping to  leave  a v isco u s red l iq u id  which 

com p lete ly  s o l id i f i e d  on warming to  -45°G . The red s o l id  was ra p id ly  

tr a n sferred  a t room tem perature to  a Raman tube and a spectrum  

in d ic a t in g  BOGl was recorded . Further pumping o f th e  s o l id  y ie ld e d  a 

w hite powder as in  ( i ) .

BIMTROSOimJM PYROSULPHATE
g

The method adopted was e s s e n t ia l ly  th a t described  by Jones et a l .^  

and in vo lved  in te r a c t io n  o f  SO  ̂ and ( l:1  mole r a t io )  in  a se a le d

ampoule.

SAFETY ROTE
9

This r e a c t io n  does not proceed according to  th e  equation p resen ted  v iz :

2RgO + PSOg  > ZSOj + 2RgO^

230^ + 2WgÔ   >  + WgOj

2NgO + 2302  » ( # 2 3 2 0 ^  + ^20^
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R eaction s ca rr ied  out in  sea led  ampoules which were no more than one 

f i f t h  f u l l  r e su lte d  in  v io le n t  ex p lo s io n s . One r e a c tio n  product i s  

presumably RO, which does not condense under p ressu re, and th e  

r e a c t io n  th ere fo re  proceeds thus:

+ 4S0g  > 2(m)^S^0 + 2HD

A th ic k -w a lle d  (w  5 nm) g la s s  ampoule o f  ^0 cm ca p a c ity  was evacuated

on th e  l in e  and c a r e fu l ly  cooled  to  -196°C . Great care was taken to

co o l th e  ampoule s lo w ly  in  order to  avoid  crack ing . R 0 (3 cm^
2 4

measured at 0°C) and SÔ  (3 cm  ̂ measured a t 0°c) were condensed in to  

th e  ampoule, which was then  c a r e fu l ly  sea led  and embedded in  a bucket 

o f  sand. A fter  24 hr, th e  ampoule was c a r e fu l ly  coo led  to  -196°C and

tra n sfe r r e d  to  a dry box. The t ip  was fractu red  in  order to  r e le a s e

th e  p ressure and th e  w hite s o l id  resid u e was p u lv er ise d  and 

tr a n sfe r r e d  to  a dry sample tube, which was s to red  in  th e  g love  box

[A n a l: Found: RO = 25-36^, S = 27*16^ ( N O ) req u ires:

RO = 27.41^ , S = 2 7 .2 0 f l .

RITROSORIXM HYDROGERSULPHATE

ROHSÔ  was prepared according to  th e method o f  Woolf and Richards,"*^

2which i s  e s s e n t ia l ly  a m o d ifica tio n  o f  th e  method o f  Brauer. SOg gas

was s lo w ly  passed  in to  a w e ll - s t ir r e d  so lu t io n  o f  n i t r i c  a c id  

g la c ia l  a c e t ic  a c id  (3:1 v /v ,  100 cm )̂ a t 0°C. The p r e c ip ita te  was 

f i l t e r e d  through a Ro,1 g la s s  s in te r  w ith  p r o te c t io n  from m oisture  

and washed s u c c e s s iv e ly  w ith  a liq u o ts  (20 cm )̂ o f  g la c ia l  a c e t ic  a c id  

and carbon te tr a c h lo r id e . The product was d ried  in  vacuo over anhydrous 

magnesium p erch lora te  fo r  sev era l hours and then  tra n sferred  to  a sample
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tu b e  and sto red  ±n t i e  dry box- i s  not a  s u ita b le

(desiccant .since th e  compound acq u ires a p ink c o lo u r a tio n  a f t e r  .several 

h o u rs . [A nal: Found: HD = 23. 665̂ ., 3  = .25*33^ HDESD  ̂ req u ires  

ED = 23 .51^  .S = 25 . 1% .

EITROSOEHM PERCHLORATE

EDGIO  ̂ was prepared b y  a la b o ra to ry  s c a le  m o d ific a tio n  o f  a  

p a ten ted  in d u s tr ia l  p r o c e s s . T h e  apparatus employed ( f i g .  6.3) 

c o n s is t s  o f  a  r e a c t io n  f la s k  A and a so lv en t r e se r v o ir  B from which 

r e a c ta n ts  can be tr a n sfe r r e d  t o  A. by  a p p lic a tio n  o f  a  p o s i t iv e  dry 

n itr o g e n  p ressu re  a t  C. Fuming n i t r i c  a c id  (15 cm )̂ was p la ced  in  th e  

f la s k  A which was coo led  i n  an i c e —s a l t  b a th . E^O  ̂ (30 cm )̂ was 

condensed in to  B and th en  tr a n sfe r r e d  t o  C. P er c h lo r ic  a c id  

{70^, 14-3 g  8 .4  cm )̂ was p laced  in  3  and added dropwise t o  A w ith  

v ig o ro u s s t i r r in g .  The p r e c ip ita te d  EOCIO  ̂ which slo w ly  formed was 

f i l t e r e d  through a s in t e r ,  w ith  p r o te c t io n  from moisture., and d ried  

overn ight in  an evacuated d e s ic c a to r  over anhydrous magnesium

p e r c h lo r a te . ^___

SAFETY EOTE

On no account nhould EDCIO  ̂ “be mixed w ith  organ ic so lv en ts ., a s  v io le n t  

e x p lo s io n s  have been  rep o rted . [A nal: Found: ED -  23*15^»

01 = 27 . 30^ EDGIO  ̂ req u ir es  ED = 23-17^, 01 = 2 7 .3 9 ^ ],

(b )  TETRACHLQROIOBATE .SALTS

JATLLARB  ̂S 0RT5TALS -  STABLE ITCCDIFICATIDE
8The s ta b le  m o d ific a tio n  o f  J a illa rd '^ s compound.,

