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A b stra ct

The standard h e a ts  o f  form ation  o f  a lk y l  ammonium p e r c h lo r a te s ,

®n^4-n^^^4 n «  1 -  4; R «  B t , n «  1 -  4; R « P r , n « 1

and 3 ) ,  have been determ ined by s o lu t io n  r e a c t io n  c a lo r im e try .
(

U sing th e se  and corresp ond ing  data  fo r  th e  a lk y l  ammonium h a lid e s  

and n i t r a t e s ,  a s e t  o f  s e l f - c o n s i s t e n t  •therm ochem ical* r a d i i  fo r  

the a lk y l  ammonium io n s  were o b ta in ed . The K a p u stin sk ii eq u ation  

was used  to  e s t im a te  l a t t i c e  e n e r g ie s  o f  th e  a lk y l ammonium 

p e r c h lo r a te s  and th e se  data were in c lu d ed  in  a therm ochem ical c y c le  

to  d e r iv e  the proton  a f f i n i t i e s  o f  the paren t a lk y l am ines.

The polym orphic phase t r a n s i t io n s  o f  th e se  a lk y l  ammonium 

p e r c h lo r a te s  have been in v e s t ig a te d  v ia  D if f e r e n t ia l  Scanning  

C alorim etry  over  th e  tem perature range -90^  to  250®C. The t r a n s i t io n  

tem peratures and e n th a lp ie s  have been record ed . The en th a lp y  o f  th e  

I I  -  I phase t r a n s i t io n  o f  ammonium p e r c h lo r a te  has been rep orted  

fo r  th e  f i r s t  tim e by a d ir e c t  method. These data a llo w  the e f f e c t  

o f  in c r e a s in g  the s i s e  o f  th e  a lk y l  group and the t r a n s i t io n  

tem peratures to  be c o r r e la te d .

The tr ia r y lm e th y l p e r c h lo r a te s , (p-X-C^E^)^CClO^ (where % = H,

Me and MeO), have been sy n th e s ise d  and th e ir  standard h e a ts  o f  

form ation  determ ined by s o lu t io n  r e a c t io n  c a lo r im e tr y . An improved 

s y n th e s is  o f  t r i ( p -n i tro p h en y l) me thy1 c h lo r id e  has a ls o  been 

rep o r ted .
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FACTION 1

l a  In troduction

The rap id ly  expanding l it e r a tu r e  on p erch lora tes over the p a st  

few years In d ic a te s  the consid erab le  in t e r e s t  in  th is  f i e l d  • 

(Dorofeenko e t  a l ,  I 965 and referen ces th e r e in ) . This in t e r e s t  

stems from the fa c t  th a t p erch lo ra tes  are a ready source o f  oxygen 

and thus have considerab le p o te n t ia l in  modem ex p lo siv e  and 

pron ellan t technology.

P erch lo ra tes , in  general, can be subdivided in to  io n ic  and 

cova len t ty p er. The io n ic  category can be further d ivided  in to  

m e ta llic  and n o n -m eta llic . Examples o f  compounds which f a l l  in to  

these ca teg o r ie s  are given* in  the chart below.

COvkü'IT

e .g .

CBYOCIO-
h 5

CpHçOClO,

Cgfl^COOClO^

PERCHLORATES

IONIC

METALLIC NON-METALLIC

e .g . e .g .

LiClO,
4 N H / CIO -  4 4

KCIO4 R^N+CIO^-

«[3( 0104)2 C lO g

NpH^+ C lO g

m  _c+ CIO "4



The chem istry and thermodynamic data fo r  io n ic  and c o v a len t  

p e r ch lo r a te s  have been review ed by Burton and P r a i l l  in  1955» 

Schumacher in  I960 and Dorofeenko e t  a l  in  1965.

The sim ple co v a len t e s t e r s ,  such as methyl and e th y l p e r ch lo r a te s  

are c o lo u r le s s  o i l s  which are pow erful sh o c k -se n s it iv e  e x p lo s iv e s  

(Hare and Boye, 1841). Very few o f  th ese  c o v a len t e s t e r s  have 

been in v e s t ig a te d  owing to  th e ir  in s t a b i l i t y *  These co v a len t  

e s t e r s  are ch a r a c ter ise d  by p o sse ss in g  a Cl-O-C u n it .

Ammonium p erch lo ra te  i s  the most im portant member o f  the non- 

m e ta l l ic  category’ and in  the l a s t  few y ea rs th ere  have been th ree  

rev iew s on t h i s  compound (H a ll and P earson , 1967; Jacobs and 

W hitehead, 1969; Keenan and Siegmund, 1 969 ). Pearson in  1968 has 

a lso  review ed the thermal decom position and thermodynamic data o f  

many n o n -n e ta ll ic  p e r c h lo r a te s .

The n o n -ra eta llic  p e r ch lo r a te s  are sa fe r  to handle than c o v a len t  

p e r ch lo r a tes ; however, they are s t i l l  powerful e x p lo s iv e s . Compounds
i

which con ta in  the com bustib le m a ter ia l and the ox idan t in  the same 

m olecu le , are in  general much more v io le n t  in  th e ir  e x p lo s iv e  

a c tio n  than m ixtures com prising sep arate  f u e l s  and o x id a n ts . M ethyl- 

su b s t itu te d  ammonium p e r c h lo r a te s , fo r  example, have been 

patented  a s e x p lo s iv e s  (Lungsgsfrd and H erbst, 1921). They are  

rep orted  to be s ta b le  compounds, which, w ith  the ex cep tio n  o f
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dimethyl ammonium perch lo ra te  are non-hy^roscooic. These compounds 

a re , however, much more se n s itiv e  to ahock than ammonium perchlorate. 

Ptammler e t  a l ,  I 966,  rep o rt sa fe ty  te s ts  ca rried  out on these 

comooundn, in  comporison to  RDX (hexamethylene t e trsn itram ine) and 

Ammonium p erch lo ra te . The re s u lts  are recorded in  tab le  1.1 as 

the heigh t from which a 2 f  g. w e i^ t  causes detonations, under 

standard conditions.

Table 1.1 

S ensitiv ity  Te ts  ijaine P erch lorates

Compound

RDX

NH^CIO^

NepNHgClOa

Me^HClO^

Me.NClO^4 4
(GH2NH^)g(C10Pg &SgO

Height (cm)

33

100

20

?2

25

^5

35

Mixtures o f ethylenedi amine dl per ch lo ra te  wi'Üi p ic r ic  acid have 

also been patented as explosives (Vogl, I 946) .

These a lk y l-su b s titu ted  ammonium perch lo ra tes cm  be prepared



by the reac tion  o f the appropriate aiaine with perch lo ric  acid

o r a e ta th e s ie  between an a lky l ammonium b r lid e  and s i lv e r  p erch lo ra te .

+ AgClO  ̂ X R^NH^^CIO^ + AgCl

The s o lu b i l i t ie s  o f some o f  these amine p erch lo ra tes in  water 

have been reported  (Hoftiann e t  a l ,  I 9IO b) snd th e ir  explosion 

tem peratures are in  the range 2^0° -  100°C (Datt« and C hatte rjee , 1919)*

Thermodynamic data fo r these alkyl-sub  > titu ted ammonium 

p erch lo ra tes , do no t appear to have been reported  in  the l i t e r a tu r e .

The standard b es ts  o f formation o f  the re la te d  a lk y l- su b stitu ted  

ajomonium n i t r a te s  end ch lorides have, however, been reoorted  by 

WagfflAii e t  a l ,  I 968. The standard heats o f formation o f laethyl- 

end e th y l-  su b stitu ted  ammonium n i t r a te s  were i n i t i a l l y  measured 

by C o ttre ll  end G ill ,  1951» by bomb calorim etry  and have been 

updated by Wa^man. The source o f Wagman* s data i s  no t c len r as 

the compilation does no t include references. Aston and Ziemer,

1946, r tud ied  the hea t o f reac tion  o f aqueous methyl amine with 

hydrochloric acid in  order to obtain  the standard heat o f formation 

o f methyl ammonium ch lo ride .

. I'

The m ajority  o f the p resen t work i s  concerned with the thermo

dynamic p ro p ertie s  o f non-mmt , l l i c  p erch lo ra tes , mainly alkylammoniian
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perch lo ra tes bu t inc lud ing  some tria ry lm eth y l p erch lo ra tes .

The syn the tic  precursor for the tr ia ry lm eth y l perch lo ra tes was 

the corresponding tria ry lm ethano l. Two syn the tic  rou tes tvre 

av a ilab le  for the p reparation  o f  tria ry lm ethano ls .

1) A d ire c t  route v ia  a G rirn-rd  procedure, which should be 

su ita b le  fo r triary lm ethano ls containing the following 

su b s titu en ts  in  the benzene rin g . Me, E t, Cl, 3 r  and MeO.

The reac tio n  i s  summarised by

1 . EtpO
ArMg^r + ArCOOMe --------  > Ar OOH

2.
where Ar = t>-substitu ted phenyl

2) The second rou te  involves the preparation  o f the t r l r  r y l-  

methane, which i s  subsenuently oxidised to the tria ry lm eth sn o l. 

Tri(p-nitrophenyl)m eth8nol was prepared in  th is  ma ner. 

T ri(p-n itrophenyl)nethone i s  f i r s t  prepared by n i t r a t in g  

triphenylmeth»^ne (Montagne, 1905).

HMO.
Ph,CH  ------- > (p4iOpCÆj^Ca

- 650c ^ 0 4 .

The tri(p-n itrophenyl)m ethane c^n then be oxid ised  to tr i (p -n it ro ~  

phenyl)methanol by cbromium(lll) tr io x id e  in  g la c ia l a c e tic  acid

CrO-
(p-N0,5Ph)-.CH-----   > (p-NO^h),COH

" ACOH ^



Triarylm ethyl p erch lo ra tes  can be orep red from the triary lm ethano ls 

by reac tin g  the l a t t e r  with p erch lo ric  acid

Ph^OOE + HCIO. -  Ph^CClO. + H_03 4 , 3 4 2

or by the reac tio n  o f tria ry lm ethy l ch lo rides with s i lv e r  perch lo ra te  

in  a po lar non-aqueouB solvent*

Ph^CCl + AgClO  ̂ = Ph-CClO^ 4 AgCl

The tria ry lm eth y l p erch lo ra tes  were among the f i r s t  carbonium s a l ts  

to be prepared (Comberg, 1907; Gomberg ^nd Cone, I 909) # They 

are coloured c ry s ta ll in e  s a l ts  which have high m elting po in ts 

(P fe if fe r ,  19?7)* Their s tru c tu re  has been in v es tig a ted  by 

e le c t r ic a l  conductiv ity  in  non-aqueouF solvents (Hofman e t  a l ,  1910 a; 

L ifsc h itz  md f irb e s , 1920; Z iegler end V jo llsch itt, 1930; Longworth 

and Ma^on, 1966) and by absorption spectroscopy (Hantssch, 1921; 

Anderson, 1930).

Although the amine and t r i a r y l  carbonium perch lo ra tes have been 

known since the beginning o f the century, very l i t t l e  thermo dynamic 

data are av a ilab le . However, much o f the a n c illa ry  data hsve been 

recorded so th a t  the etandcrd heats o f  formation o f a lk y l-su b s titu te d  

ammonium perclilo rates and tria ry lm ethy l perch lo ra tes can be measured 

read ily . The standard hea ts o f formation o f aqueous a lk y l-su b s ti

tu ted  ammonium ions and aqueous perch lo ra te  ions h^ve been reported  

by Wa.-̂ aan s t  a l ,  1968. With these data tiie standard hea ts o f
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formation o f tlie « Ik y l-su b s titu ted  ammonium s a lt?  can be obtained 

by a d ire c t  b ee t o f  so lu tion  exoeriment. The standard hea ts o f  

formation o f triphr-nylmetlisne and tri^henylm ethanol (C^gH^gO)

have been obtained by bomb calorim etry

& H^° (C ^^^g ,8) = 4 0 .9 '^  0 .4  Kcal.mole“^ (Coops e t  a l ,  I 964)

& H^° (Cl9HlgO,c) = 0 .8  ± 0 .6  Kcal.mole*^ (Parks e t  a l ,  1964)

In  view o f the lack o f thermodynamic data for organic p erch lo ra tes , 

the main aim o f th is  work ha? been the determ ination o f standard 

hea ts  o f  formation o f amine and tria ry lm ethy l o erch lo ra tes . The 

rtandard hea ts  o f formation were determined by eo la tio n -reac tio n  

calorim etry  and these re s u lts  are presented in  Section 4. There 

data permit te n ta tiv e  evaluation o f  these io n ic  p erch lo ra tes  as 

p o te n tia l explosives in  terms o f th e ir  tiiermodvnsmic s ta b i l i ty  

rnd en th  a i d  as o f  decomposition.

lb  L a ttic e  Enrrgy

The I s t t i c e  energy >f ? comnound, U^, a t  0°K, i s  defined as 

the in  te rn  s i  energy change observed when one mole o f  the so lid , 

a t  one atmosphere p ressu re , i s  converted In to  defined in f in i te ly  

d ilu te  id e a l gaseous io n r . At 0®K these ions are s ta tio n a ry . 

According to th is  d e f in it io n  energy must be rupplied  to d isso c ia te  

the c ry s ta l  l a t t i c e  and so the o v e ra ll process i s  endothermie.
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The Bom-Haber cycle cm  be need to r e la te  the l a t t i c e  

energy a t  ?98®K, to o ther thermodynamic q u a n tit ie s . Such

a cycle, fo r the comooimd MX̂ , i s  shovn in  T ir . 1 .1 .

f ik .  _ i q

MXn («)
i m . , .

" "Sn 
Iln-K^-RT

2
' à v f ( m . o )  N (g)

n Ï"  (g)

-nE-^RT 
® 2

n 2 (g)

n X ( f . s . )

In  th l"  cycle, kHf'^(MXp,c), ^H^°(*<,g) çnd hH^°(X,g) rep resen t the

Standard hea ts  o f  formation o f  c ry c ta ll in e  MXq, gaseous M and

gaseous X from t  e i r  elements in  t i e i r  standard s ta te s .  In  th is
n

cycle M and X rep resen t general ca tions and anions. T In  i s  the 

sum o f  the f i r s t  n io n isa tio n  p o te n tie ls  and E^(X) i s  the e lec tro n  

a f f in i ty  o f X. These values are corrected  to 2 9 8 ^  by the ^ / ^ R T  

terms. The lone (g) and X” (g) are in  a hypo thetical in f in i t e ly  

d ilu te  id e a l gas s ta te  and so there i s  no need to consider any 

in te ra c tio n  between them.

The l a t t i c e  energy can be re la te d  to dhe o th e r terms in  the 

Bom-ïïaber cycle by the equation



(4-

n
O n  t  tH^''(X,g) -  nE^ -  &H^°(MX^,o) -  (n+l)RT

•Ï

Since M ( s . s # ) -------- ► (g) + ne (g) -> • •••  (M , g)

and X (8 .S)  + e  X~ (g) .. . .  (r,g)

the above equation can be condensed to

% 8  ( ^ )  = h H / ( m \ g )  + n t H ^ ® ( r , g )  -  ^H^®(MX^,c) -  (n+l)Hr

The l a t t i c e  energy ? t  293®K I p re la te d  +o the l a t t i c e  energy a t

0®K by the ecuation
^298

«298 = "o + %  P- ?9«(n+l) - C°p (KX^) dT

Thts ca lcu la tio n  cen be performed i f  the s-.ec iflc  he at-tem perature 

function from 0° -  298^  i s  known fo r MX̂ .̂ . .

L a ttic e  energies can el^o be obtained from c la s s ic a l  extended 

ca lcu la tio n  s . by summing the in te r io n ic  a t t r a c t iv e  and repu lsive  

in te ra c tio n s . Vaddington, 1959f d iscusses the equations used fo r 

such ca lc u la tio n s . These ca lcu la tion?  nre, however, lim ited  to 

those comoounds vho?e c ry s ta l s tru c tu re s  have been determined.

The use o f the 3om-Haber cycle i s  also lim ited  to  those 

compounds fo r which the approprivte io n isa tio n  p o te n tia l and
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e lec tro n  a f f in i ty  data are av a ila b le . For those compounds fo r 

which these data, are lack ing , e .g . a lk y l-su b s titu te d  ammonium 

s a l t s ,  estim ation procedure? fo r l a t t i c e  energy must be used.