S C l^  I C l ^ i  may be co n v en ien tly  prepared b y  c h lo r in a tin g  a  m ixture  

o f  io d in e  and sulphur u s in g  th e  apparatus shown i n  diagram 6 .4 -
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Sulphur (1 g) and io d in e  (1 g )  were f i n e l y  ground to g e th e r  and 

in troduced  in to  th e  hulh A through th e  ground g la s s  jo in t  3 .  The 

in te g r a l Raman tuhe was f i t t e d  to  3  and a v ery  slow  stream o f  dry  

ch lo r in e  was passed through, in i t i a t in g  immediate r e a c t io n  w ith  "the 

form ation  o f  a v isc o u s  red l iq u id .  The f la s k  A was o c c a s io n a lly  

a g ita te d  to  ensure com plete d is s o lu t io n  o f th e  io d in e  w h ile  th e  

tem perature rose  to  60°C. A fter  1 h r . ,  th e  so lu t io n  hegan t o  d ep o sit  

orange c r y s ta ls  and th e  current o f  ch lo r in e  was p assed  u n t i l  a l l  

ex ce ss  SClg had heen d isp la c e d . The orange—y ellow  c r y s ta l l in e  mass 

was broken up w ith  a g la s s  rod, w h ile  p a ss in g  a current o f  c h lo r in e , 

and samples tra n sferred  to  variou s tubes f i t t e d  t o  3  f o r  a n a ly s is  and 

sp e c tr o sc o p ic  s tu d ie s  [A nal: Found: I  = 31 .14^  Cl = 60.70%,

SIGly req u ires I  = 31.17% Cl = 60.96% ].

W.3. This method has o c c a s io n a lly  g iven  th e  u n sta b le  m o d if ic a tio n , but 

th e  l a t t e r  can be e x c lu s iv e ly  prepared as fo l lo w s .

(2) JAILLAR3»S CRYSTALS -  U3STA3LE M031FICATI03

The m etastab le form o f  J a i l la r d ’s compound, S C l^ lC l^ ,  

can be prepared from ICl^ and SCl^ in  e ith e r  CHCl  ̂ or ex cess  o f SCl^ as 

s o lv e n t .

F in e ly  powdered io d in e  (1 g) was tra n sfe r r e d  t o  a two—neck round- 

bottom f la s k ,  one in le t  b e in g  f i t t e d  w ith  a  gas in l e t  tube and th e  o th er  

f i t t e d  w ith  an uprigh t w ater-coo led  condenser f i t t e d  w ith  a  F_0^ guard 

tu b e . C hlorine was condensed in to  th e  f la s k  a t  —80°C and th e  s lu r r y  

was s t ir r e d  fo r  1 h r . The f la s k  was s lo w ly  warmed t o  room tem perature  

so th a t excess ch lo r in e  vap orised , and SCl^ (30 cm^) was added t o  th e  

f la s k  and th e  m ixture re flu x ed  g e n tly  to  ensure com plete d is s o lu t io n  

o f  IC l^ . The s o lu t io n  was th en  coo led  t o  room tem perature and th e
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product p r e c ip ita te d  "by p a ssin g  a current o f  dry c h lo r in e . Excess 

SClg was separated  hy d éca n ta tio n , th e  la s t  tr a c e s  b ein g  removed in  

a current o f  c h lo r in e . [A nal: Pound: I  = 30*99^ Cl = 60.97^j

SIGl^ req u ires  I  = 31.17^ Cl = 60 . 96%].

SMeClg+ICl."

The p rep aration  o f  t h is  novel compound was based upon th e  

method report ed̂ *̂  fo r  SMeCl^'^SbClg . F in e ly  powdered io d in e  (2 g,

0 .0 1 6  moi) was d is so lv e d  in  CH^Clg (IOO cm )̂ contained  in  a 2^0 cm  ̂

th ree-n eck  round-bottom f la s k  f i t t e d  w ith  a gas in le t  tube, a condenser 

w ith  CaClg guard tube and a p r e ssu r e -e q u a lis in g  dropping fu n n e l. A 

current o f  ch lo r in e  was passed  through th e  f la s k  u n t i l  a brown s o lu t io n  

o f  ICl^ r e s u lte d . Me^S^ (0 .7 4  g , 0 .0 0 8  mol) in  CHgCl  ̂ (90 cm )̂ was 

s lo w ly  added to  the s t ir r e d  f la s k  to  p r e c ip ita te  a y e llo w  f lo c c u le n t  

m a ter ia l which was separated  from th e  so lv en t by d écan ta tion , th en  

washed w ith  3 x 10 cm  ̂ a liq u o ts  o f  co ld  CHgClg and d ried  in  a current o f  

c h lo r in e . [A nal: Found: I  = 33*22% Cl = 94*83%, SCH^ICl^ req u ires

I  = 3 2 . 82% Cl = 5 3 *04%]*

SMGj+IClj-

This was prepared by c h lo r in a tin g  SMe^I (2 g) in  g la c ia l  a c e t ic  

a c id  (200 cm )̂ co n ta in in g  1% water according to  P o p o v . T h e  

c r y s ta ls  were f i l t e r e d  by su c tio n , washed w ith  dry CCl^ and d ried  in  

an oven overn ight a t 50°C. [A nal: Found: I  = 36.2% Cl = 40*6%

SMe^ICl^ req u ires I  = 36.7% Cl = 41*0%].

KICl^HgO

This was prepared by r e a c tin g  KIO  ̂ w ith  concentrated  h yd roch loric  

a c id  accord ing  to  F i lh o l .^  The method used fo r  drying th e product
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i s  most important and th e  c r y s ta ls  should he s to red  in  a stoppered  

v i a l .

F in e ly  powdered KIO  ̂ (15 g) was slo w ly  added, w ith  s t ir r in g ,  to  conc. 

HCl (50 cm )̂ contained  in  a co n ica l f la s k  whereon th e  tem perature rose  

and ch lo r in e  gas was evo lved . The so lu t io n  s lo w ly  d ep o sited  n e e d le -  

shaped c r y s ta ls  which were f i l t e r e d  hy su c tio n , p ressed  between f i l t e r  

papers and d ried  in  a d e s ic c a to r  over CaCl^ fo r  not more than 1 h r .

[A n a l: Found: I  = 38.60% Cl = 44*03%, KICl^.H^O req u ires  I  = 38-94%

C l = 4 3 .5 2 /0 ] .

KIC14

This may be prepared by dehydrating KICl^.H^O w ith  th io n y l c h lo r id e ,

but i t  was found th a t a purer product r e su lte d  from a m o d ific a tio n  o f  th e  
2

method o f  Brauer in v o lv in g  th e  r ea c tio n  o f  KIBr^ w ith  SOgClg ra th er  than  

c h lo r in e .