The most u se fu l o f  these i s  the sem i-em oirical K apustinskii 

equation (K npustinsk ii, 1933 snd 1956). K apustinskii has 

shown th a t, i f  the Hadelung constants (terms c h a ra c te r is tic

o f the c ry s ta l s tru c tu re ) fo r a number o f s tru c tu re s  were divided
)

by the number o f ions per molecule (^Vy# the values obtained 

were o lao st constan t. (Table 1 .2 ) .

Table 1.2

S truc tu re  !

1 i1. ... 1

Madeliing Const.,K %
t " ■

. Average 
1 Coordination 
I Number

Caesium ch loride 1.76? 0 .8 8 8 .0

Sodium chloride 1.748 0 .87 6 .0

F lu o rite 2.519 0 .8 4 5.33

V u rtiite 1 .641 0 .8 2 4 .0

R utile 2.408 0 .8 0 4 .0

Anastase ■ 2.400 0 .8 0 4.0

Cuprite 2.221 0 .7 4 2.67

The values o f  M/v vary in  aoproximately the seme order as the values 

o f  the average coordination number around the ions* The eouilibrium

in te m u o le a r  d istance (r^) in  an io n ic  compound generally  increases



K

s lig h tly  ;vith coordination number and so values o f M/v w ill be 

almost constan t. K apustinskii asmumes M/v Tq i s  constant so 

th a t , fo r a given s a l t

Ü?

*•?

where su b sc rip t 1 re fe rs  to the salt* s re a l Madelung constant 

end in tem u o lea r separation end subscrip t 2 re fe rs  to tlieo re tic a l 

Madelung constant end in te m u c lea r  separation . Thus, K apustinskii 

considers a l l  s a l ts  to th e o re tic a lly  c ry s ta l l is e  in  a sodium 

chloride l a t t i c e  and th e ir  l a t t i c e  energies are given by

«1 No V Z. e'
1 -

0.345

i  J

where ie  the Avogadro number, and 2 are .the ca tio n ic  and 

anionic charges, e i s  theeèlec tron ic  charge and end r^ are the 

Me delung and in te m u c lea r  se 0 oration  terms for the compound in  a 

sodium chloride l a t t i c e .  K apustinskii fu rtlie r  assumes th a t the 

anion and cation  • touch*, so th a t the in te m u c lea r  separation 

term can be replaced by the sum o f the anionic and ca tio n ic  r a d i i .

Thus fo r a u n iv a len t-’in iv alen t system, Kapustinskii* 3 equation becomes

'K
574.4 0 .345

r  4-r 0 a
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where r^ end r̂  ̂ are the Goldschmidt ca tio n ic  and anionic ra d ii  

fo r coordination number 6.

L a ttic e  energies obtained from the Bom-rlaber cycle, extended 

ca lcu la tio n  and K apustinskii equation are compared in  tab le  1*3#

Tabl  ̂ J-*

Coapaiison o f L a ttice  m erg jes fo r A lkali Metal Halides (Kcal,j^mole'"^)

S a lt Bom-Heber Extended 
CalculatlonsC a)

K&pustlnskll
Eqa.(b)

NaCl 183.8 187.5 179.9

NaBr 175.9 175.5 175.5

Nal 164.5 164.3 161.0

KCl 166.8 167.9 162.7

KBr 160.7 161.3 161.3

KI 151.0 152.4 1 146.8

RbCl 162.0 162.0 158.2

RbBr 155.2 156.1 149.7

Rbl 146.5 148.6 141.0

(a) K apustinsk ii, 1P43

(b) Hugglu 1938.

A comparison o f the values o f l a t t i c e  energies obtained from the 

K apustinskii equation with the o ther values in  tab le  I .3  shows 

th a t  the estim ated values sre in  general too low. îa ts im ir s k i i .



1961, hsB th erefore  m odified K apustinsk ii*s equation to

287.2 V 24.
Ü = --------

'  rc + r .
1 -

0.345
+ 2.5  V 2^ 2 .

The co rrection  term adds 5 Kcal.mole*^^ to the o rig in a l l a t t i c e  

energies fo r a un i- mniv'-J.ent s a l t .  The problem a r is e s , when 

considering a complex cation  or snion, o f  defin ing  and then 

asaignlng rn io n ic  rad iu s . T a ts i r i r s k i i ,  1947, proposed the 

following method#
f

CoHHidor two s a l ts  with a common anion. Their l a t t i c e  

en thalp ies are given by

(o) = (g) + r  (g)

M.Z (c) = R,+ (g) + X- (g)

.... A H>

.... A

and = U i -  Ug = -

EH^°(K,X,c) + (M^X,c)

From the K apustinskii equation

0.745

0.345
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The l a s t  two equations can be equated end rearranged in to  a form 

to obtain the anionic r a d i i .  Radii obtained in  th is  way are 

termed • thermochemical* r a d i i .  Thus, i f  the standard heats o f 

formation o f the gaseous cations and the c ry s ta ll in e  s a l ts ,  and 

the Goldschmidt ra d ii  o f  and are known, then the

*thermochemicil* ra d ii  o f the anion c?n be ca lcu la ted . These 

ra d ii  can then be in se rted  in to  the K ap u s tin sk ii/ïa ts im irsk ii 

equation to obtain  the l a t t i c e  energy for another s a l t  o r se rie s  

o f s a l ts  containing th is  anion.

This method can be used in  a sim ila r manner to obtain  the 

radius o f a complex ca tio n , by considering two s a l ts  with a common 

ca tion . This method has been used in  Section 5 to obtain the 

* thermo chemical* ra d ii  o f the methyl- and e th y l-  su b stitu ted  

ammonium io n s. The above equations can also  be used to obtain  

the standard hea t o f formation o f  a complex gaseous ion, e .g .

AH,,®(C10/“,g ) ,  assuming a l l  the io n ic  ra d ii  are known. L a ttic e  
^ 4

energies ca lcu la ted  v ia  the K ap u s tin sk ii/ïa ts im irsk ii equation, 

fo r the alky l su b stitu ted  ammonium s a l ts ,  are presented in  

Section 5*

The l a t t i c e  en thalp ies o f  ammonium h alid es  have been used 

to obtain the proton a f f in i ty  o f gaseous ammonia (Grimm, 1927). 

Consider ammonium chloride as an example

NH^Cl (c) = m *  (g) + C l- (g) . . . .

NHI/■ (g) = SH, (g) + H* (g)
4
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where P i s  the proton a f f in i ty .

Thus °  «= AHj® (NH^+.g) + & H ^°(cr,g ) -

and P = AH^®(NH^,g) + &H^°(H+,g) -  &H^*(NH/,g) /

adding and rearranging .

P = &a^"(NH^,g) + AHj,®(H^g) + A H^” (C l-,g ) -  -  A H^°(NH^C1, c)

Waddington, 1959# suggests th a t th is  method could be extended to 

obtain  the proton a f f in i t i e s  o f alky l su b stitu ted  amines, provided 

th a t th e ir  l a t t i c e  en thalp ies were known. The data determined aid 

co rre la ted  in  the p resen t work make such determ inations possib le  

and they ore considered fu rth e r in  Section 5*

Ic  Polvmmrq&lpn in  Alkyl Ammonium S a lts

The polymorphic phaxe changes which occur in  ammonium halides 

have been summarised by Stammler, 196?# and are reported  in  tab le  1 .4  

(Phase IV denotes the lo%rest temperature forms). The phase I I I  to 

phase I I  tra n s itio n  i s  thought to be due to the onset o f o r ie n ta tio n a l 

d iso rder (*order-d isorder*) o f the ammonium ca tio n s. This concept 

was introduced by Frenkel in  1935 and i s  supported by Levy and 

Peterson, 1953# the b asis  o f neutron d if fra c tio n  experiments.

The l a t t e r  authors also propose th a t the phase I I  to phase I  tra n s itio n  

are due to  the onset o f ro ta tio n  o f  the NĤ *̂  ion .
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M ueller and J o e b s t l ,  1965# have l in e a r ly  r e la te d  the t r a n s it io n
i

tem peratures o f  m onovalent in organ ic  a z id e s  to  the c a t io n ic  r a d ii  

o f  Tl**”, Ph^ and Ca^. They rep o rt th a t as the c a t io n ic  rad iu s
* . / b ■

in c r e a s e s , the t r a n s it io n  tem perature d e c re a ses . The tr a n s it io n s  

in  th e se  compounds have been in te r p r e te d  a s being  o f  the "order*

disorder" type w ith  r e sp e c t  to  the o r ie n ta t io n  o f  the a z id e  io n s .
'

The tr a n s it io n  tem peratures fo r  phase I I I  td  phase I I  in  the  

ammonium h a lid e s  a lso  d ecrease w ith in c r e a s in g  a n io n ic  ra d iu s .

However, t h i s  decrease i s  n ot l in e a r  ( Stammler, 1 9 6 5 ). Stammler . 

a lso  r ep o r ts  se v e r a l o th er  tren d s from the data in  ta b le  4 .1 .

a) The phase II  to  phase I t r a n s it io n  tem peratures are more 

s e n s i t iv e  to  changes in  a n io n ic  ra d iu s  than th ose  o f  

phase I I I  to  phase I I .

b) The phase I I  to  phase I t r a n s it io n  tem peratures drop more 

s te e p ly  from HH^Br to  KH Î than from BH^Cl to KH^Br. T his  

trend i s  rev ersed  when co n sid er in g  the phase I I I  to  phase I I  

t r a n s i t io n s .

c) The d if fe r e n c e  in  the phase II  to  phase I and the phase I I I  

to  phase I I  tr a n s it io n  tem peratures f a l l s  from 215*C fo r  

RH^Cl to  24°C fo r  HH^I.

Stammler e x p la in s  th ese  tren d s in  terms o f  the changes in  the  

c r y s ta l  c e l l  param eters fo r  the d if f e r e n t  ph ases.

J:'
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Polymorohism among a lk y l-  su b s titu ted  ammonium s a l ts  was 

f i r ^ t  reported  by Hendricks, 193^ and Southard e t  a l ,  1932» for 

n -eay l ammonium ch lo ride . The so e c if ic  h ea t v s. temoerature 4

graph fo r th is  compound shows the ex istence o f  two phase changes 

( a t  222^ and ?46®K) • Rapid quenching o f the sample p r io r  to j

determining the sp ec if ic  h ea t values re su lted  in  a g rea te r 

magnitude fo r the 222®K (-51®C) peak. Storage o f  the sample 

a t  low tem peratures caused mn increase  in  magnitude o f the 

246^K (-27^C) peak. These phenomena were in te ro re te d  as the 

co-existence o f the two phases, i . e .  hybrid c ry s ta ls .  A sim ila r 

observation has been reported fo r a lk a li  n i t r a te s  (Kennedy e t  e l ,

1953).

S pecific  h ea t s tud ies have revealed tra n s itio n s  a t  220° and 

264°K for methyl ammonium chloride (Aston and Ziemer, 1946) and 

210° and 242^K fo r n-penty l ammonium chloride (Southard e t  e l ,

1932) .

T«au end Gilson, I 968, , have reported  the phase transform ations 

o f a lky l ammonium chlorides and bromides from to using 

D iffe re n tia l Scanning Calorimetry’'. These authors confirm the 

above tra n s itio n ^  fo r methyl and n-nenty l ammonium ch lo rides.

Two tra n s i tio n s  were observed fo r the ch lo rides o f the C  ̂ and 

C  ̂ to Cg amines and fo r a l l  bromides except those o f  the C  ̂ and 

Pg to Cg amines. The ch lorides o f  Ĉ  and C^  ̂ to C^g amines

m

i



and Cy Find Cg mmonlnm bromides showed th ree thermal tra n s i t io n s .

No tra n s itio n s  were reported fo r ethy l cjamonium chloride and tlie

bromides o f the C_ and Cq amines both had a s ing le  tra n s i t io n .p o
Tsau and Gilson* s r e s u lts  are summarised in  F ig . 1 .2  and Fig. I .3  

where h i ^  and low tra n s i tio n  temperatures are p lo tte d  vs. carbon 

number. The broken l in e s  provide con tinu ity  in  regions where 

no tra n s itio n  tem peratures are reported . Several fea tu res can 

be noted from these graphs,

1) High temperature phase tra n s i tio n s  increase  almost l in e a r ly  

for Cy -  alkylamine ch lorides (C^q i s  an exception) and

fo r the Cg -  alkylamine bromides, ^

2) There i s  a sharp increase  in  the high temperature tra n s i t io n s  

from to Cy amine ch lo rides and -  Cg amine bromides,

3) The iow-temoerature tra n s i tio n s  above a l te r  in  a * zig-zag*

p a tte rn  which i s  almost id e n tic a l fo r the bromides and 

ch lo rid es.

Tsau and Gilson attem pt to genera lise  these phase tra n s i tio n s  by 

assuming th a t the low-temperature phases are monoclinic and the 

high te a  ern tu re  phases are te trag o n a l. This g en era lisa tio n  does 

no t seem to be ju s t i f ie d  ( they account fo r th ree  phases) since 

the m ajority  o f compounds have four polymorphic ohases. Their 

work i s ,  however, s t i l l  in  progress and they hope to o b tsin  the
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X-ray d if f ra c tio n  p a tte rn s  o f  thepe comoomds in  order to e lucida te  

the nature o f  the polymorphic ohases. In s u f f ic ie n t  data were 

recorded to enable any conclusions to be dramn from the e n th ^ o ie s  

o f tra n s itio n  or fusion. . ' \ .

Stammler, I 967, rep o rts  the tra n s itio n s  o f a se rie s  o f  methyl* 

su b s titu ted  ammonium ch lo rides, Me^^NH^^Cl, where n = 1 -4 .

Stammlers r e s u l ts  are presented graph ically  in  P ig . 1 .4 , where 

tra n s itio n  temperatures are p lo tted  aga in st the number o f  methyl 

groups. The following fea tu res can be noted from th is  graph.

1) A m elting ooin t minimum for dimethyl nmmonium ch lo ride .

2) A tra n s i t io n  temperature minimum fo r phase I I I  to phase I I  

and phase I I  to pha^e I  a t  monomethyl ammoni’jm ch loride .

3) Only one tra n s itio n  temperature fo r t r i -  and te  trame thy l 

ammonium ch lo rides.

Stammler*s tra n s itio n  temperatures fo r methyl ammonium chloride 

are in  agreement with those mentioned e a r l ie r  (Aston and Ziemer, 

1946; Tsau and Gilson, I 968) and h is  X-ray d iffra c tio n  p a tte rn  

confirms th a t  ohase I  i s  te tragonal (Hendricks, I 9P8) . Stamaler, 

however, suggests c e ll  parameters d if fe re n t from those reported 

by Hendricks, Stammlei*? re s u lts  include ever e l re f le c tio n s  which 

were no t reported  by Hendricks,
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The X-ray d if fra c tio n  p a tte rn  a t  -13^C in d ic a te s  the formation 

o f a xecond phase w ithin the te tragonal l a t t i c e ,  and as the température 

i s  lowered the d if fra c tio n  p a tte rn  changes, showing th a t the te t r a 

gonal symmetry i s  destroyed. Belov -50^C the d if fra c tio n  pa tte rn  

changes again and th is  phase change is  reported  as an * order-diaorder* 

tra n s i t io n .

The two phase tra n s itio n s  fo r dimethyl amm nium ch loride are 

confirmed by X-ray d if fra c tio n  stud ies; howerer, Stammler only 

in te rp re ts  the d if f ra c tio n  p a tte rn  fo r phase I  (hexagonal).

F ig . 1 .4  in d ica tes  th a t there are only two polymorphic phases

for trim ethyl ammonium chloride between - I 50® and ?75°C (m elting _ j
^  -

po in t, with decomoosition) • X-ray d if f ra c tio n  stud ies confirm 

th is .  Stemmier rep o rts  th a t phase I  i s  te tragonal and th a t  

phase I I  i s  probably ortiiorhombic.

The room te a :e re tu re  m odification (te tragonal) o f  tetram ethyl 

ammonium chloride i s  in  agreement with th a t  reported by Wyckoff,

19^3* The s tru c tu re  o f th is  phase i s  re la ted  to phosphonium iodide 

in  th a t the te trsH edral cations occupy the PH  ̂ p o sitio n s which ' ^

form a body-centred l a t t i c e .  The ch loride ion? f i t  in to  the %

in te r s t l . i l  ‘holes* in  th is  l a t t i c e .  The high temperature

m odification o f tetram ethyl ammonium chloride was no t reported  j

by Stammler due to instrum entsl d i f f i c u l t ie s .
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St-mmler e t  a l ,  1966, also  rep o rt the thermal tra n s i t io n s  o f 

m eth y l-su b stitu ted  ammonium p erch lo ra te s . These are compared 

and discussed with the data obtained in  the o resen t work in  

Section 5«

Id  Decomposition o f Ammonium and Amlni S a lts

I .  Ammonium P erch lo rate

The thermal decomuosition o f  ammonium perch lo ra te  has been 

ex tensively  documented in  the p as t few years (H all and Peamson,

1967* Jacobs and Whitehead, 1969; Keenan' ?nd Siegamnd, 1969) .