KIBr^ (10 g) , prepared according to  th e  method o f  Brauer, was 

weighed in to  a 100 cm  ̂ two-neck f la s k  f i t t e d  w ith  a gas in le t  tube and 

CaClg guard tu b e, and covered w ith  SOgClg X50 cm^). S t ir r in g  th e  

m ixture r e s u lte d  in  copious e v o lu tio n  o f bromine fumes which were 

p e r io d ic a l ly  d isp la ced  from th e  f la s k  by a current o f  dry n itr o g e n .

A fter  se v e r a l hours, th e  p a le  ye llow  powder rem aining was separated  by  

d éca n ta tio n  and washed w ith  2 x 10 cm  ̂ a liq u o ts  o f  SOgClg, th e  la s t  t r a c e s  

o f  which were removed in  a current o f  c h lo r in e . [A nal: Found:

I  = 40 . 86% Cl = 4 6 . 01% KICl^ req u ires I  = 41*23% Cl = 46.0?% ].
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miC1..2EgO
7

This was prepared according to  th e method o f  G utierrez de C e lis  

hy d is s o lv in g  HaCl (5 g) in  HCl so lu t io n  (7% w /v, 10 cm^) and adding  

io d in e  (lO g) . A y e llow  c r y s ta l l in e  m ateria l was p r e c ip ita te d  from 

so lu t io n  hy p a ssin g  a current o f c h lo r in e . The c r y s ta ls  were f i l t e r e d  

hy su c tio n , p ressed  between f i l t e r  papers to  remove the mother liq u o r  

and d ried  in  a d e s ic c a to r  over CaCl^ fo r  1 hour. [A nal: Pound:

I  = 38.36% Cl = 42.53%, HalCl^.ZHgO req u ires I  = 38.71%

Cl = 42.92%].

1*164+1014-

This was prepared by m o d ifica tio n  o f  a method reported  by 

Buckles , Me^Cl ( 2 .4  g , 0 .022  mol) was d is so lv e d  in  g la c ia l  

a c e t ic  a c id  con ta in in g  8% CCl^ (40 cm3) contained  in  a tw o-neck round- 

bottom f la s k  f i t t e d  w ith  a CaClg guard tube and a s o l id  a d d itio n  tube  

co n ta in in g  ICl^ (4»7 g, 0 .0 2  m ol), which was s lo w ly  added to  th e  w e l l -  

s t ir r e d  s o lu t io n .  The p a le -y e llo w  product sep ara tin g  was f i l t e r e d  

by su c tio n , washed w ith  CCl^ and dried  in  vacuo. [A nal: Pound:

I  = 36 . 70% Cl = 4 1 . 42% M e^ICl^ req u ires I  = 37.03% Cl = 41*4^].

PCI4+1CI4-

This was prepared from ICl^ and PCl^ in  CH^Cl  ̂ by analogy w ith  

th e  preparation  o f  SMeCl^ICl^ [A nal: Pound: I  = 20.63% Cl = 6 4 . 10%,

IPClg req u ires I  = 20.74% Cl = 64 . 24%].
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(c) TETRACHLOROAURATE SALTS

The s ta r t in g  m ateria l fo r  th e subsequent p rep aration s was 

a u r ic  c h lo r id e , Au^Clg, which was prepared from sodium te tra ch lo ro a u ra te  

d ih yd rate , on loan  from Johnson-M atthey Chemicals, by th e  fo llo w in g  

method.

RaAuCl^.211̂ 0 (10 g) was d is so lv e d  in  water ( 3O cm )̂ and th e  

s o lu t io n  sa tu ra ted  w ith  SO2 g a s . The brown suspension  o f  c o l lo id a l  

go ld  obtained  was heated  to  b o il in g ,  in  order to  remove excess SOg, 

and coagu la te  th e  go ld , which was separated  by d écan ta tion  and washed 

se v e r a l tim es w ith  hot d i s t i l l e d  w ater. The pure go ld  was com p letely  

d is s o lv e d  in  aq u a-reg ia  (30 cm^), warming g e n tly  to  i n i t i a t e  th e  

r e a c tio n , and th e  excess n i t r i c  a c id  removed from s o lu t io n  by b o i l in g  

w ith  a liq u o ts  o f  concentrated  h yd roch loric  a c id  ( 1O cm )̂ u n t i l  

e v o lu tio n  o f  brown fumes ceased . The s o lu t io n  was evaporated to  low  

volume on a w ater-bath  and s e t  a s id e  to  c r y s t a l l i s e  in  a d e s ic c a to r .

The c r y s t a l l in e  ch loroau ric  a c id , HAuCl^.nE^O, was dehydrated in  a 

current o f  dry ch lo r in e  at a tem perature not exceed ing 200°C. The 

w ater condensing at th e  coo l ends o f  th e  furnace tube was p e r io d ic a l ly  

removed w ith  a t i s s u e .  "When dehydration was com plete, (u su a lly  a f t e r  

3 h .)  th e  dark red a u r ic  ch lo r id e  was sto red  in  a d e s ic c a to r  over

P2O5 .

niPORTAHT

I t  i s  e s s e n t ia l  th a t a u r ic  ch lo r id e  used in  subsequent p rep aration s should  

be com pletely  dry, o therw ise impure products are ob ta in ed . I t  i s  

a d v isa b le  to  continue h ea tin g  in  a stream o f ch lo r in e  fo r  30 min. a f t e r  

ev o lu tio n  o f water has apparently  ceased .
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Gold res id u es  recovered  from subsequent preparations were 

converted  s im ila r ly  to  a u ric  c h lo r id e . R esidues contam inated w ith  

selenium  or te llu r iu m , however, requ ired  an in term ed ia te  p u r if ic a t io n  

s tep  s in c e  sulphur d io x id e  p r e c ip ita te s  both o f  th e se  elem ents in  

a d d itio n  to  g o ld . The contaminated gold  was th e r e fo r e  b o ile d  

se v e r a l tim es w ith  a liq u o ts  o f  d i s t i l l e d  water u n t i l  th e  decanted  

l iq u id  contained  on ly  tr a c e s  o f  c h lo r id e . The go ld  was then  separated  

by b o i l in g  th e resid u e  w ith  concentrated  n i t r i c  a c id  which d is s o lv e d  

th e  selenium  and te llu r iu m .

PCI4AUCI4

This was prepared according to  th e  method o f  Groeneveld by 

r e a c t in g  a u r ic  ch lo r id e  w ith  PCl^ in  phosphorus oxych lorid e as  

s o lv e n t ,  [A nal: Pound: 01 = 54*7% Au = 38.0% PAuClg req u ires

01 = 5 5 . 4% Au = 38 . 5%].

HOAuOl^

This preparation  i s  a m o d ifica tio n  o f th e method o f  P artin g ton  

11and Whynes, An excess o f  ROOl, which had been d ried  by p a ssin g  

through a column o f  type 4A m olecular s ie v e ,  was condensed a t -78°0  

on to  AUgOl^ ( 3 .0  g) contained  in  a two-neck round-bottom f la s k  f i t t e d  

w ith  a gas i n i e t -tu b e and a OaOlg guard tu b e. The r e s u lt in g  s lu r r y  was 

s t ir r e d  a t -7 8 °0  fo r  60 min. and then  warmed to  room tem perature so th a t  

excess ROOl evaporated, th e f in a l  tr a c e s  b ein g  removed in  a current o f  

dry n itro g en , le a v in g  a p a le  ye llo w  powder [A nal: Found: 01 = 38.8%

Au = 5 2 . 7% ROAuCl  ̂ req u ires 01 = 38.45% Au = 53*4%]*

SOl^'^AuOl^"

This has been prepared by h ea tin g  go ld  w ith  SOlg in  a s e a le d  tube  

10by L in d et, but a s im p lif ic a t io n  was used s ta r t in g  from a u r ic  c h lo r id e .
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Au^Cl^ (3 g )  was added to  f r e s h ly - d i s t i l l e d  SCl^ (50 cm )̂ 

conta ined  in  a two—neck round-hottom f la s k  (IOO cm )̂ f i t t e d  w ith  a 

gas in le t  tube and a v e r t ic a l  w ater-coo led  condenser p ro tec ted  by a 

CaClg guard tu b e . The f la s k  was g e n tly  warmed to  6 0 and a slow  

stream  o f  ch lo r in e  was passed  through u n t i l  th e  y e llo w  p r e c ip ita te  

i n i t i a l l y  formed was fr e e  from p a r t ic le s  o f g o ld . E xcess o f SCl^ 

was decanted in  a stream  o f  ch lo r in e  which was passed  through th e  

f la s k  u n t i l  th e  la s t  tr a c e s  had v a p orised . [A nal: Pound: Cl = 52.02%

Au = 4 0 . 87% AuSCly req u ires  Cl = 52.01% Au = 41*27%].

EOTE: Some red u ction  o f  AUgCl ;̂ on a d d itio n  to  SClg was always noted

even i f  th e  la t t e r  had been p resa tu rated  w ith  c h lo r in e .

SeClj+AuCl."

The p rep aration  from go ld  and selenium  w ith  a r se n ic  t r ic h lo r id e

10has been reported  by L in d et, but a m o d ific a tio n  o f  th e  method 

u s in g  SeCl^ and Au^Cl^ was employed.

Selenium  (O.94  g  0 .012  mol) was suspended in  AsCl^ (50 cm )̂ 

conta ined  in  a th ree-n eck  round-bottom f la s k  f i t t e d  w ith  a gas in le t  

tu b e , a v e r t i c a l  water coo led  condenser p ro tec ted  by a CaClg guard 

tube and a s o l id  a d d itio n  tu b e . A current o f  dry ch lo r in e  was passed  

through th e su sp en sion , form ing a w hite p r e c ip ita te  o f SeCl^ which was 

heated  under r e f lu x ,  and sm all q u a n tit ie s  o f POCl^ were added u n t i l  a 

homogeneous s o lu t io n  r e s u lte d .  The d is s o lu t io n  p rocess i s  very  slow  

and a d d it io n a l AsCl^ may a ls o  be added i f  n ecessa ry . Au^Cl ;̂ (3*6 g 

0 .012  mol) was added to  th e  hot so lu t io n  and r e f lu x in g  was continued  

in  a current o f  dry ch lo r in e  fo r  60 min. An orange c r y s ta l l in e  s o l id  

p r e c ip ita te d  and was separated  from th e  mother liq u o r  by d écan ta tion , 

washed in  th e  f la s k  w ith  % x  10 cm  ̂ a liq u o ts  o f  SOgCl^ and d ried  in  a
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current o f  ch lo r in e  [A nal: Pound: Cl = 46 .93  Au = * , SeAuCl^

req u ires  Cl = 47*33%' Au = 37-58%].

TeCl^+AuCl^"

T his compound has not heen p r e v io u s ly  rep orted . The prep aration  

was analogous to  th a t fo r  SeCl^'^AuCl^'" ^^om Te and Au2Cl^ hut th e  

i n i t i a l  r e f lu x in g  t o  d is s o lv e  TeCl^ i s  not requ ired  s in c e  i t  i s  much 

more so lu b le  in  AsCl^. [A nal: Pound: Cl = 43-13% Au = *,

TeAuCly req u ires  Cl = 43-33% Au = 34-39%]-

Me^'*AuCl^

T his was prepared from EaAuCl^. 2E2O and Ms^Cl in  aqueous 

s o lu t io n  accord ing to  Goggin^ [A nal: Pound: Cl = 34-39% Au =

4 7 . 40%, EMe^AuCl  ̂ req u ires  Cl = 34.34% Au = 47-70%]-

Samples o f  jZfPCl̂ "̂ ICl̂ "", 0 ^ T C 1 ^ 1 C 1 ^ ,  pyS'^ICl^", pyh+ICl^", 

ME^IT^ICI^ , 3—ClpyH^ICl^ and were prepared and analysed  at

Durham U n iv e r s ity .

6 .2  ELEMEETAL AEALTSIS

Elemental analysis was carried out on all compounds using 

literature methods suitably modified where necessaiy.