An o u tlin e  o f the p resen t s ta te  o f  knowledge o f  ammonium p erch lo ra te  

decomTX>eltlon i s  presented below.

Ammonium p erch lo ra te  i s  s tab le  a t  room tem perature but 

decomposes a t  mearureable ra te s  a t  tem peratures above IÇO^C. The 

decomposition orocesses can be divided in to  th ree  reg ions, low and 

h i ^  tem perature deoomoosition and combustion.

a) Low temperature décomposition

The low temperature decomposition occurs below 300^C a t  atmos

pheric p ressu re . I t  i s  an auto c a ta ly tic  reac tio n  which ceases 

wtien J?8-30,o o f  the sample has decomposed. The residue i s  qu ite  

? ta b le  a t  these tem perature?, un less i t  i s  rejuvenated  by sublim

ation  o r recry  i ta l l l s a t io n  (Bircumshaw and Newman, I 955 & and

1955 b ) .
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The ^ i r s t  d e ta ile d  analyser, o f  the decomposition products were 

published in  a se r ie s  o f  papers by Dode (Dode, 1934, 1938 a and

1938 b ) . He found, however, th a t the stoichiom etry o f the

decomposition could n o t be presented adequately by any s in g le  

equation. Thus the equation proposed by Dode i s  a g en e ra lisa tio n  

o f the o v e ra ll product d is tr ib u tio n .

4 NH^CIO  ̂ = PClg + ai^O + lOp + ftîpO

H ell end ? e a r ‘̂ on, 1967, reo o rt th a t an experim ental enthalpy 

o f the low tem perature (below 300^0) decomposition o f sjumonium 

perch lora te  i s  -40,9  t  -*3 Kcal.mole"^ and they conclude th a t  

the decomposition occurs by two possib le  reac tio n s fo r which 

the standard beets o f formation a t  298^  r re  Ciidculated.

4NH^C10  ̂ = ?C1^ + 2N^0 + jp* + 8H^0

iH  = - 35.4  Kcal.mole-1 

and 5SH4CIO4 = Clg + + 20 + «1,0

6 H = - 45.2  Kcal.mole"^.

b) High temperature decomposition

At tem peratures above ?50°C, where the h i ^  temperature 

decomposition occurs, the decomposition goes to  completion. Dode 

( 1934» 1938 a and 1938 b) proposed the equation.

aiH^ClO^ = Clg + 2S0 + Og + 4HjO
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for the decomposition above 350°C, to account fo r the major 

decomposition products. The r e s u l ts  o f Bircumshaw .end Newaen,

1955 a and 1955 b confirm the above equation.

c) Combustion
oAt tem peratures above 440 to 45O C ammonium p erch lo ra te  

exolodes o r d e f la g ra te s . E scales, I 9IO, proposed the equation

4NH^C10- = 4HC1 + ^ 9  t  50,, + 6a.,0 4 4  c

fo r ammonium perch lo ra te  exolosion in  a closed •x>ab.

Mechini m of decomposition

There are th ree  possib le  rou tes by which ammonium p erch lo ra te  

could decompose;

i )  Proton tra n s fe r  

m^ClO^ -  NHj t  HCIO^

This could also  be a rev e rs ib le  process co n tro llin g  the sublim ation.

i i )  E lectron tra n s fe r  between anion and cation

= NH* + 010'^

i i i )  D&comoosition o f  the anion. This appears to be the pxsocess 

by which lith ium  and potassium perch lo ra tes decompose to 

give ch lo rides as p r ducts.
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Dircuanhaw and Newman conclude th a t ,  since the proton tra n s fe r  

step i s  the b a s is  o f  the ammonium p erch lo ra te  sublim ation, i t  i s  

um likely to be the f i r s t  step in  the low tem perature decomposition 

They propose th a t  the h l ^  temperature decomposition i s  via. perch lo ra te  

ion decomposition, ' ince the decomposition occurs in  a comparable 

temperature range to th a t  o f lith ium  and potassium p e rch lo ra te s .

They account fo r the low tem perature decomoo s i tlo n  by e lec tro n  

tra n s fe r  between the rmion and an i n t e r s t i t i a l  rjimonium ca tion , 

with the sub "sequent d isso c ia tio n  o f the ammoniim rad ic a l

C l O f  + = CIO  ̂ +

NH4 = + H‘

followed by e lec tro n  tra n s fe r

CIO4 + C10^“----> CIO^- + CIO^

or chain term ination

H' 4- CIO4 = HCIO^

A hydrogen atom ecu also  r e s e t  with p erch lo ric  acid , thus 

H‘ t  HCIO  ̂ = Ĥ O + CIO7

The CIO^ ra d ic a ls  a c t as e lec tron  trap s  and hence enhance the 

decomoositlon. The e lec tron  tra n s fe r  process

CIO" 4 CIO  -----  ̂ CIO -  t  CIO.4 4 4 4
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w ill even tually  produce a CIO  ̂ ra d ic a l on* the surface which can

then decompose* The p o in t on the ?u rf?ce where the CIO^ rad ic a l

has been formed end decomposed has lo s t  an e lec tron  and must ' ' -

th e re fo re  have a r e s u lta n t  p o s itiv e  charge. This excess

p o s itiv e  charge can be removed e ith e r  by m  e lec tro n  from the

c ry r ta l  in te r io r  o r the m igration o f a ion from a nearby

l a t t i c e  s i t e .  This NH.'*’ ion can then take p a r t  in  an e lec tron4
tra n s fe r  reac tio n  in  the nsi^bourhood  o f the decomposition s i t e .  

Continuation o f  the process gives r is e  to a decomposition cen tre . 

The decomposition process d isorganizes the c ry s ta l l a t t i c e  and 

allows the sublim ation process to in c rease  because o f  increased  

surface zrea* Both the decomposition and the zublimstion 

orocessea comoete fo r  perch lo ra te  ions on the su rface . The low 

temperature decomposition i s  thought to cease a t  because the 

sublim ation orecess i s  proceeding more rap id ly  than the decom- 

oosition  process.

Micro cinematography (Rayevskiy and M anelis, I 963) and 

catalysed  decomposition stu d ies (Solymosi end Krix, 1962; Gslweya 

snd Jacobs, 1959 *)Rd I 96O; Vemeker end May cock, I 967) support r r
the e lec tro n  tra n s fe r  mechanism. V .

Jacobs and R ussell-Jones, I 967 'uid I 968 rep o rt th s t  the energies 

o f  a c tiv r tio n  o f the low temperature decomposition, the high

-  1
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a

temperature decomposition end the sublimation process were the 

same. This suggested a common rate-determ ining  step fo r a l l  

processes and a u n ified  mechanism fo r the decomposition, 

represented by

(c) * = ^  HH, (s) + HCIO4 ( « ) ------- » products

sublimate --------  NH.̂  (g) + HCIO  ̂ ( g )  » products

((&) represen ts an absorbed soecies)

In con trad iction  to the re s u lts  o f Bircumshaw and Newman,

Jacobs end Russell-Jones oropose th-.t the fundamental step i s  

proton tra n s fe r . Tliis re su lts  in  absorbed anunonia nd

perch loric  acid on the surface o f the c ry s ta l. I t  i s  thought

th a t the low temperature decomposition reaction  i s  In i t ia te d  on 

the c ry s ta l surface, although i t  mcy be completed in  the gas 

phase. Since the reaction  i s  catalysed  by p erch lo ric  sc id  and 

retarded by ammonia, i t  was proposed by Dfvis e t  a l ,  I 967,  th a t 

the low temperature decomoo?ition oroceeds v ia  a bi-m clecular 

reaction  between absorbed perch lo ric  acid molecules.

2HCIO4 (a) = Ĥ O (g) + CIO  ̂ (g) 4 CIO' (g)

The unstable chlorine oxide ra d ic a ls  rap id ly  decompose to y ie ld  

oxygen red ica ls  and CIO rad ic a ls  which ox id ise the ammonia. Further

d e ta ils  o f the oxidation are a m atter o f  conjecture.
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I f  the oxidation o f cmmonia proceeds with le s s  than 100% 

effic ien cy , then there w ill be an accumulation o f  ammonia on 

the c ry s ta l surface. The presence o f ammonia re ta rd s  the 

decomposition and th is  may be the reason fo r the fa ilu re  o f the 

low temperature decomposition mechanism a f te r  decomposition. 

Raising the temperature causes the desorotion o f the ammonia 

and hence the decomposition reaction  can proceed. Decomposition 

any occur in the gns phase i f  the desorbed species do no t d iffu se  

raold ly  from the c ry s ta l . I f  rapid  diffu-^lon does take o lece, 

then the sublimation process can occur.

I I .  Ammonium N itra te

The thermal decomposition o f ammonium n i t r a te  has been the 

subject o f zeveral In v estig a tio n s (Brent, 1952; Kood and Wise, 

1954; Foick and Hainer, 19?4; Cawthon and Taylor, 1954 a ) .

Ammonium n i t r a te  decomposes between i t s  m elting point 

(170^0) and to ^ v e  mainly n itro u s  o :ld e , water and small

amounts o f n itrogen . In  the temperature range JOO  ̂ -  350°C, 

the decomposition becomes explosive -nd the product composition 

changes to favour N^, NO and NO .̂

Cawthon and Taylor, 1954 a, summarise th e ir  stud ies by 

proposing the following mechanirm. The i n i t i a l  reac tio n , which 

takes place in  the ammonium n i t r a te  m elt, i s  proton tran sfe r

"  0 m m’=ft i " !t
ri4

HH "̂ NO" = NH + HNO
4 3 3 ;
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Two moles o f n i t r i c  acid then reac t to give a hydrated nitronium 

ion and a n i t r a te  Ion

2HN0  ̂ = + NO '̂

The reac tion  up to th is  stage i s  sim ilar to th a t proposed by 

Jacobs and R ussell-Jones, 19^7 and 1963, for ammonium p erch lo ra te . 

The hydrated nitrcnium  ions rea c t with the ammonia, thus

H
\  ' 

H— *

/
H

0 H
/

N — 0  -

/  \
H

H
\

H— ,H
/

H

- -N"*“ -  -  -  0
/

H

H 0
\  / '

/  ^  
H 0

\
H

M

This reac tion  i s  assumed to be the ra te  co n tro llin g  sten . The 

n i tram ide then rap id ly  decomposes to give the observed products.

4- =  N^O 4* HpO 4- HKO^

The o v era ll decomposition o f ammonî im n i t r a te  i s  suaaarissd  by the 

equation

NH^NO^ «  NgO 4- 2R ^0
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I I I ,  Amine N ltra tez

Two reo o rts  have appeared on the k in e tic s  and decomposition 

o f amine n i t r a te  compounds. Robertson, 1948, stud ied  the thermal 

decoiaoosition o f ethy}.enediamine d in i t r a te  and ammonium n i t r a te ,  

along with p en tae ry tlirito l te t r a n i t r a te  and n itro g ly c e rin .

He rep o rts  th a t  Whylenediamine d in i t ra te  deconaoses a u to c a ta ly tic a lly  

in  the temperature rrjige -  350^0, Ethylenediamine d in i t ra te

i s  also in te re s tin g  in  th a t i f  forms a eu tec tic  mixture with 

ammonium n i t r a te  a t  100°C (Camobell and Campbell, 1947).

Cawthon : nd Taylor, 1954 b, s e t out to form ilate  a generel 

mechsnizm which could be uzed to in  tern  r e t  the decomposition o f 

primary a lip h a tic  amine n i t r a te s .  Their work involved e study 

of the decomposition products o f  methyl amnoniiia n i t r a te ,  isobu ty l 

ammonium n i t r a te ,  te r t ia r y  buty l ammonium n i t r a t e ,  tr if lu o ro e th y l 

fjnmonium n i t r a te  and dimethyl fjamonium n i t r a te .  Their decompo

s itio n  réac tio n s, which are i n i t i a l l y  sim ilar to mmoniim n i t r a te  

decomposition reac tio n s, are ou tlined  below for methyl ammonium 

n i t r a te .

—CHJIH, N0_ = + HNO_
: 3 i  ^ 3

2®fO  ̂ = ’

H — 'H
0V 0

/

H
/

0
/ ~ \

“ 3 . /
H  N N+

/  \  
H 0

+ HgO
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At th is  stage there are two possib le  paths by uriiich the n i tramine 

can rap id ly  decompose. The f i r s t  i s  the normal a lip h a tic  n i tramine 

decomposition to give n itro u s oxide

I  y  "  ̂ /
H— N IT N =  N + H

/  -^ 0 \
H 0

This reaction  ie  ihe ra te  determining step

CH_ OH
\  ̂ /  +

35 3 3 2 r  7 .
0

C H ^ ^ H  = + HpO

4- =  C H ^N O g

The ne t reac tion  according to th is  route i s  given by

2 C H ^ m .^ 0 7  =  C U ^N O g  4- 4- M^O +  2H ^0

In the general case, i f  the carbonium ien has a hydrogai atom on 

i t s  aloha-carbon atom, then an o le fin  w ill be observed in  the 

decomposition products.

This decomposition scheme does no t account fo r the observed 

products zince more n itrogen  than n itro u s  oxide i s  formed. The

*
other decomposition path, however, accounts fo r th is .



1̂ 0

0 
//

C H .—  N — N . =  C H ^  +  NOg 

0"
J

GH_^ > CHgNH > n o n -v o la tile  products

+
N O ," * = »  HpNOj 

RNSg

+  +
C H ^ j ,  +  H pH O j =  C H ^ g  -  N =  0  +  HgO

C H JIH „ -  H =  0  =  +  H ,  +  H ,0

IV. Aiaine Perchlor*:tes

G uillory end King, 1969, have recen tly  studied the thermal 

decomposition o f methyl- su b stitu ted  cjmonlum perch lo ra tes using 

mass spectrometry. They prooose th a t tJiese amine oeréh lo ra tes 

decompose p rin c ip a lly  v ia  proton tra n s fe r

^ 4 - n  ^^^4 "  (n= 1-3)

Mack and Vilmot, l9o7, also propose th a t proton tra n s fe r  i s  the 

f i r s t  step in  the decomposition o f hydroxylsmine and hydrazine 

perciilors.tes. The‘thermal decomposition o f hydroxyl amine end 

hydrazine perch lo ra tes has b e ^  studied in  some d e ta il  and i t  i s  

ou tlined  b r ie f ly  below.



a) Hydroxylamlne perch lo ra te  t i \  ,  ̂ q

The thermal decomposition o f i th is  comrjound was studied by 

Grelecki and Cruice, 1966, in  the range 1 ^ °  - 1 5 0 ° .  They 

showed tlia t the decomposition approximated to

14 AÎĤ pHClÔ  = 7 NpO + 2C1^ + 10 HCIO  ̂ + 2J, Ĥ O

Mack and V/ilmot, 196?, s i^p o rt Grelecki and Cruice*s p rood cl tion 

th a t the i n i t i a l  step in  the deconporttion was v ia  proton tran?fer«

b) Hydrazine monoperchlorate

The thermal décomposition o f th is  compound har been studied

by Hermoni and Salmon, 1964, and Grelecki and Cruice, I 966, in  the
i

region 1 4 0 ° -  ?3^°C. These worker? pro00 e th a t the decomposition 

mechnnizm begins with proton tra n s fe r

NnHrOlO  ̂ = + HCIO4

' t  
' 's

HCIO  ̂ = HO* 4 CIO,

followed t>y the decomposition o f  the p erch lo ric  acid in to  rad ic a ls

rIv ^

There ra d ic a ls  then re a c t with undecomposed hydrazine monoporchldrate
./ ■ I V

..!r
HO'4 NpH^ClO  ̂ = HgO 4 NH4 CIO4  4

ClO  ̂ + 7 NgH^ClO  ̂ = 3 3 gO + 6 NH4CIO4 + ^  Mg + MĤ C1 ,+ H

r  '



Tne?6 reac tion? can be summarised by the o v era ll equation 

8 N^H^C104 = 7 NH^CIO  ̂ + NH4CI 4 4 Ng 4 4 Ĥ O

f

c) Hydrazine d iperch lora te

The thermel decomposition was studied by Grelecki and Cruice,

1966, in  the range 100° -  150°C. The decomposition oroducts were 

analysed by mass spectrom etiy. The authors proposed the equation

12 NgHg (C104>g = 4 mi^C104 4 12 HCIO4 4 22 Ĥ O 4 10 N- 4 5 Og 4 4 Clg

to account for the decomposition products. During the ea rly  stages 

of decomposition, only p erch lo ric  acid  was detected , and so the 

i n i t i a l  docomiDozltion step wac thought to be

N.Hg( 010^)2 = + HCIO^

As in  the case o f hydrazine monoperchlorate, the perch lo ric  acid  

can decompose in to  radicals^which cnn then re a c t with tlie remaining 

hydrazine d iner ch lo ra te  or the formed hydre^mire monoperchlorate#

The thermal decompositions ou tlined  above fo r the non-metal l i e  

perch lo ra tes and n i t r a te s  a s s is t  con iderab ly  in  form ulating decompo

s it io n  paths for assessing  the p ro p ellan t p o te n tia l o f the alky l 

ammonium perch lorates and n i t r a te s  (Section 5) .
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SECTION 2

The m ajo rity  o f chem icals used in  th i s  work, u n less  s ta te d ,
* ' . 

were supplied  by E.D.E. Chemicals L td . They were p u r if ie d  before

use by d i s t i l l a t i o n  or r e e r y s ta l l i s a t io n .  T etrabu ty l end

te tra p ro p y l ammonium bromides were supp lied  by Eastman Kodak L td .