(a) EO"̂

Various methods for the direct analysis of ED*̂  by an 

indirect titration withXMnO^ in a strong sulphuric acid medium
17 21have been reported ’ but were found to give very poor 

reproducibility. On certain occasions, when Pe(ll) was used to 

estimate the unreacted XMhO^, the solution turned cherry—red and a 

low analysis was obtained. These methods were considered to be very 

unsatisfactory and Devarda^s method, described below, was subsequently 

used in all cases.
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The sample (0 .2  g) was reacted  w ith very  stro n g  c a u s t ic  soda, 

pH > ”12, (150 cm )̂ contained  in  a stoppered  f la s k ,  care b e in g  taken  

not to  lo s e  gaseous product. A fter  30 min the f la s k  was f i t t e d  w ith  a 

sp la sh  head and w ater-coo led  condenser, w ith  th e  r e c e iv e r  d ip p in g  below  

th e  su r fa ce  o f  a  sa tu ra ted  so lu t io n  o f b o r ic  a c id  (50 cm )̂ . Powdered 

Devarda’ s a l l o y  (2 g) was added to  th e  rea c tio n  f la s k  which was warmed 

g e n t ly  to  i n i t i a t e  r e a c t io n . When th e  rea c tio n  had subsided  th e  

s o lu t io n  was g e n tly  b o ile d  and 100 cm  ̂ o f  d i s t i l l a t e  c o l le c t e d .  The 

l ib e r a te d  ammonia was t i t r a t e d  d ir e c t ly  w ith  0.1M H^SO  ̂ to  a 

p o ten tio m etr ic  or m ethyl organge end p o in t .

(b) Boron

Boron, as b o r ic  a c id  a f t e r  h y d r o ly s is , was determ ined d ir e c t ly  

by p o ten tio m etr ic  t i t r a t i o n  w ith  standard a lk a l i  in  th e  p resence o f  

m annitol according to  th e  method o f  B elcher and E utten .

(c) Sulphur

Sulphur was determined g ra v im e tr ica lly  as barium su lp h a te  

accord ing  to  th e  method describ ed  by B elcher and Eut te n . In  th e

p resen ce o f  ox id es o f  n itro g en  i t  proved e s s e n t ia l  to  evaporate th e  

s o lu t io n s  to  low volume sev era l tim es w ith  h yd roch loric  a c id  p r io r  to  

s ta r t in g  th e  a n a ly s is  in  order to  avo id  h i ^  answ ers.

(a) CIO4-
A lth o u ^  i s  known "to reduce CIO^— t o  Cl” , which

may th en  be determ ined potentiom e tr i c a l l y  (s e e  b e low ), t h i s  method 

was found to  g iv e  h igh  r e s u lt s  when u s in g  commercial tita n iu m  ( i l l )  

su lp h ate  s in c e  a h igh  im purity le v e l  o f  ch lo r id e  i s  in v a r ia b ly  p r e se n t .

A  la r g e  ex cess  o f  T i( IIZ0 i s  requ ired  s in c e  an e i ^ t  e le c tr o n  red u ctio n
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i s  in v o lv e d . The red u ction  was more co n v en ien tly  ca rr ied  out hy 

fu s in g  th e  p erch lo ra te  s a l t  (0 .2 5  g) w ith  tw enty tim es i t s  own w eight 

o f  anhydrous K̂ CÔ  at 700 -  800°C fo r  sev era l h o u r s , t h e  resid u e  

b ein g  ex tra cted  w ith  e /1  H^SO  ̂ (40 cm )̂ .

(e) o r

C hloride ion  was determined by p o ten tio m etr ic  t i t r a t i o n  w ith  

0.1M Ag*̂  in  a b u ffered  medium (0.2M in  a c e t ic  a c id , 0.2M in  sodium 

a ce ta te )^  u s in g  a commercial s i lv e r  e lec tro d e  w ith  in te r n a l re feren ce  

(Metrohm, Sw itzerland) . Great care was taken to  p ro tec t so lu t io n s  from 

l ig h t  a t a l l  tim es during th e  t i t r a t i o n .  D eterm inations were a ls o
"I

ca rr ied  out u s in g  th e  standard Volhard procedure.

( f )  1CI4"

T etrach loro iod ate  s a l t s  were reduced w ith  aqueous sulphur 

d io x id e  in  a stoppered f la s k ,  th e  excess b ein g  removed by b o i l in g .

The io d id e  and ch lo r id e  ion s in  so lu t io n  were determ ined in  a b u ffered  

medium by p o ten tio m etr ic  t i t r a t i o n  w ith  Ag*̂  as fo r  Cl". S in ce th e  

s o l u b i l i t y  product o f  Agi i s  l e s s  than th a t fo r  AgCl, th e  f i r s t  s tep  

in  th e  p o ten tio m etr ic  t i t r a t i o n  graph corresponds to  th e  io d id e  

eq u iva lence po in t and th e  second step  to  th e t o t a l  h a lid e  eq u iva lence  

point"* (se e  f i g .  6 . 5)»

(g) AuCl^“

T etrach loroaurate s a l t s  were reduced w ith  aqueous sulphur 

d io x id e  as above, and th e  so lu t io n  b o ile d  to  remove excess sulphur 

d io x id e  and to  coagu la te  th e  go ld , which was c o l le c t e d  on a Eo.541 

a s h le s s  f i l t e r  paper, washed sev era l tim es w ith  hot w ater and ig n ite d
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a t  700°G to  constant w eig h t. In general s l i g h t ly  low answers were

obta ined  hy t h is  method, th e  l im ita t io n  b ein g  th e  sm all s c a le

employed. In th e  cases o f  SeCl^’̂ AuCl  ̂ and TeCl *̂*’AiiCl^ a go ld

a n a ly s is  was not p o s s ib le  owing to  th e  d i f f i c u l t i e s  a s so c ia te d  w ith

sep a ra tio n  from selenium  and te llu r iu m . The f i l t r a t e  and washings

were combined and analysed  fo r  ch lo r id e  by p o ten tio m etr ic  t i t r a t i o n  
+

w ith  Ag .

6 .3  SOLUTION CALORDVEETRY

E n th a lp ies o f  re a c tio n  o f  nitrosonium  s a l t s  w ith  0.1M aqueous

sodium hydroxide were measured u s in g  a s o lu t io n  r e a c t io n  ca lo r im eter ,

operated  in  a p a r t ia l  d i f f e r e n t ia l  iso p e r ib o l mode and which had been

13con stru cted  in  t h is  lab oratory  and f u l ly  d escrib ed  e lsew h ere . In  

order to  p ro tec t th e underside o f th e  aluminium l i d  o f  th e  r e a c t io n  

v e s s e l  from corrosion  by oxides o f  n itro g en , i t  was p e r io d ic a l ly  coated  

w ith  a f ilm  o f  t e f lo n  from a spray d isp en ser .

S in ce rea c tio n s  were carr ied  out under n itro g en , th e  f r a g i l e  

ampoules were f i l l e d  in  a dry box as fo llo w s  in  order to  avo id  tou ch in g  

th e  d e l ic a te  b u lb s . The f r a g i le  ampoule was r e s te d  v e r t i c a l ly  upon a 

sm all cotton -w ool p lu g  contained in s id e  a sm all p la s t i c  tube and 

weighed w ith  a B5 t e s t  tube f i t t e d  w ith  a l ig h t ly -g r e a s e d  sto p p er .

The ampoule was f i t t e d  in to  th e  sm all clamp (se e  f i g .  6 .6 ) so p erm ittin g  

m anipulation  in  th e  dry-box. A sm all q u a n tity  o f  n itrosonium  s a l t  was 

added by means o f  a sm all funnel and th e greased  B5 stopper tr a n sfe r r e d  

to  th e  ampoule, avo id in g  any lo s s  o f  g rea se , which was then  reweighed  

to g e th er  w ith  th e  open B5 t e s t  tu b e . The B5 stopper was th en  rep la ced
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by th e  ampoule holder under n itro g en  and mounted in to  th e  ca lo r im eter . 

The c o o lin g  f in  was removed from th e  l i d  and a slow  current o f  

n itro g en  passed  through. The c a lo r im etr ic  f lu id  prepared in  b o i le d -  

out d e io n ised  water was introduced by a p ip e t te ,  ensuring a t a l l  tim es  

th a t th e  le v e l  o f  l iq u id  in  th e  ca lorim eter  v e s s e l  was not l e s s  than  

one inch below th e  n itro g en  in le t  tu b e . The current o f  n itro g en  was 

g e n tly  blown acro ss  th e  su rface o f  th e  s t ir r e d  c a lo r im e tr ic  f lu id  to  

coo l th e  v e s s e l  to  25°C. The n itro g en  in le t  was then  removed and th e  

non-vented v e s s e l  sea led  w ith a sm all rubber bung.

In order to  determ ine th e sto ich iom etry  o f  th e  thermo chem ical 

r e a c tio n , p o s t-c a lo r im e tr ic  an a lyses fo r  n i t r i t e  and t o t a l  n itro g en  in  

s o lu t io n  were performed on rea c tio n s  carr ied  out in  a v e s s e l  o f  200 cm  ̂

c a p a c ity . This was o f  s im ila r  d esign  to  th o se  o f  100 cm  ̂ ca p a c ity  

except th a t a nylon rath er than an aluminium l i d  was f i t t e d .

PROCEDURE FOR POST-CALORIMETRIC ANALYSIS

A s c a le  o f  0 .2  -  0 .3  g o f  nitrosonium  s a l t  was employed. B efore  

proceed ing w ith  th e  a n a ly s is ,  th e  a ir -sp a c e  and s o lu t io n  were purged 

w ith  n itro g en  gas fo r  5 min in  order to  remove a l l  n i t r i c  ox id e g a s .

( i )  BITRITE ANALYSIS

0 . IE KMnÔ  ( 25.0  cm )̂ was tra n sferred  to  a beaker and 

d ilu te d  to  2$0 cm  ̂ w ith  d i s t i l l e d  w ater. Concentrated su lp h u ric  a c id  

(5 cm )̂ was added and th e  so lu t io n  heated to  40°C. An a liq u o t o f  th e  

t e s t  s o lu t io n  (5O.O cm )̂ was s lo w ly  added w ith  th e  tip , o f  th e  p ip e t te  

dipp ing below th e  su rface  o f  th e  l iq u id .  The s o lu t io n  was cooled  to  

room tem perature and O .I E F e ( l l )  s o lu t io n  (25 cm )̂ was added and th e  

ex cess  b a c k -t itr a te d  w ith  0 . IE KMnO .̂
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( i i )  EITRITE AED EITRATE AEALYSIS

An a liq u o t o f  t e s t  s o lu t io n  (IOO.O cm )̂ was made s tr o n g ly  

a lk a lin e  (pH y ' 12) and reduced w ith  Devarda’ s a l lo y  as in  th e  

a n a ly s is  fo r  EO"̂ .

( i i i )  EITRIC OXIDE

I t  was not p o s s ib le  to  measure EG d ir e c t ly  u s in g  t h is  sm all 

s c a le ,  and so i t  was determined by d if fe r e n c e  u s in g  th e n itro g en  

content o f  th e sample i n i t i a l l y  weighed out and th e  r e s u lt s  o f  th e  

p revious two a n a ly se s .

The l im ita t io n  o f  t h is  a n a ly t ic a l procedure i s  d iscu ssed  in  

Chapter ( 2) and i l lu s t r a t e d  in  appendix ( 1) •

6 .4  VIBRATIOEAL SPECTROSCOPY

Raman sp ectra  were recorded u sin g  a CODERG PHO RAMAE SPECTROMETER- 

w ith  Er"̂  la s e r  e x c ita t io n  (COHEREET RADIATIOE) . The e x c it in g  l in e s  

employed were 647.1 nm (r e d ) , 5^8.2 nm (yellow -green ) and 530 .8  nm 

(g r e e n ) . S o lid  samples were sea led  in  m eltin g  p o in t tubes or in  

d iscarded  n .m .r . tubes o f  5 d iam eter. V o la t i le  compounds prepared  

on a vacuum l in e  were condensed and se a le d  in to  tubes made from t h in -  

w a ll tu b in g  o f  t o t a l  diam eter 7 .5  mm and w a ll th ick n ess  o f  l e s s  than  

1 mm. The la t t e r  tubes were used when making low tem perature 

measurements.