The term p e rch lo ric  ac id  in  th is  work r e f e r s  to 12} AnaleR

p erch lo ric  a c id , by w eight, in  w ater.

The p u rity  o f the amine p e rch lo ra te  samples was found by 

ch lo rin e  a n a ly s is . This was e ffe c te d  by fu sing  the  p e rch lo ra te  

compound fo r  f iv e  minutes in  a n ick e l c ru c ib le  w ith anhydrous 

sodium carbonate. A p iece o f platinum  wire wac used as a c a ta ly s t  

(Schumacher, I960). This technique reduces the p e rch lo ra te  to 

c h lo rid e , which was determined using  a standard  a rg en tim e trie  

technique. T his a n a ly tic a l  procedure i s  accu ra te  to ^  0 .9 f ,

The presence of small q u a n t i t ie s  o f im p m ity , which are  chem ically 

s im ila r  to the compound under study, w ill not s ig n if ic a n t ly  a l t e r  

the hea t o f so lu tio n . The f ig u re  in  paren theses a f t e r  the 

percentage p u r ity  in d ic a te s  the number o f de term inations.

Elemental an a ly s is  was c a rr ie d  out by A. B ernhard t, Blbach 

uber Engelskirchen, Vest -  Germany.

The author acknowledges the r e c e ip t  o f specimen samples o f 

amine p e rch lo ra te s  and n i t r a t e s  from P ro f. fi, B eachell and 

Dr. G. Pearson.

-

f
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p ethy l jbmonlim P erch lo ra te

P e rch lo ric  acid  was n e u tra lis e d  w ith aqueous methylamine 

so lu tio n  (25-30?^) a t  0°C, using  hromothymol blue as an in d ic a to r .

A so lid  product was obtained by removing the  water on a ro ta ry  

evaporator. The product was tw ice r e c iy s te l l i s e d  from ethanol 

and d ried  a t  70°C and 0.2mm.Hg over P^O^. The p u rity  found by 

ch lo rid e  determ ination  was 9 6 .6^(3 ).

Analysis* C B N  Cl

C alcu lated  fo r  CH^KCIG  ̂ 9.13^ 4.60^ 10.6%^ 2 6 .9 0

Pound 9 . 3 9 : 4.69^ 10.77^ 2 6 .5 0

Dimethyl Ammonium P erch lo ra te

Dimethylamine gas (Hatheson Co. In c .)  was slowly passed in to  

p e rch lo ric  acid  a t  0°C using  bromothymal b lue as an in d ic a to r .

The product was obtained by evaporating  the so lu tio n  to dryness and 

r e c r y s ta l l is in g  tw ice from e th an o l. The sample was d ried  over P^O^ 

a t  60°C end 0 . 2mm.Hg. The p u rity  found by ch lo rid e  determ ination

was 96.5?

Analysis* C H K Cl

C alcu lated  fo r  CgHgKClO  ̂ 16.51?: 5.54JC 9 ,6 0  2 4 .3 0
Pound 16.64?k 5 .5 0  9 .5 0  2 3 .9 ^

Iso p ro p en o l/e th er (1*3) and b e n z o n ltr ile  were found, in  the course

o f fu r th e r  p rep a ra tio n s , to be b e t te r  r e c r y s ta l l i s in g  so lv en ts .

Trim ethyl Ammonium P erch lo ra te

P erch lo ric  ac id  was n e u tra lis e d  w ith aqueous trim ethy lamine

so lu tio n  (25Ŝ  w/v) a t  0°C using  bromothymol blue as an in d ic a to r .



The so lid  p roduct, e f t e r  evaporating  o f f  the w ater, was twice 

r e c ry s ta l l is e d  from isopropanol. The compound was d ried  a t  

80°C and 0.2mm.Hg over The p u rity  found by ch lo rid e

determ ination  was 9 9 .0 ( 2 ) .

Analysis*
I.-"' C H H Cl

C alcu lated  fo r  C^^^qCIO^ 2 2 .5 0 6.32?? 6.769? 22.22??

Pound 2 2 .6 0 6.4Tf £.99^ 22.00^

Tetram ethyl Ammonium P erch lo ra te

Tetram ethyl ammonium hydroxide so lu tio n  ( 2 0  in  water) was 

n e u tra lis e d  w ith p e rch lo ric  ac id  a t  0°C using  bromothymol b lue as 

an in d ic a to r . A co lo u rle ss  so lid  was p re c ip i ta te d , which was f i l t e r e d  

o f f  and twice r e c r y s ta l l i s e d  from w ater. The product was d ried  over 

anhydrous calcium su lphate a t  ambient tem perature and 0.5mm.fig.

The p u rity  found by ch lo rid e  determ ination  was 9 9 .0 ( 3 ) .

Analysis* C fi fi 01

C alcu lated  fo r  C^fi^gfiClO^ 2 7 .6 0  6 .9 0  8 .0 0  2 0 .4 0  

Pound 2 7 .7 0  7 .0 0  7 .6 0  2 0 .3 0

Ethyl Ammonium P erch lo ra te

Ethylamine so lu tio n  ( 7 0  in  water) was added dropwise to 

p e rch lo ric  ac id  a t  0°C u n t i l l  the r e s u l t in g  so lu tio n  was n e u tra l to  

bromothymol b lue . The so lid  product, ob ta ined  by evaporating  o f f  the 

w ater, was twice r e c r y s ta l l i s e d  from e th an o l, and d ried  over P^O^ 

a t  70°C end 0.1mm.fig. The p u rity  was found to  be 1 0 0 .0 (2 )  by 

ch lo rid e  determ ination .
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D tc th j l Ammonium Pcgohlorate

P erch lor ic  ac id  was slow ly o e u tr a lissd  by dlethylenlD S a t  

0°C using bromothymol blue as an indicator* Om evaporation to  

dry ness a se m i-so lid  product vas obtained , which was r e c r y s ta l l is e d  

from ethanol* A further r e o z y s ta l l is a t io n  gave a compound which 

was 101*if :(2) pure, by ch lorid e  determ ination, a f te r  drying a t  

70°C and 0* 2mm*Hg over PgO^*

A nalysis* 0 H V Cl

C alcu lated  fo r  Cl«Hi2K0104 2 7 * 6 0  6 # 9 0  8*07^ 20#4%^

Found 27*0^> 7*0 9 : 8# 1 0  20# 7 0

T rie th v l Ammonium Perch lorate

P erch lo r ic  ac id  was n eu tra lised , using bromothymol blue as an 

in d ica to r , w ith  tr ie th y lamine a t  0% and the so lu tio n  evaporated to 

dryness* The crude resid ue thus obtained was r e c r y s ta l l is e d  tw ice  

from ethanol and the c r y s ta l l in e  product was d ried  over P2O3 a t  

70OC and 0*2mm*Hg. The purity found by ch loride determ ination was 

100*l^-(3)

This wao prepared by n eu tra lis in g  te tr a e th y l amaonium hydroxide 

so lu tio n  ( 2^: in water) with perch loric  a c id  a t  0°C, using bromothymol 

blue as an indicator* Tho p u r if ic a t io n  was s im ila r  to  th a t described  

fo r  tetram ethyl ammonium perchlorate* The sample was f o u n d  to be 

99*0 ( 2) pure by ch loride analysis*
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P erch lo ric  ac id  vae slowly added to ethylenediam ice u n t i l  

the bromothymol blue in d ic a to r  shoved excess ac id  was p re se n t.

The so lu tio n  was evaporated to dryness and the re s id u e  was 

r e c ry s ta l l i s e d  twice from isopropanol. This procedure y ie ld s  the 

hem i-hydrate ( Stemmier e t  a l ,  1966). The anhydrous compound was 

obtained by drying a t  120°C fo r  16 hours and angly ses veré c a rr ie d  

out on th is  sample. C hloride determ ination  showed the  sample to 

be 9 9 .0 (2 )  pure.

A nalysis; 0 H fi 01

C alculated  fo r  CgH^^figCl^Og 9 .2 0  3.66?t 10.72^ 2 7 .W

Found 9 .3 0  4 .0 0  1 0 .6 0  2 7 .1 0

n-Fror>yl Ammonium P erch lo ra te

n-Propylamine was n e u tra lis e d  with p e rch lo ric  ac id  a t  0°C, 

using bromothymol b lue as an in d ic a to r ,  and the so lu tio n  evaporated 

to dryness. The re s id u e  was tw ice r e c r y s ta l l i s e d  from isopropanol 

and the product d ried  over anhydrous calcium su lphate a t  ambient 

tem perature and 0.5mm.fig. The p u r ity  found by ch lo rid e  determ ination  

.88  9 9 .^ ( 2 ) .

A nalysis C H N Cl

C alcu lated  fo r  C^Hj^KClO^ 22.59J? 6 .3 ^  8.78^ 22.22Jf 

Found 2 2 ,7 0  6 .4 0  b .9 0  2 2 ,1 0

T rl-n -p ro ry l Ammonium P erch lo ra te

T ri-n -p ro p y l emmonium p e rch lo ra te  was prepared in  a s im ila r  manner 

to n-propyl ammonium p e rc h lo ra te , from tri-n -p ropy lam ine  and p e rch lo ric
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ac id . A fte r two r e c r y s ta l l i s a t io n s  and d ry ing , the fo llow ing  

a n a ly tic a l data were ob tained .

Analysis* C H H  ̂ Cl

C alcu lated  fo r  CgH^gfiClO^ 44*30  9 .0 0  5 .7 0  1 4 .5 0  ’

Found 44.24^ 8 . 9 0  5 .6(0  1 4 .4 0

Dimethyl Ammonium Chloride

This compound was prepared by n e u tra l is in g  dimethylamine 

so lu tio n  (40% in  w ater) w ith concentrated  hydroch lo ric  ac id  

a t  0°C, using  bromothymol blue as an in d ic a to r . The sample was 

twice r e c r y s ta l l i s e d  from isopropanol and d ried  over anhydrous 

calcium su lphate a t  ambient tem perature end 0.5sn*Hg. The p u rity  

o f th i s  compound was found to  be 9 9 .0 ( 2 )  based on ch lo rid e  

determ ination . Handling o f th i s  compound was c a rr ie d  ou t in  a 

d ry -n itro g e n -f i l le d  glove-bag, in  view o f  i t s  hydroscopic n a tu re .

Dimethyl Ammonium Bromide

Dimethylamine so lu tio n  (40% in  water) was n e u tra lis e d  w ith 

hydrobromic acid  (48% aqueous) a t  O^C, u sing  bromothymol blue as 

an in d ic a to r . The s o lid  product, a f t e r  evapora ting  o f f  the w ater, 

was twice r e c r y s ta l l is e d  from ethanol and d ried  over anhydrous 

calcium sulphate a t  ambient tem perature and 0.5mm.Hg in  a 

d e s ic c a to r , m.p.l34*C, llt .l3 5 -1 3 4 °C  (H eilbron  e t  a l , .1965).

D iethyl Ammonium Bromide

This compound was prepared in  a s im ila r  manner to  dimethyl 

ammonium bromide, from d ie th y lamine and aqueous hydrobromic ac id .



The sample vas tv ic e  r e c r y s ta l l i s e d  from isopropanol befo re  

drying over anhydrous calcium su lphate  a t  ambient tem perature 

end 0.5mm.Hg* The p u r ity  was found to be 99.9^(2) using  a 

standard a rg en tim e trie  technique fo r  bromide determ ination .

Methyl Ammonium N itra te

Concentrated n i t r i c  ac id  was n e u tra lis e d  w ith aqueous 

methylamine so lu tio n  a t  O^C, using  bromothymol blue as an in d ica to r, 

The so lid  product, a f t e r  evaporating  o f f  the w ater, was tw ice 

r e c ry s ta l l i s e d  from ethanol and d ried  a t  ambient tem perature and 

0.2mm.Hg over P_0_.ZD . . .

Analysis^ C H B

C alcu lated  fo r  12.77^ 6.43^ 29.78^

Pound 13.01^ 6.46^ 29.61?:

Trim ethyl Ammonium K itrg te

The p rep a ra tio n , from aqueous trioe thy lam ine  so lu tio n  and 

concentrated  n i t r i c  a c id , and p u r if ic a t io n  were s im ila r  to  those 

described  fo r methyl ammonium n itra te *

Analysis* C B N

C alcu lated  fo r 29.50^ B.2%  22.93K

Pound 29.70?: 6.22^ 22.79^

T r i(u - to ly 1)me theno1 (Mothwurf, 1904)

p-Bromotoluene (54g# 0*316 mole) and magnesium tu rn in g s 

(8 .5 g , 0.354 mole) were used to form p - to ly l  magnesium bromide 

(Kewman and Deno, 1951) in  ûxy e th e r  as solvent* Methyl p#.toluate 

(20*5gf 0.137 m ole), in  dry e th e r ,  was slowly added to  the Grignard
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complex end the m ixture re flu x ed  fo r  30 min. The r e s u l t in g  so lu tio n  

was hydrolysed w ith d i lu te  hydrochloric  ac id  and the e th e r ia l  la y e r  

separated . Steam d i s t i l l a t i o n  o f the e th e r ia l  la y e r  re s u lte d  in  an 

orange o ily  re s id u e . C ry sta ls  were obtained from the o i l  by 

r e c r y s ta l l i s in g  from 60®- 60® petroleum  e th e r . A fu i th e r  

r e c r y s ta l l i s a t io n  gave c o lo u rle ss  c ry s ta ls  (20g, 4 ^  based on 

T-bromotoluene), m,p,92®C, l i t . 97^0 (Davis e t  a l ,  1956) and 94^- 96®C 

(Gatske and S tew art, 1961). t

Analysis* C H

C alcu lated  fo r  CggH^gO 87.42SC 7.29?

Pound 87.29? 7.28?

T g j ( to ly l ) m e th y l  Chloride (Davis e t  a l ,  1956)

T r i (p -to ly l)m ethano l (lOg, 0 .033 mole) was re flu x ed  fo r  20 mins. 

with a c e ty l ch lo rid e  (7ml, 7 .7 g , 0.098 mole) in  60®- 80® petroleum  

e th e r (40ml). The product deposited  on coo ling  and was r e c r y s ta l l i s e d  

from 60®- 60® petroleum  e th e r . The r e s u l t in g  c ry s ta ls  o f t r i ( p - to ly l ) -  

methyl ch lo rid e  (7 .5 g , 70? based on tr i(p - to ly l)m e th a n o l)  were 

s l ig h tly  yellow , m.p.l71*C, l i t . 171®- 172®C (Marvel e t  e l ,  1939).

T r i(n - to ly l)m e th \l P erch lo ra te  (Longworth and Mason, 1966)

T ri(p -to ly l)m e th y l ch lo ride  (7 .5 g , 0.023 mole) in  dichiorom ethane 

(25ml) and n i tromethane (2ml) was re flu x ed  w ith s i lv e r  p e rch lo ra te  

(7 .5g , 0.036 mole) fo r  20 mins. The s i lv e r  p e rch lo ra te  was d ried  

a t  120®C fo r  2 h rs . p r io r  to use . The re a c tio n  m ixture was 

f i l t e r e d  to  remove s i lv e r  ch lo rid e  and then evaporated
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to dryness. The re s id u e  was r e c r y s ta l l is e d  from a c e to n i t r i le  

to give green c ry s ta ls  ( l .5 g ,  17? based on tr i(p - to ly l)m e th y l 

c h lo rid e ), ra.p.l69®- 170®C, lit.l87® C  (Comberg end Cone, 1909).

The p u rity  wes determined by reducing the p e rch lo ra te  to ch lo rid e  

Kith sodium peroxide (m icro an e ly tice l grade) in  a P a rr bomb. The 

ch lo ride  can then be determined by a standard  a rg en tim e tric  

technique. The p u r ity  of the sample was found to be 99 .9?{6).

Tri(p-nitror.hen.vl)m e thane (Montagne, 1905)

Triphenylmethane (90g, 0.368 mole) was slowly added to  s t i r r e d  

fuming n i t r i c  acid  a t  -65®C. A fte r  the a d d itio n , the m ixture was 

vigorously s t i r r e d  and allowed to reach room tem perature. The 

reac tio n  mixture was poured in to  3 1. o f ic e  and w ater, and the 

p re c ip i ta te  f i l t e r e d  o f f .  The p re c ip i ta te  was bo iled  w ith g la c ia l  

a c e tic  ac id , to remove p a r t i a l ly  n i t r a te d  p roducts , and f i l t e r e d  h o t.

The residue  was r e c ry s ta l l is e d  from to luene to y ie ld  a co lo u rle ss  

product, (70g, 50? based on tripheny lm ethane), m.p.204®C, lit.206®C 

(Schwarts, 1909).

7 r  i  ( r -n  i  t  ro t: heny 1 ) me theno 1 (F isch er and F isch e r, 1676)

T ri(p-n itrophenyl)m ethane (94g, 0.248 mole) in  g la c ia l  a c e tic  

acid (l500ml) was heated to 50®C and Chromium(lll) tr io x id e  (60g,

0.800 mole) was s t i r r e d  in . The ox ida tion  was allowed to continue a t  

50®C fo r  1 h r . ,  then stopped by pouring in to  3 i 1. o f ic e  and w ater.

The p re c ip i ta te  was f i l t e r e d  o f f  and r e c r y s ta l l i s e d  from g la c ia l

a c e tic  ac id  to give the f in a l  product (72g, 73?̂  based on

tri(p -n itro p h en y l)m e th an e), m.p.l78®C, l i t . 160®- 183®C (Hawthorne,1955).
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A nalysis: C H M

C alculated  fo r 57.72? 3.29? 10.63^

Found 57.76? 3.28? 10.56?,

T r i( r -n i tro rh e n y l)methyl Chloride (Bosshard e t  e l ,  1959)

T ri(p-n itrophenyl)m ethanol (5g, 0.012 mole) vas refluxed  with 

th ionyl ch lo rid e  (45ml) and dimethylformamide (im l) fo r  4 h rs .

The re a c tio n  m ixture vas poured onto ic e  (31) and f i l t e r e d . .  The 

residue was tw ice r e c ry s ta l l is e d  from to luene to give the f in a l  

product (3 .6 g , 76? based on tr i(p -n itro p h en y l)m eth an o l)m .p .2 0 0 ® C , 

l i t . 196®- 19B®C (from benzene) or 208®C (from ace to n e )(Pat a i  and 

Zabricky, 1961).

A nalysis: C H B Cl

C alculated  fo r C^gR^gB^O^Cl 55.13? 2.90? 10.15? 6.59?

Found 55.26? 3.09^ 10.00? 8.41?

The method described above gives a considerably  improved y ie ld  

compared with th a t  o f P a ta i end Zabricky, 1961 (20?').

Reaction of T ri(r-n itro u h en y l)m eth v l Chloride w ith s i lv e r  p e rch lo ra te  

T ri(p -n ltropheny l)m ethy l ch lo ride  ( ig ,  0.002 mole) and s i lv e r  

p e rch lo ra te  (0 .5 g , 0.002 mole) were re flu x ed  to g e th e r in  dicliloromethene 

(lOml) and n i tromethane (im l) fo r  30 mins. No p re c ip i ta te  o f s i lv e r  

ch lo ride  was formed and i t  was concluded th a t no re a c tio n  had 

taken p lace .

TrinheryIm ethyl re rc h lo ra te  

Method A (Dauben e t a l ,  I960)

P erch lo ric  acid  (1 2 .5ml, 21.3g, 0.211 mole) was slowly added to
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a vigorously  s t i r r e d  m ixture of triphenylm e theno 1 (lOg, 0.038 mole) 

in  drj* r e d i s t i l l e d  a c e tic  anhydride (200ml) cooled to  0®C. am ell 

yellow c ry s ta ls  were deposited  and th ese  were sep ara ted  by decan ting  

the mother l iq u o r . The f in a l  product (lOg, 76? based on tr ip h e n y l-  

methanol) was obtained by washing these  c ry s ta ls  w ith dry e th e r  

and drying a t  ambient tem perature and O.Smm.Hg over calcium c h lo rid e , 

ffi.p.l43®C, lit.l43® C  ( Dauben e t  a l ,  I960) end 150®C (Longworth and 

Mason, 1966).

Extreme d if f i c u l ty  was encountered in  a ttem p ting  to  remove 

q u a n tita tiv e ly  occluded a c e tic  anhydride end so method B i s  p re fe r re d . 

Method B

Triphenylmethy1 ch lo rid e  ( l6 g , 0 .0 o8 mole) was d isso lv ed  in  

dichloromethane ( 150ml) and n i tromethane (6ml) and added to  a 

so lu tio n  o f s i lv e r  p e rch lo ra te  ( l6 g , 0.077 mole) in  dichlorom ethene 

(lOOnl). The m ixture was re flu x ed  fo r  5 m in ., cooled, and f i l t e r e d  

to remove s i lv e r  ch lo rid e . The f i l t r a t e  was evaporated to  dryness 

and the res id u e  r e c ry s ta l l i s e d  fo r  dichlorom ethane. The f in a l  

product ( l5 g , 70? based on triphenylm eth j'l ch lo rid e ) was d ried  as 

b e fo re , m.p.l42®C.

Analysis* C H

C alcu lated  fo r  C^^H^^CIO^ 66.56? 4.38?

Pound 66.26? 4.50?

An independent a n a ly s is  was e f fe c te d  by hydro lysing  the  sample by 

re f lu x in g  fo r  4 h rs . w ith d i s t i l l e d  w ater, and t i t r a t i n g  the l ib e ra te d  

p e rch lo ric  ac id  w ith K/10 sodium hydroxide. The presence o f 

triphenylm ethanol did not a f f e c t  the endpoint. The mean percentage
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p urity  vas found to be 99.34 -  0.42? (6 ) .

Tri(T>»inethoxyT.henyl)methyl P erch lorate

Tri(p-methoxyphenyl)methyl ch lo rid e  (9g, 0.024 mole), supplied  

by Schuchard, in  a c e to n i t r i le  (50ml) and nitrom ethene (3m l), was 

refluxed  fo r  15 mins. w ith s i lv e r  p e rch lo ra te  (5g , 0.024 m ole).

The p re c ip ita te d  s i lv e r  ch lo rid e  was f i l t e r e d  o f f  end the f i l t r a t e  

evaporated to  dryness. The residue  was r e c r y s ta l l i s e d  from e 1:1 

mixture of chloroform and petroleum e th e r  (60®- 80®) to give 

crimson need les (7 .5 g , 72? based on tri(p-m ethoxyphenyl)m ethyl 

c h lo rid e ), m .p.l91°C , lit.192® -. 193®C (D ilthey  and A lfues, 1929) 

end 193°- 1S5°C (Burton and Checeenan, 1953).

A nalysis; C H Cl

C alcu lated  fo r  61.04? 4.91? 8.19?

Found 60.79? 4.85? 8.39?

(The author w ishes to thank Dr. Cheeseman fo r  an au th en tic  sample 

o f th is  compound.)
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-ECTIQN 1 

Çflorim etry 

3a. D ifferentirvl Scanning Calorimetry 

In troduction

D iffé re n tie l Scenning Celorim^try (D.^.C .) i s  a rap id  

teclinicue fo r tu dying the thermal o rooerties  o f m illigram 

qu n t i t l e -  o f a sub t  nee. The technique involves o b je c tin g  

the ubst nce to a l in e a r  heating  progr mioe and continuously 

monitoring the ra te  o f hea t flow in to  the ubst^nce, re la tiv e  

to an in e r t  reference subst-nce. This ra te  o f hea t flow i s  

proportional to the in ts n t  neoua ro o c ific  hea t o f the substance 

and a «ipnal, p ronertional to the he t  flow ra te , i^  v isu a lly  

d i'p layed  on a chart recorder. C alib ration  o f the equipment 

allows hea t cap ac itie s  and tr^n i t io n  en thalp ies to be d e te r

mined. The c a p a b il it ie s  o f the D. S.C. hare been previously 

described by Watson e t  a l ,  19&4.

The Calorim eter

A Perkin-Elmer D.S.C.-IB calorim eter with a Leeds and 

Northrup Soeedomax W recorder was used in  tiiis  work. An



56

e ff lu e n t "n .sly 'er attachment was conn re ted  to the calorim eter 

gas lin e ; hovever, i t  was not u?ed during the hea t o f trans

i t io n  or fu ,ion  determ ination . The : en in  g head o f the 

D.SîC. con i s t s  o f  two m*-tciied calorim eter c e l ls  which are 

enclosed in  the same tem perature-controlled environment.

The e are prorr^mmed sim ultaneously with a reference substance 

in  the right-hnnd c e l l  and the sample in  the le ft-h an d  c e l l .

The calorim eter o n be ca lib ra ted  to acceot an emnty sample 

pan as a reference ubst: nee, and m  empty sample pan was 

used in  the reference c e ll  in  &11 the p resen t hea t o f fu-ion 

«nd t r  n i t io n  determ inations. The temper^^tures o f the two 

c e lls  are mearured with platinum re " is t:n c e  thermometers, 

end hea ter, beneath each c e l l  provide constant thermal con tro l. 

The e lec tro n ic  c irc u itry  i s  shown in  block diagram form. F ig .3 .1 .

In  operation , the D.S.C. i s  a l te rn a te ly  con tro lled  by 

two 'enarat^  c irc u it* . The upper h a lf  o f the c irc u itry  in  

Fig. 3*1 represen ts the average temperature loop, and the 

lower h ^ lf  represen ts the d if fe re n tia l  temperature loop. In  

the average temperature loop, in to  which the heating  ra te  i s  

programmed, the two thermometer^ are read, th e ir  readings 

are averaged and compared with the programmed temperature, 

and s u f f ic ie n t power i s  supplied to the c e lls  to enable them 

to follow the temperature programme. This section o f the 

c i rc u it  alao operates the temperature event pm  on tjie recorder.
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Whftn the d if fe re n t! s i  temperature loop I p in  contro l o f 

the instrum ent, the two thermometer? ere read and d if fe re n t ia l  

power aoplied to the c e ll  with the lower tem perature, in order 

to maintain a zero temoernture d if fe re n t ia l  between the sample 

ind the reference . The d if fe re n t ia l  oower i s  recorded as 

m illicp-lories per second, ^nd thus the area under a peak i s  

a Q uantita tive measure o f the hea t evolved o r absorbed during 

a tr* .n^ition . The d irec tio n  o f the peak in d ic a te s  whether 

i t  is. exD- or endothermie.

Samples were veirhed in to  «hallow aluminium pans end 

covered with aluminium l id s  before in troducing in to  the apparatus. 

The tyoe o f «ample pan used de ends on the nature o f  the sample* 

V o la tile  samples, or tho e which sublime, were herm etic ally- 

sealed in to  v o la t i le  ssmnle pans; o ther saaoles were placed 

in  ordinary samole pans nd the l id s  f i t t e d  by means o f a 

criffioing orese. This oroce .s only loosely  sea ls  the pans and 

thus allov« decompo i t io n  products to escape.

When the sample ^nd reference are p i oed in  th e ir

respective  c e l l r ,  they are covered with & cy lin d ric a l jack e t.

For operation in  the region 1?3^K to 300®K, a jsc k e t f i t t e d  

with a Dewar vessel was used. Liquid n itrogen  war ured as 

a coolant fo r a l l  low-temoerature studies*
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Above 300°K a ja ck e t w ith a g la s s  window fo r  viewing the 

c e l l s  was used. N itrogen , d ried  by passing  through a s i l i c a  

gel drying tow er, was used as a purge gas in  the p re sen t work.

The c a l ib ra t io n  procedures adopted fo r  the s lo p e , 

d i f f e r e n t ia l  tem perature and average tem perature c o n tro ls , 

were those rep o rted  by Vatson e t  a l ,  1964. Area c a l ib ra t io n  

o f the ch a rt paper was ob tained  by measuring the a rea  o f the

peak corresponding to  the m elting  o f  a weighed sample o f Indium

(99.999J^, m .p .429*7^ (UcClaren and Murdock, 1964), hea t o f 

fusion  ts 760 cal.m ole"^ (H ultgren e t  a l ,  1963)). Heats o f 

tra n s i t io n  or fu s io n , o f  weighed sam ples, were ob ta ined  by 

comparing th e i r  peak a re a s  to th a t o f Indium. The tem perature 

scale  was c a lib ra te d  u sing  the m elting  p o in ts  o f Indium 

and Lead as f ix ed  p o in ts . The accu racy :o f the tem perature 

sca le , c a lib ra te d  using  th ese  two p o in ts , i s  -  l^K. The 

p rec isio n  o f h ea ts  o f t r a n s i t io n  and fu s io n , measured by

D.S.C., i s  1 2^ (Tsau and G ilson, 1968).

Deteim ination of Heats o f T ra n s itio n  and Fusion

The D.S.C. was used to  measure the h ea ts  o f t r a n s i t io n  

and fusion  o f some o f the  amine s a l t s  s tu d ied  in  th i s  work.

A sample was heated a t  6°K min"^ through the tem perature range 

to be s tu d ie d , in  o rder to  f in d  the t r a n s i t io n  reg io n s . An
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empty wa« u^ed in  the reference c e l l .  Heats o f  tra n s itio n  

were then obtained from th ree  weirhed samples, reeled in to  

nppropriste sample pans and heated a t  l^K min*“̂  th ro u ^  the 

tra n s itio n  reg ions. During the crimping process, the bottom 

o f the sample pan ome times became d is to r te d , and so to obtain  

good thermal contact between the pan • nd the c e l l ,  the b a re  cf 

the pan was f la tten ed  by rubbing on a cle  in oiece o f c rd  

before in troducing  in to  the cslorim oter.

Samples were ground in  an agate m ortar before sealing  in to  

the pans. This elim inates * bumps* in  the fu ion peeks due to 

the m elting o f la rge  crysta ls*  Sample ize? o f the order 6 f 

1-5 mg were u«u^lly s u f f ic ie n t to give a reasonably sized 

peak^ and the samples were weighed on a Cahn E lectrbbalnnce 

(0.30001 to 1 g). . . . .

The tra n s itio n  temoerature« recorded ere wî ien the pen 

begin- to deviate from the b a -e lin e , i . e .  the beginning o f 

the tra n s i t io n . The msjdmum pe«k h e i ^ t  corresponds to the 

ooin t when the tra n s itio n  i?  proceeding a t  a maximum ra te .

The various methods which exi t  fo r manually determ ining the 

srea o f the tra n s itio n  peaks «re;
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1) A trian g le  cm  be drawn to f i t  the shape o f tlie peak m d 

the area obtained fromithe b* se ^nd heigh t mee urements.

This method i s  u sefu l fo r a rough approximation, but i t  has

a lim ited  u«e in  D. S.C* work in  ce the low and high temper

a tu re  peak boundaries are b e t te r  repre anted by curver than 

by s tra ig h t l in e s .

2) The .rea repre sen tin g  the tra n s itio n  energy can be cut 

out md w e ire d . Comparison o f th is  weight with Üie weight 

o f  a known area o f  the ch a rt neper y ie ld s  the area o f the 

peak, M errifie ld , 1970, reoorted th a t  the v  r ia t io n s  in  

weight o f  10 cm  ̂ c rea r o f ch a rt paper were le s s  then 1$.

This method u ffe rs  from the disadvantage th a t  the thermogram 

i s  destroyed in  measuring the sree .