The co ld  c e l l  i s  i l lu s t r a t e d  in  f i g .  6 .7 ,  th e  i n i t i a l  work on EOBCl  ̂

was ca rr ied  out when no h ea ter  con tro l u n it was a v a ila b le  and so a l l  

sp ec tra  obtained  were a t tem peratures approaching -196°C . Subsequent 

work a t f ix e d  tem peratures employed a p rop ortion a l tem perature co n tro l
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Fig 6 -7  The Raman cold cell
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u n it  (Beckrnan R .I .I .C .  London) . The c h ie f  d isadvantage o f  th e  

assem bly i s  th e  u n cer ta in ty  o f  th e  tem perature at which sp ec tra  are  

recorded . The thermocouple i s  f i t t e d  to  th e  base o f  th e  sample 

h old er and even i f  good therm al contact between h o ld er and sample 

tube i s  ach ieved , th ere  are s t i l l  s ev era l l im it in g  fa c to r s :

( i )  The tem perature gradient between th e  base and top  o f  th e  

sample h o ld er .

( i i )  The tem perature gradient across th e  sample tu b e.

( i i i )  The h ea tin g  e f f e c t  o f  th e  la s e r  on th e  sam ple.

The f i r s t  two fa c to r s  can be overcome by a llo w in g  th e sample to

e q u ilib r a te  in  vacuo ; the th ir d  fa c to r  i s  dependent upon th e  sample

co lour and la s e r  l in e  employed. An assessm ent o f  th e error in  th e

recorded tem perature on th e  prop ortion a l c o n tr o lle r  was attem pted by

+ —measurement o f  th e  t r a n s it io n  tem perature in  pyD ICl^ , and comparing 

t h i s  w ith  th e  va lu e o f  - $ 8°C obtained  from d i f f e r e n t ia l  scanning  

ca lor im etry  (DSC). However, numerous problems a s so c ia te d  w ith  th e  

change in  th e Raman spectrum during th e  phase t r a n s it io n  were 

experienced  (se e  Chapter 5) and th e  attempt proved u n su c c e ss fu l. .

Par in fr a -r e d  sp ectra  at low tem peratures were measured in  th e  

range 200-400 cm” "* u s in g  a P .P . 325 double beam spectrophotom eter.

In  th e  range 50-400 cm \  in fr a -r e d  data were d erived  from th e  P ou rier  

transform  o f  th e  interferogram  recorded u sin g  a Grubb-Parsons Cube 

in ter fero m eter . In  a l l  cases th e  s o l id  samples were mounted between  

RIGIPEX p la te s  o f  2 mm th ick n ess  e ith e r  as a th in  la y e r  o f  th e  s o l id  

or as a th in  d isp e r s io n  in  n u jo l.
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6 .5  TEÏÏSIMETRY '

P ressure measurements were obtained u s in g  a commercial quartz 

gauge (Texas Instrum ents, p r e c is io n  gauge model H o.144) which measures 

th e  torque exerted  on a s tre tch ed  quartz s p ir a l  when a p ressure d if fe r e n c e  

i s  a p p lied  a cross th e  ends. The gauge fa c to r  was determined by 

m easuring th e vapour pressure o f pure d i s t i l l e d  w ater over the  

tem perature range 290 K to  306 K, analar acetone (BDH, d ried  over  

anhydrous calcium  su lphate) over th e  tem perature range 210 K to  250 K 

and analar benzene (BDH) over th e  tem perature range 210 K to  255 K.

These compounds were condensed and se a le d  under vacuum in to  b rea k -sea l 

ampoules which were blown onto th e  sample l in e  o f  th e  gauge. The 

system  was then  evacuated on both s id e s  o f  th e  s p ir a l  in  order to  s e t  

th e  meter zer o . Above 290 K samples were immersed in  a w e l l - s t ir r e d  

w ater bath whose tem perature was m aintained u s in g  a mercury con tact  

thermometer. Low tem perature baths were prepared by m ixing l iq u id  

n itr o g e n  w ith  pure organic so lv e n ts  in  a dewar v e s s e l  u n t i l  a w e l l -  

s t ir r e d  s lu sh  was ob ta in ed . M)BC1  ̂ was s im ila r ly  condensed in to  a 

b rea k -sea l ampoule. The compounds were immersed in  a bath at th e  

low est tem perature to  be stu d ied , and exposed to  th e  gauge by 

fr a c tu r in g  th e  b rea k -sea l w ith  a g la ss -co v ere d  m agnetic fo llo w e r .

In  th e  case o f  EOBCl  ̂ on ly , th e  sample was pumped at 210 K u n t i l  a 

w hite  f lo c c u le n t  m ateria l r e s u lte d . At h igh  tem peratures, thermal 

equ ilibrium  was a tta in e d  a f te r  15-20 min and th e  gauge reading was 

recorded a f t e r  30 min. U sing th e low tem perature b a th s, th e  gauge 

read ing a f t e r  15-20 min was recorded in  order to  avoid  r e p len ish in g  

th e  bath during a measurement.
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6 .6  DIFFERENTIAL SCANNING CALORIMETOT (D .S .C .)

T ra n sitio n  p o in ts  o f  ICl^ s a l t s  over th e tem perature range 

173 K to  273 K were determined u sin g  a Perkin Elmer model IB D .S .C . 

operated  in  th e  low tem perature mode. The samples were se a le d  in to  

aluminium pans w ith  ex c lu sio n  o f  m oistu re.

6 .7  U.Q.R. SPECTROSCOPY

UQR sp ectra  were recorded on a mid-range Decca spectrom eter  

(3~55 MHz) u s in g  Zeeman m odulation. The resonances were measured 

at both -196°C and at room tem perature where o b servab le . In s tu d ie s  

o f  phase t r a n s it io n s ,  in term ediate tem peratures were a tta in e d  u s in g  

appropriate s lu sh  b a th s . Resonant freq u en cies were determ ined w ith  

an accuracy o f ca . -  10 kHz by in te r p o la t io n  between th e  spectrom eter  

frequency markers, which were ca lib ra ted  by means o f  a frequency  

counter (Advance Instrum ents T .C .16 ).
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Appendix 1

POST-CALORIMETRIC ANALYSES IN NITROSONIUM SALT CALORIMETRY 

In Chapter 2 i t  was s ta te d  th a t sm all t i t r a t i o n  erro rs  in  the  

d eterm ination  o f n i t r i t e  and n itr a te  in  so lu t io n  a f t e r  degradation  o f a 

nitrosonium  s a l t  le d  to  anomalous v a lu es  fo r  the NO^~:NO mole r a t io .  This 

statem ent w i l l  now he su b sta n tia ted  by co n sid er in g  th e e f f e c t  o f  a p o s s ib le  

error  o f  -  0 .05  cm-̂  in  each t i t r a t i o n .  The a n a ly t ic a l procedure i s  

p resen ted  in  Chapter 6 , and i s  b r ie f ly  summarised below .