'  ;
3) The area o n be meerured using a plejlf meter. This was 

the method adopted in  the nref^ent work. The ch a rt paper 

was taped to s t i f f  paner o r cardbotrd, to prevent i t  moving, 

and the erea o f the tra n s i tio n  peek was mesnired by trac in g  

the perk with the planim eter. The perk area cm be reed

d ire c tly  from the planim eter. Peek areas were measured three

times md quoted to a p rec ision  o f 1 0 .1  cm^.

The hea ts o f tra n s itio n  and fusion are recorded in  

Section 4b.

'  , _ i



43

Determination o f  S p e c if ic  Heat

When a aamole i s  subjected to a l in e r r  temperature' programme, 

the rc te  o f hea t flow in to  the ^rnple i s  p roportions! to i t s  

in s ta n t meouc specific* h ea t

dH dT
= a.C.

d t d t

where dH/dt i s  the r a te  o f  h ea t flow (c a l . , m i s  the samole
—1 —1weight (g ), C i s  the in '^ tan t neous so ec iflc  h ea t ( c a l .  deg” g" ) 

and dT/dt i s  the progrrjoied heating  ra te  (deg, sec”*^),

The ra te  o f  heat flow in to  the sample i s  oro portion e l to 

the o rd inate  deflec tio n  on the ch a rt paper, from the in te ro o le te d  

isotherm al base lin e  ( ^ee Fig. 3*2).

Thus dH_ =

dt

where Q i s  the o rd inate  c a lib ra tio n  fac to r and x i s  the o rd inate  

d eflec tio n . In  order to ob t .in vn!uep for the sp ec if ic  hea t 

o f a sample, Q and dT/dt must be knoim. However, these two 

fac to rs  can be elim inated i f  a m ateria l o f known - -ec iflc  hea t

i s  u^ed to c a lib ra te  the instrum ent, using id e n tic a l conditions,
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OAt any temper itu re, T X

dT
Q.x^ = m^.c.__

d t

dTand Q.x — m #C #s s 8
d t

where and are the o rd inate  deflectionR  due to  the sample 

and the standard, and a and rep resen t the mess and sp e c if ic  

heat o f the standard. Combining and rearranging  the-e  two 

equations

C -
■l* X

Thus the sp e c if ic  b e s t o f a weljfiad sample can be obV lned 

d ire c tly  by comoaring i t ?  o rd inate  d eflec tio n  with th a t o f  a 

weighed standard. Faoohire d i-os were used as a standard .. 

?nd the values o f the sp ec if ic  hea t o f sapphire were tnken 

from Ginninge and Furukawa, 1953*

The experimental procedure adopted was dercribed in  the 

mrker*s handbook fPerkin-Flmer, 1963). Sample weights rhould 

be as la rg e  as possib le  in  order to obtain  la rg e  o rd inate

d e flec tio n s . Large sample weights were obtained by fusing
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the sample in to  the pan and then allowing s u f f ic ie n t  time fo r 

the e^mole to cool down* V o la tile  sanole pans were used in  

the case o f benzoic acid in  order to suppress sublim ation.

Â ty p ica l «pacific  hea t trace  i s  shown in  P ig. 3*2.

The re s u lts  o f the sp ec if ic  h e r t  measurements are presented 

in  section  4c.

R e l iB i l l t y  o f S pecific  Heat Measurementg

The values o f sp ec if ic  heats measured using a^D.S.C. ere 

sub ject to ce rta in  inheren t sources o f e r ro r . The more 

im portant o f these are;

(a) random noi?e on the o rd inate  d e flec tio n ,

(b) slope contro l se ttin g , ,

(c) re p ro d u c ib ility  o f the temperature programme.

The measurement o f the o rd inate  deflec tio n  i s  also  sub jec t 

to a ce rta in  amount o f e r ro r . This can, however, be reduced 

by making the o rd inate  d eflec tio n  as la rg e  as p o ssib le , i . e . ,  

by using a la rg e  samnle. The magnitude o f  the o rd inate  dellection, 

fo r a given sample v e i ^ t ,  can also be increa-ed  by in c reasin g  

the s e n s i t iv i ty  o f tho D.6.C. However, th is  was found to 

increase ( a ) .  This random noise i s  due to d i r t  on the c e lls

from sample sn illag e  o r decomposition and i t  can be reduced by

the procedure suggested by P lato  end Glasgow, 1969.
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The slope co n tro l i s  used to a d ju s t the power supply to 

each c e l l  and hence to minimise the d iffe re n ce  in  therm al 

capacity  between sample c e l l  end re fe ren ce  c e l l .  The c o rre c t 

slope s e t t in g  i s  evidenced by a v e r t ic a l  b a se lin e  on the 

ch a rt paper* The slope co n tro l re q u ire s  s e t t in g  fo r  each 

tem perature range used fo r  sp e c if ic  h ea t measurements, in  

o rder to compensate fo r  v a r ia tio n s  in  the therm al capacity

w ithrespect to  tem perature.
' »

The magnitude of these  e r ro rs  i s  d iscussed  and summarised 

by M e rr if ie ld , 1970. Values o f the s p e c if ic  hea t in  a tra n s 

i t io n  reg ion  are  considered to be accu ra te  to i  35̂  and in  non- 

t r a n s i t io n  reg ions to i  2^. P resen t s tu d ie s  u sin g  bensoic 

ac id  as a t e s t  m a te ria l confirm the value of Î  25̂  fo r  s p e c if ic  

heat values in  a n o n - tra n s itio n  reg io n ; however, w ith in  

of a t r a n s i t io n  tempers tu re ,  -  4-95  ̂ i s  probably a more r e a l i s t i c  

estim ate o f the e r ro r .

3b. S o lu tion  Reaction Calorim etry

Calorim etry involves the measurement o f the tem perature 

change when a known amount o f sample undergoes a knoim chemical 

re ac tio n  or d is s o lu tio n . The enthalpy change a s so c ia ted  w ith th i s  

re a c tio n  can be determined by in tro d u c in g  a known amount o f h e a t, 

end again measuring the tem perature change. The enthalpy change S?

i s  then a d ir e c t  p ro p o rtio n a tio n  between the two tem perature ^

changes.
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The Calorim eter

The calorim eter wa? o f the Constant Temperature Environment 

(C.T.E.) type %nd the operating  procedure was r im ila r  to  th a t 

adooted in  th is  labo ra to ry  over the p as t few years (G trdner, I 963)

The calorim eter co n sists  o f e 25^ ml. round-bottomed Dewar 

v esse l, approxiffl'tely 2^ in te rn a l diam eter, with a g lass flsnge 

and a fltn^^ed l id  v.lth several * Quickflt* sockets, through 

which the various in  e r t?  were introduced in to  the ca lo rim eter 

(F ig . 7 . 3)* The rmpoule holder and s t i r r e r  were made from 

o rec ifio n  g lass rod which f i t t e d  through a corresponding 

preci"ion-bore g lass sleeve mounted on B 10 and B 14 cones 

resp ec tiv e ly . Hie s t i r r e r  was driven by e constant speed

hp. motor (P n rv lu x  E le c tr ic  Motors L td ., Model SD 8) 

v ia  e f le x ib le  d rive . The ampoules, which contain the sample 

were constructed from B 7 ockets which had two sm all f ra g ile  

g lass bulbs, and were attached to the aaooule rod v ia  a B ?/B  5 

adaptor. The lover bulb was broken by lowering the rmpoule 

in to  the s t i r r e r  blades and the upper one was broken on the 

side o f the calorim eter. This type o f ^mnoule was p referred  

to the o lder sing le bulb ampoule blown on a B 5 socket because

(a) fewer fngm ents o f g lass were introduced in to  the 

cc lo rim etric  f lu id . Fragments o f g lass  cause 

i r r e g u la r i t ie s  in  the po^t reac tio n  and c a lib ra tio n
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l in e s  due to co llis io n  with the therm isto r.

(b) the ca lo rim etric  f lu id  can flow tbrou(^ the ampoule 

and wash a l l  the sample in to  so lu tio n .

The de«inn and construction  procedure o f  these ampoules i s  

explained by Wellum, I 969.

The h ea te r element we e constructed from * Karma* wire 

(B ritish  Driver H arris , 42 S.W.G., ^2 ohm s/ft.) wound non- 

inductive ly  onto an alumina former. This former was mounted 

on two in su la ted  copper supoort rods (20 S.W.G.) ,  which were 

also used to connect the hea ter element to the stranded wire 

leads. The whole o f the h ea te r u n it vrtc immersed in  l ig h t  

p a ra ffin  o i l  in  a th in  g lass sheath attached to an extended 

B 14 cone. The o i l  acted as a medium for hea t flow from the 

hea ter element to the calo rim eter. The h ea te r cu rren t was 

supplied from a mains cowered constant o o te n tir l  source 

(E ther L td ., Model AA 100, 6 v o lts  D.C.).

The cooling tube was con true  ted from an extended B 10 

cone. Liquid nitrogen o r so lid  carbon dioxide could b e ' 

introduced in to  the tube to cool the calorim eter between 

reac tion  and c a lib ra tio n .

Temperature changes were detected  using a therm isto r 

(F %  Standard Telephone and Cable L td .) mounted on a B 10 

f^ocket. The therm istor co n s titu te s  one arm o f a Wheatstone



bridge c i r c u i t  (P ig . 3.4) and tem perature changes were recorded

as changea in  re s is ta n c e . The tem pera tu re-resls tance  re la tio n sh ip

i s  given approximately by the equation

R « A.exp •
T

where R i s  the r e s is ta n c e  in  ohms

T i s  the ab so lu te  temperature 

A and B are therm istor co n sta n ts . *

The r a tio  arms o f  the Wheatstone bridge c o n sisted  o f  two f ix e d  

r e s is to r s  ( 4 .3  K.ohms) and the v a r ia b le  arm was a decade box 

(Muirhead, 0 to  10^ ohms). A Seal amp galvanom eter (W. G. Pye 

and Co. L td ., R = 1400 ohms. Cat. Ho. 7904/T) was used to d e te c t  

the out o f  balance bridge current. ,

Actual tem peratures were not ca lcu la ted  in  th is  work and 

the follow ing procedure was used to ob tain  the tem perature 

d iffe ren ces . P ig. 3.5 repzesen ts the tempera tu re-tim e p ro f i le s  

fo r en exothermic reac tio n  and i t s  c a lib ra tio n . For the re a c tio n  

graph, rep resen ts  the temperature when the ampoule was broken 

and Tg rep resen ts  the co rrected  tem perature, so th a t -  T  ̂ i s  

the temperature change due to the reac tio n  process. The re s is ta n c e  

values corresponding to tem peratures T  ̂ and T^ are R  ̂ and R^.
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&Tr = Tp -  =
B.ln(Ri/Rp)

ln(R^.Rp/A^)

S im ilarly  for the ca lib ra tion graph, represen ts the

corrected temperature r ic e  for the e le c tr ic a l  c a lib ra tio n , 

where temperatures and have corresponding resis tan ce  

values and R^. Temperature correction methods are 

ou tlined  in  Apoendix I •

B.ln(RVR )
LTc = T. -  T, =

ln(R,.RVA^)

Then
ATr ln(R ^/R p.ln(R ^.R yA p 

iTc ln(R^/R^) .ln(R^.Rp/A^)

Now i f  and ere approximately the same and heat i s  

applied during the ca lib ra tio n  fuch th a t Tr and Tc are 

approximately equ-1, tJien the previous equation sim plifies to

&Tr ln(R^/R^) log -  lo r

kTc In(RVR^) log R  ̂ -  log,R^

This approximation i s  va lid  to w ithin 0.1^ as long as the 

i n i t i a l  and f in a l resis tances during the c^ilibration are both 

within 40 ohms of the i n i t i a l  nd f in » l res is tan ces  during

the reaction (Wellum, 19^9)#



The h ea te r  c i r c u i t  diagram i s  ahown in  P ig . 3 .6 . The 

hea ter i s  wired in  p a ra l le l  with a p o te n tia l d iv id e r  com prising 

a 10 ohm re s is ta n c e  and a 100 ohm re s is ta n c e  (Cro^don P rec is io n  

R es is to rs , 2 v ., 0.029^ to lerance) and in  s e r ie s  with a standard

re s is tan ce  (u.G. Pye and Co. L td ., 0.99996 ohms).

The power d iss ip a te d  by the h ea te r was given by :

, : ' P = 11. ?2 ( ? i  -  0 .1 Vg) w atts ^
fe » - 0 ^

where i s  the p o te n tia l across the standard  re s is ta n c e

( in  v o lts ) ;

end Vg i s  the p o te n tia l  across the 10 ohm re s is ta n c e

of the d iv ider ( in  v o l ts ) .

The p o te n tia ls  V. and V_ were measured on a potentiom eter 

(T insley , type 3367B, i  0.00005 v o lts )  which was used in  

conjunction with a Scaltmp galvanometer. The potentiom eter “ 

wee c a lib ra te d  before use with a Weston Standard Cell (Cambridge 

Instuments Co. L td .) . The heating  period  was timed using an 

e le c t r ic  tim er ( J .  Bangster end Co., Model FO 43.4) coupled 

to the hea ting  c i r c u i t  by a two way sw itch. The tim er was _ -L

accurate to 0 .02 sec. - - > v

The equation used to determine the enthalpy change of 

a reac tio n  was —< v

,

.  -̂4-

m

Wr
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f  X P X tim e(secs) x molecular wt. x &Tr -1
ÏTeT .o ' x s a ip le  K tTTAÏ'c------------------ Kcsl.mole

The fac to r  f  accounts fo r the heat d iss ip a te d  in  the hea ter 

leads and i s  obtained from

where R i s  the re s is tan c e  of the h ea te r  element 
S

end B = re s is ta n c e  of h ea te r element and leads 

= H .V j A T j  -  O.lTg)

In operation the ca lo rim eter was submerged in  a therm ostat 

terJc a t  25 -  0.01°C.

The accuracy of the ca lo rim eter was checked by studying 

the n e u tra lis a tio n  of tris(hydroxym ethyl)aminomethane (THAX) 

in  excess K/lO hydrochloric ac id .

(C H g O H )^ B g  + (m + l)H C ln a g O  »( (CH^OH) + Cl")m EClDBgO

where m end n rep resen t the moles of HCi and water re sp e c tiv e ly . 

This was proposed as a t e s t  reac tio n  fo r  so lu tion  ca lo rim eters  

by Irv in g  and WadsO in 1964. The l i t e r a tu r e  values fo r  the 

enthalpy of th is  re ac tio n , are recorded in  tab le  5.1
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Table 3.1

L lte re tu re  Vegues o f ah fo r the B e u tr e lle a t lo n  of. THAW w ith

excess R/10 HCI

Reference D ilu tio n , n AH

Kcal.mole"^ KJ.Bole” ^

Ourn, 1965

Sunner and 
VedsO, 1966

Ojelund end 
Wadsô, 1967

J ii l l  e t  e l ,  
1969

373 -  1120 

1138 -  1462 

1320 -  1390 

1170 -  1574

-7,107 i  0,001 

-7.111 i  0.001

-7.112 t  0.002

-7.109 Î  0.001

-29.7M ' Î  0.004 

-29.752 *  0.C04 

-29.757 * 0.006 

-29.744 -  0.003

Table 3 .?  g ives values o f AH obtained in  the p resen t woik, 

which ere in  good agreement with the l i t e r a tu r e  va lues,

A rls te r  grade THAN kps used for these meesureipents. I t  wee 

dried  e t  100®C, fo r 24 hours, before loading in to  the ca lo rim ete r.
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Table 3.2

of T

Exp. D ilu tio n , n hH Kcel.mole"^

1 726.1 -7 .16

2 745.5 —7.08

3 749.9 -7 .1 6

4 761.3 -7 .1 3

5 765.9 -7 .11

6 766.2 -7 .08  '

7 773.9 -7 .1 2

8 778.6 -7 .1 3  '

9 783.9 V -7 .1 6 '

10 821.5 L :  -7 .1 3

Mean value of « -7 .1 3  -  0.02 Real.m ole-1

■

##
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SECTION 4 

R esu lts

4a Standard Heats of Formation

This sec tio n  dea ls  w ith the d e riv a tio n  o f the standard  

hea ts  of form ation from the experim entally  determined h ea ts  

of so lu tio n  and hea ts  o f re a c tio n , which e re ,reco rd ed  in  

Appendix I I I .  The values quoted fo r  the standard  h ea ts  o f 

form ation, and fo r a l l  a n c illa ry  d a ta , are e l l  a t  298®K.

The m ajority  of the standard h ea ts  of form ation rep o rted  

in  th is  work can he obtained d ire c tly  from the h ea ts  of so lu tio n , 

end the procedure of c a lc u la tio n  i s  i l l u s t r a t e d  fo r  methyl 

ammonium p e rc h lo ra te . The remainder of the c a lc u la tio n s , 

fo r those compounds whose standard heat of form ation cannot 

be obtained d ire c tly  from a heat o f so lu tio n  measurement, a re  

l i s te d  under the in d iv id u a l compound.

Weth\l Amnonium Fe rch lo ra te  ■ J--'.-r' "\  =;

The hea t of so lu tio n  of the fo llow ing re a c tio n  was measured

KeHH^C10^(O+ nHjO ---------» (MeRH* + ClOpuH^O . . .  &H
8

-  y

r

- >
■-
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where n re p re se n ts  the r a t io  o f the number o f moles o f w ater 

per mole of s o lu te , and i s  thus a d i lu t io n  f a c to r .

As n tends to in f in i ty  then the above re a c tio n  becomes

MeKHjClO^(c) +*H j,0  aq + CIO" aq . . .  iH®

A s e r ie s  of experim ents were conducted to  study the v a r ia t io n

of AH with d i lu t io n . However, the p re c is io n  o f the equipment

was found to be su c h ,th a t no s ig n if ic a n t  v a r ia t io n  o f

with re sp e c t to d i lu t io n  could be de tec ted  fo r  any s a l t .  Thus

^H° i s  s e t  equal to the  mean of the AH d a ta . The standard  8 . 8
heat of form ation o f methyl ammonium p e rc h lo ra te , AH®(MeKH^C10^,c), 

can be ob ta ined  from the fo llow ing equation

FH°(MeNH^C10^,c) = &H*(MeNE+,aq) + AH®(C10^^aq) -  ha®

where FH®(KeNHj,aq) and AH^(C10",aq) rep re se n t the standard

heats o f form ation o f the aqueous me thy 1 ammonium and the

aqueous p e rch lo ra te  io n . The standard  h ea ts  o f form ation of
»

these aqueous ions are  l i s t e d  in  ta b le  4 .1 , and the value o f AH°, 

from Appendix I I I ,  i s  l i s t e d  in  ta b le  4 .2 . Thesesvalues can be 

combined to give the standard h ea t o f form ation o f c r y s ta l l in e  

methyl ammonium p e rc h lo ra te .

AH°(Me»HjC10^,c) = -6 7 .8 2  -  0 .03  K c8 l.B o le" ^ {-2 6 3 .7 5  -  0 .1 2  Kj.m ole"^)
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Table 4.1 

Standard Heats o f  Formation of Aqu l ^ l u t i o n

Aqueous Ion
1

Kcel.mole"^ Kj.mole"^

khJ • -31 .67  ^ -132.51

K.FHj —29.86 j  -124 .93

-28 .74 -120.25 -V

-26.99 -112.93

EWH*
5 -3 7 .3 -156.06

ca
- -45 .1  , -188.70

(a) ■ -4 9 .2 —205.85

(CH^KHpg -36 .0 -150 .62

CIO"4 -30.91 -129.33

1 FO" -49.56 -207.36

Cl" -39 .95 -167.15

Br" -29 .05 -121.55

I" -13 .19 ... -55 .19

(a) Velue updated from Cox end P ilc h e r , 1970

r ;^

The compounds whose standard  h ea ts  o f form ation can be 

ca lcu la te d  in  a s im ila r  manner a re  l i s t e d  in  ta b le  4 .3 . The 

u n certa in ty  in te rv a ls  (S ection  6) quoted fo r  these compounds 

are  based on u n ce rta in ty  in te rv a ls  o f i  0 .01 Kcal.mole**^ fo r  

velues in  ta b le  4.1 quoted to two decimal p la ces , end -  0.05 

Kcal.mole*^ fo r  values quoted to  one decimal p la ce .
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Table 4.2  ̂ ,

He&ts o f  Solution,

Compound EH °
.V- ' . -

K o'l.m ole-1 Kj.Bole"^

MeNH^ClO^ 7.05  t  0.03 29.49 + 0.10

MeJiH.ClO. « 4 6.94  + 0.03 29.03 + 0.11

Me-NHCIO^ 8.04 + 0.05 33.65 + 0.22

Me^NClO^ 10.35 + 0.01 43.28 ± 0.01

EtN!KC104 3.88 + 0.02 16.23  ± 0.11

E t:^ .G 10^ 4.55  ± 0.02 19.02 + 0.08

EtrNHClO* 4.63  + 0.03 19.39 ± 0.12

EtjNClO, 7.41 i  0 .02 31.02 + O .U

PrNH-,C10^ 3.91 ± 0.03 16.34 + 0.14

(cH,im^)^( 0104)2 12.79 i  0.08 53. 5? ± 0.33

Me.̂ NHnCl 1 -  ^  ^  r 3^  0.47 + 0.02ri-"j “ 1.96  + 0.09
i 1

EtNH-,Cl Y ' 2.02 + 0 .04 8.43  ± 0.16
. *

M e ^ 3 r  : - 3.85 ± 0.05 13.63 + 0.20r:
E t^ H ^ r  # # ^ ■ 1.92 + 0.02 8.04 + 0.10

!
KeNH^

I "
ÿ^îï? 5.27 + 0 . 0? 22.06 + 0.09

M e ^ O 1̂  5.70 + 0.03 23.86 + 0 .14
i  '

--■j:

• 1

1 ,.;.
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Table 4 .7

Standard Heats o f Formation o f Amine S a lts

Compound AH

-1----1—

Kcfil.mole”^ Kj.mvle"!

MeNH^ClO.4 -67 .8" ± 0 .03 - 283.75 1 0 .12

Me./H^C104 -66.59 + 0 .03 - 278.61 + 0.12

Ke.SHClO^ ■ - 65.91 ± 0.05 - 275.91 + 0.23

Me^NClO^ : - 70.79 + 0.52 - 296.24 ± 2.17

EtmivClO^ - 72.10 ± 0.06 - 301.62 + 0 .24

EtpNTïpClO^ - 80.56 ± 0.06 - 337.05 ± 0 .23

E t^ C lO ^ - 84.76 + 0.06 - 334.63 + 0.24

Et^NClO^ - 70.81 ± 0.54 - 296.27 ± 2.25

(cmgNHijptcio,)? • - 110.61 ± 0.10 - 462.80 ± 0.40

Pr^NHyClO* ! ■ - 71.08 ± 0.18 -297.40 ± 0.75

Pr'^TNHClO^ -102.42 ± 0.56 - 428.53 ± 2.34

MecNRpCl - 69.16 ± 0.03 - 289.36 ± 0.09

EtNH^Cl - 79.27 ± 0.07 - ^ . 6 4  ± 0.26

MepMHpBr -61.04 + 0.05 - 255.43 ± 0.20

EtgNH.)Br - 76.07 t  0.05 - 318.29 ± 0.23

MeNH-,HO, - 84.69 i  0 .03  : y
1
j - 354.35 ± 0.10

Me-NîmO^
j

1 - 82.25 + 0.04 1 ~
I

- 344.15 + 0.15
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The standard  h ea ts  of form ation o f methyl ammonium n i t r a t e  

and trim ethy l ammonium n i t r a t e  are compared with the l i t e r a tu r e  

values in  ta b le  4 .4 . The standard  h ea ts  o f form ation o f these 

compounds were o r ig in a lly  determined by C o t tr e l l  and G ill in  

1951. The l i t e r a tu r e  values in  ta b le  4 .4  e re  the updated values 

quoted by Vagmen e t  a l ,  1966.

Table 4.4

Standard Heats of Formation of Kethvl and Trim eth^l

È.E® K cel.Bole"^

P resen t work L ite ra tu re

KeBHgROg

Me_BHbO_5 5

-£4 .69  -  0.03  

- f? .2 5  -  0.04

-6 4 .7

-6 2 .2

Tetrecic:tfa\l Ammonium P erch lo ra te

The standard  h ea t o f form ation o f te tram ethy1 ammonium 

iodide was f i r s t  determined from the fo llow ing  reactions*

■ Bel(l/) + (%+l)Me^yHgO . . .

Ke^Hl(c) + (%+l)Me^yggO » + r )(% fl)K e^ yE gO  . . .

(Me^S^ + I  )xM e^yHjO + M e^K U ) . . .  EH,
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where x and y rep re  en t  the mole r  s t lo  o f tr in e  thyloadne ^nd 

water r>er mole o f  methyl iodide ( th e  ooncentr^^tion o f tr im e th y l- 

amine corre^^oondinr to the r a t io  (x + l ) / y  i s  V y)» :

nomenclature ur-ed fo r describing' the trlmethylamlne s lu tlo n  

does no t mê -n ( x +  1) moles o f trim ethyl amine so lu tion  per 

mole o f methyl iod ide . . v

The reac tio n  betweai methyl iodide ;<nd trim 3thylaaiine 

so lu tion  was choren because i t  wa? f a s t  (mrin oeiiod o f  the -

reac tion  was lo ss  than 1 minute) and because the f in a l  thermo

dynamic r tf ,te  was e a s ily  reproducible. # # # 3

The methyl iodide was d i s t i l l e d  in to  an ampoule under -
r

v îcuum, pjid the ampoule -erled  to prevent lo ss  o f  methyl iod ide .

The volume o f  the ampoule war, determined before f i l l i n g  cud 

th is  allowed a co rrection  to-be made fo r the gaseous methyl 

iodide when cclcula^ting &H .̂ A por t-c a lo rim e tric  iod ide 

determ ination o f  the co lo rim etric  f lu id  r bo wed th a t  there  had 

been no lo  8 o f  iodide during tiie reac tio n . ■ _

The second reac tion  rep resen ts the hea t o f  so lu tion  o f  

tetr^m ethyl ammonium iodide in  aqueous triraethyliiinine soluticm . . ■ y
■ÏC ' V ■'

The vfîlues o f and Vtrei

= - 22.55 i  O-"® Kcnl.mole"^ (-94.41 + 1.26 K j.m ole-l)

= 9 .7 5  + 0.04 Kcel.Bole"^ (40.80 + 0,16 K j .w j l e " ^  .i-l

Ï T
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The th ird  re a c tio n  re p re se n ts  a c o rre c tio n  term which ±n ap p lied  

80 th a t  the f in a l  thermodynamic s ta te  in  the p rev ious two re a c tio n s  

i s  the seme. Assuming th a t  the te tram eth y l ammonium and iod ide  

ions have l i t t l e  e f f e c t  on the d i lu t io n , then equation  3 becomes

X MejHyHgO + Me^ ( l ) ----- > (x+l)Me^yHgO . . .  EE^

or x (K e^  y /x  H^O) 4 K e^  ( l )  »(x4l)(M ejK y /fx tljE .O )  . . .

The mole r a t io  y /(x  + l )  corresponds to  7 .74  fo r  the  aqneous 

tr ln e th j'lem in e  used. The value o f 7.74HgO) was ob ta ined

from the fo llow ing  d i lu t io n .

Me^ 7 .7 4  HgO 4  ( s  -  7.74)H gO -------) .* e ^  zĤ O . . .

The values o f a re  l i s t e d  in  ta b le  4 .5 .

Table 4.3

Exp. D ilu tio n , z A K c e l . m o l e " ^

1 815.7 -1 .3 8

? 672.5 -1 .3 6

The values o f zH^O) were obtained by in te rp o la t io n

from the l i t e r a tu r e  (Vegman e t  a l ,  1968).



Thus 7.74HgO) = -17 .19  1 0 .03  K ca l.n o le”^

(-71 .92  t  0 .13  K j.m ole"^)

The p re c is io n  of the ca lo rim ete r i s  such th a t  i t  was im possib le 

to d is t in g u ish  between AH®(Me^ y /x  H^O) and AH®(«e^ y/(x>fl) H^O) 

and so these  were taken to have the same v a lu e . The e r ro r  

in troduced in  th is  way i s  probably w ith in  the e r ro r  quoted fo r

The standard  h ea ts  o f form ation o f trim e thy lamine a re  given 

in  ta b le  4 .6  below

Table 4.6

Standard Heats o f Formation of ( l i o u ld l
-  ^  _  ----------------

Kcal.mole*^ 

-1 1 .7  t  0 .5  

-1 2 .0  1  0 .5  

-11 .0

-10.93  -  0 .17

Reference

I s s o i r e  and van Long, I960 

I s s o ir e  and van Long, I960 

Wagman e t  a l ,  1968 

Cox and P ilc h e r , 1970

-1Using the value o f E H °(M e^,l) = -10 .93  1 0 .17  K c a l.ao le "^ , 

then the  co rrec tio n  term

EH, = -6 .2 6  i  0 .17 Kcal.m ole"^ (-2 6 .1 9  ~ 0 .71 K j.m o le '^ )

The standard  h ea t o f form ation of c r y s ta l l in e  te tram eth y l ammonium

-
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iodide can bo ob tained  from the re a c tio n

Mel ( l )  + Mê H ( l )  = Me^KI (c) . . .  AH

where

end

= -36.56 t  0 .35 Kcel.mole"^ (-161.40 -  1.46 F j.m ole"^) 

&H*(Me^KI,c) = EH + E E |(K eI,l) +EH®(KejK,l)

The standard  h e a ts  o f form ation o f methyl iod ide a re  l i s t e d  

in  ta b le  4 .7  below.

Table 4 .7

standard H eats o f Form stioa o£ M etto l^ Iod id .

EH® Kcal.mole” ^

- 3.6  1  1 .2  

-2 .9  — 0 .3  

-3 .4  1 0 .4  

-3 .3 2  i  0 .35

Reference

Carson e t  e l ,  1949 

Carson e t  a l ,  1961 

Golden e t  a l ,  1965 

Goy and P r itc h a rd , 1965

The value fe r  AH^(MeI,l) = -3 .3  -  0 .3  Kcal.mole**^ was 

proposed by Cox and P ilc h e r , 1970, and th is  g iv es a standard  

hea t of form ation of c ry s ta l l in e  te tram eth y l ammonium io d id e  

of -52 .79  -  0.49 Kcal.mol®"^ (-220 .94  -  2.05 Kj.m ole"^)
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The standard b ea t o f formation o f the aqueous tetram ethyl i  f L , 

ammonium ion was obtained from the reaction

Me^M (c) + .6 H0O aq + I "  aq ..AH,®

where EH^’ ec) = EH^® -  EHf® (l~ ,aq ) + E Hf® (We^NI,c)

The QTollable data fo r EĤ ® are l i s te d  in  tab le  4 .8 .
t f  '■ -

Table 4.8

Hohta o f  Solution o f  Tetrr^aethyl Ammonium Iodide

s

iHg® Koal.K)le“^ • Reference

10.05 ± 0 .02

10.08

10.13

9.99  + 0.05  

10.07 ± 0.17

- ' • f j  , a
Coulter e t  &1̂  1940 

Wu and Frindm'^n, I 966 | J H  

Boyd and Vang, 1968 1 

Bhatnsgnr and C rins, 1969 

This work

Using the v rlue  o f AH ° = 10.07 ± 0.17 Kcal.acl©"'^, the v&lue 

obtained fo r

EHf® aq) = -29 .53  ± 0.5P Kcal.mole"^

( - 123.63 + 2.17 Kj.mole- 4
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The Pt*4ndard heat o f formation o f  tetram ethyl ammonium 

er chlore te  can now be obtained d lrî^ctly  from I t r  neat o f so lu tion-

Thus Me^NClO  ̂ (c) 4- Me^N^aq 4 CIO^" aq . . . .

?n<J EHf® (Me^HClO^jc) = EHf® (Me^N+mq) + EHf® (C10^-,eq) -  EH„^

From Appendix H I

E H ^ = 10.35 ± 0.01 Kcal.mole"^ ( 43.28 ± 0.01 Kj.mole"^)

and thus the value obtrined  fo r the standard heat o f  formation 

o f  c ry e tr l l in e  tetrem ethyl nmmonium perch lo ra te  i s

EHf® (M«̂ NC10^,o) = -70.79 + O.52 K c l.z o le " ^

( - 296.24 + 2.17 K j.fflole“ 4

The standard hea t o f formation o f the squeous tetram ethyl acuBonium 

ion also  allows the celcul^ 'tion o f the standard b ests  o f formation 

o f  the o th er te trrm ethyl ammonium halides from th e ir  heats o f 

o lu tion - These heats o f so lu tion  end the standard beats o f 

formation sre
■yl

EHg°(Me4NCl,c) = O.98 ± O.O8 Ko-l.mole"^ (Adkew e t  e l ,  1934) ,

EHf®(M.4NCl,c) = - 70.46  ± 0.53  Kcfl.mole-1
f

EHp®(M@4HBr,c) = 5*92 ± O.O5 KcFl.mole"^ (V?u and friedaen,1966)

EH o(Me NBr,c) = - 64.50 + 0 .52 Kcol.mole"^ 
f  4
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T etrae thy l Ammonium Perchlor^b^

The standard he^t o f formation o f  the acueous te tra e th y l 

'mmoniura ion v s  ob t ined by mea^^uring the b e s t o f  reaction  cf 

t r i e  th y l «mine with aoueous e thy l iod ide . This reac tion  was 

found to be slower tb n the corresponding reaction  between 

methyl iod ide .̂nd trim ethyl amine; the amin period fo r the 

e thy l iodide reac tion  being betveen 6 and 9 m inute' ( Apnaidix I I I ) .  