The n itrosonium  s a l t  was decomposed in  aqueous base (2 0 0 .0  cm3) under 

n itro g en  and the so lu t io n  was then  purged w ith  oxygen—fr e e  n itro g en  to  

d isp la c e  the n i t r i c  o x id e .

NITRITE ANALYSIS -

0.1N KMnÔ  ( 25 .0  cm^) was d ilu te d  to  2^0 cm3 and a c id i f ie d  w ith  

su lp hu ric  a c id . The tem perature was r a ise d  to  40°C and an a liq u o t o f the  

t e s t  s o lu t io n  ( 5O.O cm̂  ) was added. 0.1N P e ( l l )  s o lu t io n  (25.0  cm^) was 

then  added and the ex ce ss  determ ined by t i t r a t i o n  w ith  0 . IN XMnO ,̂

NITRITE AND NITRATE•ANALYSIS

An a liq u o t o f the t e s t  s o lu t io n  ( 100 .0  cm^) was made stro n g ly  a lk a lin e  

and then  heated  w ith Devarda’s a l lo y .  The l ib e r a te d  ammonia was absorbed  

in to  b o r ic  a c id  s o lu t io n  and t i t r a t e d  d ir e c t ly  w ith  O.INEgSO^ to  a 

p o ten tio m etr ic  end p o in t .

NITRIC OXIDE

This was determ ined by d iffe r e n c e  u s in g  th e  r e s u lt  o f th e  prev ious  

a n a ly s is  and the w eight o f  n itrosonium  s a l t  decomposed.

A n a ly t ic a l data are p resen ted  in  ta b le  1 and d erived  v a lu e s  fo r  th e

—  + 3NOzNO  ̂ mole r a t io  assuming an error o f -  O.O5 cm in  each t i t r a t i o n  are

p resen ted  in  ta b le  2 . The d e v ia tio n  o f  t h i s  r a t io  from th e exp ected  v a lu e

o f  2:1 i s  thus exp la in ed .
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TABLE 1

NOG10^ decomposed in  200 .0  cm  ̂ o f aqueous base

F in a l t i t r e  in  n i t r i t e  assay  P

F in a l t i t r e  in  n i t r i t e  and n it r a te  assay  Q

Strength  o f KMnÔ  so lu t io n

S trength  o f F e ( l l )  s o lu t io n

S trength  o f H^SO  ̂ so lu t io n

2 .100  X 10  ̂ mol. 

6 .7 5  cm^

8 .8 0  cm^

0.1032N  

0 .1 OON 

0.100N

N0„ /hCh /n o  mole r a t io s

TABLE 2

T itr e s  used in  
c a lc u la t io n  cm

S p ec ie s

P -0 .0 5
Q-0.05

p -0 .05  
Of 0 .05

P+0.05 
Q—0 . 05

P+0.05
0,40.05

m ^ / r n o l  X 10^ 1.548 1.548 1.569 1 .569

NÔ  /m ol X 10^ 0.202 0.222 0.181 0.201

NO/mol X 10^ 0 .350 0.330 0.350 0 .330

NO:NO^" 1.73:1 1. 50:1 1.93:1 1.64:1
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Appendix 2

CHLORINE ISOTOPE EFFECTS ON'THE VIBRATIONS OF MCIn

In a d d itio n  to  the s i t e  group and fa c to r  group e f f e c t s  d escrib ed  in

Chapter 4 which produce s p l i t t in g s  o f the normal modes o f  v ib r a tio n  o f  a

s o l id  s ta te  s p e c ie s ,  s p l i t t in g s  may a lso  a r ise  from iso to p e  e f f e c t s .

In t h is  s e c t io n  the r e la t iv e  in t e n s i t i e s  o f the s p l i t t in g s  produced by

ch lo r in e  iso to p e s  a t n atu ra l abundance fo r  the s in g ly -d eg en era te  v ib r a t io n a l

modes o f MCl^, MCl  ̂ and MCl  ̂ are c a lc u la te d . These c a lc u la t io n s  are based

35 37upon a r a t io  o f  3:1 fo r  "̂ Cl: Cl iso to p e s  and con sid er the p r o b a b ility

37 35o f each p o s s ib le  su b s t itu te d  s p e c ie s .  S ince s u b s t itu t io n  o f Cl fo r  Cl 

in  e f f e c t  changes the symmetry o f a s p e c ie s ,  th e  e f f e c t s  upon doubly or 

t r ip l y  degenerate modes may be more complex.

MClg (D^h )

35ci-------- M---- ^C l p = ^ - 4 . ^ 0 =  9:15

3 R l- ---------M----- ^C l P = = 6:16

3 R |  M P = = 1 :16

r a t io  9:6:1
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35 Cl

35 Ci 2 XI

p - 1  1 1 3p ^ -  A . 4 . 4 . Cq 27:64

35 Ci

35
P  =  % ,  % . % / q  . =  2 7 : 6 4

3?Ct 3'Cl

9 : 5 4

3^01

,M

3^C f 37q(

1 -.64

r a t io  2 7 :27 :9 :1
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3 7,

37,

P =
0 81:256

3 3 3 1 4 _
4 * 4 ' 4 • 4 • = 1 0 8 :2 5 6

* 3 3" 1 1 4p
4 '  4 '  4 '  4 '

3 1 1 1
4 * 4 '  4 " 4  • ^ 3

p = 1 1 1 1  V
4 • 4 • 4 '  4 • 4

54: 256

12:256

1 1256

may s p l i t  in to  o i s  and tran s sp e c ie s

r a t io  = 81 ; 108: 54 î 12:1