The ’ equal nrea* procedure (Appendix I) was used to obtain  the 

corrected  re  ̂ î« tan ce change for tb i reac tio n . The reaction  

between ethy l iodide and trieti+ylsm ine was found to be too 

slow f,t to  be a u ita b le  cm lorim etric re- c tio n .

The arueous e th y l iodide was prepared by shaking ethyl 

iodide (4 m l., 6.1 p, 0.04? mole) with d i s t i l l e d  water (21, 

111.0 mole) fo r 48 bour^. (The s o lu b ili ty  o f  e thy l iodide 

in  wafer i** 0.?33 g - ’ lyl iodide oer 100 g water f?t 22.5^0 

and O.AO'’ g e thy l iodide e r  100 g water a t  30^0 (Stephen and 

Stephr-n, 1963*))

Thus EtI n H,0 + (x + 1) + I " )x  St^N.n %0

where n end (x t l)  rep resen t the moles o f  water nnd trime thy l amine 

with re sp e c t to 1 mole o f  ethy l iod ide .

The measured h e r t  change, .Q cal* , i s  re la ted  to the component

.'-W:
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redactions by the equation ' ;

Q 2= tt]̂  . AH][ + (no—n^) . AHg 4

where n^ ^nd n^ f re  the moles o f  e thy l iodide and trim e thy l amine 

reso ec tiv e ly , and

i f  the mol' r  hea t o f d isso lu tio n  o f e thy l iodtüe 

from wn te r ,

I - -

AHj I p the molar h ea t o f  d ilu tio n  o f  the excess 

trie thy lam ine,

i s  the molf r  h ea t o f reac tion  o f ethy l iodide 

with trie thy lam ine.

The h ea t o f  di*:eolutlon o f  ef^yl iodide from water was obtained 

u r in f  the ’ Second Law’ method. A graph o f  In Kx vs. was 

drawn u'*ing ro lu b il i ty  data from Stephen and Stephen, I963, 

where Kx reore^^ents the mole fra c tio n  o f ethyl iodide -soluble 

in  water a t  T^K. The slooe o f  the graoh y ie ld s  "We h ea t o f  

fo lu tio n  o f e thy l iodide in  water.

The value o f  obtained i s  -O .8I  4 O.O3 Kcal.mole .

The he*t o f  d ilu tio n  o f  trie thy lam ine, from li«?uid^to in f in i t e  

d ilu tio n  waa trken from Vagm;\n e t  a l ,  19® . ,

AHp * - 9.50  ± 0.05  Keel.mole-1
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Using th is  a n c il la ry  data the value o f KR^was obtained

« -5 .56  -  0 .52  Kcfil.mole"^ (-23.24 -  1.35 Kj.m ole"^)

The molar excess o f tr ie th y lam in e  i s  sm all end, n eg lec tin g  

the d ilu t io n  term to in f in i t e  d i lu t io n , the o r ig in a l  equation 

becomes

E t l ( l )  + E t ^ ( l )  + ZHgO  .Et^B+aq + l"aq  . . .

and AH®(Et4K'',aq) = EĤ  -  EH ® (r,aq) + E H |(E tI,l)

•f EĤ ( E t ^ . l )

The a n c illa ry  data fo r the l a s t  equation are

EH®(BtI,l) = -9 .6  ~ 0 .4  Kcel.mole"^ (A shcroft e t  a l ,  1965) 

E H °(E t^ ,l)  = -30 .52  -  0.16 Kcal.œole"^ (tehedeva, 1966)

and hence the standard heat o f form ation of the aqueous 

te tr a e th y l  ammonium ion

EH^(Et4H*,aq) = -32 .49  -  0.54 K cel.m ole"!

(-135.92 -  2.25 K j.m o le 'l)

The heat of so lu tio n  of te t r a e th y l  ammonium p erch lo ra te  leads i

to  i t s  standard  heat of form ation d ire c tly

Et^hClO^(c) + Et̂ N**̂ aq + CIO* aq . . .  AH

and EH%(Et4BC104,c ) = EHf(Et4«*,aq) + EH^(C104,aq) -  EH

0 
s 

o 
8
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Utilne AH g® = 7.41 + 0.02 K cal.»ole“^ (71.02 + 0.11 Kj.mole"^)

then AHf®(Et^NC10^,c) -  -70.81 + 0.54 Kcal.-nole"^

( - 296.27 + 2.25  Xj.mcle-1)

A kew e t  a l ,  19^4, re.jorted the v«lua 7.18 Kc-^l.mole”  ̂ for the 

▼ lue o f  AHg a t  20°C.

The h ea t o f  d ilu tio n  o f  triethylam lne la  water was measured

Et^Jî(l) 4 n HpO— H;0 . . . .  AH4

ad from two exoeiim^mt» the value = 7.71 ± 0.^2 Kcal.iade*’̂

(n = 1599 "JJd 1679) var ob ta lo fd . U* lag  th la  velu^ fo r the

he*t o f  d ilu tio n  then

AH, = -6.-^4 ± 0 . 3? Kcal.ife-.'le"^

AH{,®(Et^N\aq) = -7?.47 + 0.54 K oal.aole"^

AHj.®(Kt^MC10^ ,c) = -71.59 + 0.54 Kcal.molc"^

U Inp the « t ndard hea t o f form lion  o f  t>ie aqueou te tra e th y l-  

"Mmonlum ion ( - 3?.49 ± 0.54 Kc l.m cle*^), the standard heateof 

formation o f the o ther t e t r  e thy l ammonium halides c<>n be 

ob t ined from th e ir  heet^ o f o lu tio n .

AH^®(St4ÜCl,c) = -7 .0 7  4 0 .0 5  Kcal.inolo*^ (Wu »nd Friedman, 1966) 

AHf®(7t^NCl,c) = -6 9 .7 7  + 0 .5 4  Kcal.mole"^

AHg®('=t^HSr,e) = 1.49 + 0 .0?  Kcsl.i*ole"l(Vu «nd'Fidedmsn,1966) 

iiHj.®(Ft^»rir,c) -  - 6? .0+ + 0.54  Kcnl.aole*^
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p - I ro rv l Ammonium Pei ch lo ra te

The standard  h ea t o f form ation of the aqueous propyl 

ammonium ion was obtained  by measuring the fo llow ing hea t 

o f re a c tio n

PrNHgfl) + (x+liEClO^yBgO  tfPrKH* + ClopxJSClO^jH^C ...
where x and y rep re se n t the moles o f p e rch lo ric  ac id  and water 

re sp e c tiv e ly , and the r a t io  (x + l) /y  corresponds to  aqueous 

p e rch lo ric  ac id .

No s ig n if ic a n t  tren d  in  the value o f w ith d ilu t io n  

could be d e tec ted , so was s e t  equal to AR^, where AH® 

i s  the hea t o f the follow ing re a c tio n

PtFHj ( I )  + HClO^aq ^PrKH^q + C10"aq . . .  AH®

and AH®(prFHj,aq) = AH® + AH^CPrHH^.l)

AH°(HC10^,aq) « AH°(C10",aq)

Hov AH® = -19 .49  -  0.10 K c8l.BOle"^(-61.56 1 0.40 Kj.mole"^)

and AH®(PrKH2, l )  = -16 .77  -  0.13 Kcal.mole"^

(Smith and Good, 1967)

Thus AH°(PrKH^,aq) = -36 .26  1 0.17 Kccl.mole"^

(-151.71 -  0.71 Kj.mole"^)
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Using the hea t o f so lu tio n  o f the re a c tio n

PrKHjClO^(c) + --------> PrKB* eq ♦ CIO" aq . . .  EH®
8

then EB®(PrBHjC10^,e) = EB|(prt9Ht^,aq) + EH°(C10",aq) -  EH®

« -71 .06  t  0 .18 Kcal.mole"^

(-297.40 i  0.75 Kj.mole"^)

T ri-n -F ropv l Ammoniun P erch lo ra te

The standard heat o f form ation o f c ry s ta l l in e  tr i-n -p ro p y l 

ammonium p e rch lo ra te  was obtained by studying the re a c tio n s

P r jR ( l )  + (m+l)HC10^nH20------ »• (pr^KB"* + ClopmHClO^nHgO . . .  EH^

PryJBClO^(c) 4 (m+l)BC10^nBg0 * (P r^B '' + C10p(ai+l)HC10^nH2O . . .  EBg

where m and n rep re se n t the moles o f p e rch lo ric  ac id  and water 

re sp e c tiv e ly  and the r a t io  (ro+l)/n corresponds to 12^ p e rch lo ric  

a c id .

From Appendix I I I

EHj -  -30 .14  i  0 .13  K cel.m ole"! (-126.10 -  0.66 Kj.mole"^)

AHg = 1.99 -  0.14 Kcel.mole"^ (8 .32  i  0 .57  Kj.mole"^)

A c o ira c tio n  term must be applied  to  the  two equations above 

so th a t the f in a l  thermodynamic s ta te  in  both cases i s  the same.

The c o rrec tio n  term i s  expressed by the  equation

(P r^B * + ClOpmHClO^nH^O + HClO ^(l) (P r^H * * C10p(m+l)iiC10^nBg0

. . .  ek .
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Assuming th u t the Ion present have m n eg lig ib le  e f fe c t on th is  

reac tio n , then the ernation  can be w rlt te i

ibHCIO  ̂ nHgO + HCIO  ̂ ( l ) — ►(m+DHClO  ̂ nH,,0 . . .  AB^ •

The ▼•'lue o f  wa«: ob tiinod from oerohlorlc sold d ilu tio n

tab les  (Wagmmn e t  e l ,  1968) ,  end

AH  ̂ = - 11.08 ± 0,42 Kcsl.mole"^

The eruetion  from which the standard heat o f formation can be 

obtained i f

Pr,N (1 ) + HCIO  ̂ ( 1)  ► P r^C lO ^(o) . . .A H

where AH = AĤ  -  AH, + AH,

= - 43.21 i  0.50 KoAl.mole"^ (-190.79 ± 2.09 K j.aiole"h 

and AHf°(Pr,NHC104,c ) = AH + AHg(HC10^,l) + AH^°(Pr,N,l)

AHg(HC10^,l) = - 9.70 ± 0 .0? KCAl.mole"^ (Wagman, e t  <1,1969)

A H g(Pr,N ,l) = - 49.51 + 0.24 Ko-1.mole-1 (Lebedevs, I 966)

Thu' & H g(Pr#!C10^,c) = - 10? .4^ ± O.56 Kcsl.mole-1

( - 428.57 + 2.74 Kj.mole-1)

The ' tan dard hea t o f formation o f the aqueous tri-n -n ro p y l 

««monium ion was obtained in a "Im llar mcnner to the standard 

h ea t o f formation o f  the aqueou^ n-propyl anmonlum Ion.



n

Thus

P r ^ ( l )  + (p+l)HC10^ qHgO ». (P r^H * + CloppHClO^ qHgO . . .  AH

where p and q rep re sen t the moles o f p e rc h lo ric  ac id  and w ater 

re sp e c tiv e ly  end the r a t io  ( p t l ) /q  corresponds to  %  p e rc h lo ric  ac id .

Then AH®(Pr^H*,eq) = AH® + A H ® (P r^ ,l)

K —65.92 — 0.29  Keel.m ole

This re a c tio n  had a main period  in  th e  range 6 to  10 minutes 

and 80 the "equal area" technique (Appendix I )  was used to o b ta in  

the co rrec ted  re s is ta n c e  change fo r  the re ac tio n  period .

Trinheavlm etkyl P erch lorate

The fo llow ing  two re ac tio n s  were used to  o b ta in  the standard  

h ea t o f form ation of triphenylm ethyl p e rch lo ra te

Ph^COH (c ) + (nH-l)HClO^nHgO------"(Ph^C* + C10pmHC10pwl)Hg0 . . .  AĤ

Ph^CClO^ (c )  4 (B4l)HC10^nHgO------» 4 ClO^^tmfljHClO^nHgO . . .  4Hg

Two d if fe re n t  samples o f  triphenylm ethanol t-mre used to study 

the f i r s t  re a c tio n . Sample A was r e c ry s ta l l is e d  from ethanol 

and sample B was r e c ry s ta l l i s e d  fiom to luene. The value o f & 

i s  taken as the mean o f & and

Thus EH, = -2 .90  i  0 .13  Kcal.mole"^ (-12 .13  * 0 .54 Kj.m ole"^)

and AHg = 3.09 •  0 .02  K cel.oo le"^  (12 .93  * 0 .11 Hj.m ole"^)
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Two d ilu tio n  term« Tîu«t be U'^ed In order to obtain the fin-il 

thermodynamic s ta te  in  both reactions

(b+1)HC10^ nHgO + HpO— »-(m+l)HC10^(n+l)HC104 . . . .

(m+l)HC104(n+l)Hp0  HC104(n+l)Hjû + HC104( l)  . . .

The e f fe c t  o f the tripheny l methyl end perch lo ra te  ion* on these 

d ilu tio n  terms are avsumed to be n eg lig ib le . The mean value 

o f   ̂H.y + war determined by con idering  v s r ia tio n r  o f  mmd

n with re rn ec t to experiment J. q u an titie s  o f trinhenyl m^rthanol, 

u in r  oerch lo ric  acid d f u t io n  t  b les (Wspirn e t  e l ,  19® )•

AH, + AH4 = 6.70 ± 0 .0? Kcnl.mole-1

The . 't ’r.nd'Td h e r t o f form*’tion  o f tripheny l methyl oerch lo ra te  

cnn be obtained from

Ph,OOH (c) + nCl04 (1 )— ►Ph,CC104 (c) + H,0 . . . .  AH

where AH = AĤ  -  AĤ  -  (AH- + AH )̂

= -12.71 ± 0.13  Kc l.m ole"! ( - 57.18 V O.54 K j.m o le 'h  

Mid AHf®(Ph,CC104,c) = AH -  AHj.®(H^O,l) + AHf°(HC10^p.)

+ AHg(PH--.COH,c)

AHg(H^O,l) = -68.7? + 0.01 KcBl.mole"^ (Wftgm;n e t  a l , 1 9 ^ )  

AHf®(Ph-COH,c) = -Û.80 ± 0.60  Kcal.raole"^ (Parks e t  e l ,  1954)

Thus AH^®(Ph,OC10^,c) = 46.71 + 0 .6?  Kcsl.mole-l(195.43+?.59 KJ.mcle"^)
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T rl( cUtolyl)nai-thyl ^erch lo ra te  »

The low so lu b ili ty  o f  trl(o-tolyl)metb«^^nol snd t r l ( p - to ly i)»  

methyl perchlor*^t« In perch loric «eld ore vented ^ImllRr réac tions 

to  tho*^e o f  tripheny laethy l oerch lorate  beinp U'^od to obt^dn 

the etm dard  he»t o f f  rmetion* The hydrolysis o f tr i(p -to % i)-
if

methyl perch lo ra te  proved to  be too slow fo r ca lo rlw etric  Kt%Ky#
' ^

A se riee  o f  reac tions involvinr the a lk a lin e  hydrolyels 

fl- o f  a so lu tion  o f tr i(o - to lv l)« « th y l perchlorate in  a c e to n itr i le
I   ̂ 'W;:!

were ca rried  o u t. However, the rosul-tF were in con - la te n t .  i

This may hav been due to a re.'^ction between c e to n i t r i le  and

sodium hydroxide. ' _-

The ca lo rim etric  reaction  f in a l ly  chosen warn the hydrolysis -

o f  a "-ojution o f  tr i(p -to ly l)m e th y l perchlorate in  g la c ia l ace tic  

cold. m

Ar,C.C10^ m AoOH + (n+l) H^O— ►Ar:,OOH(o) + HClÔ mAcOH n Ĥ O

where m ^nd n repre*^ent the mole r a t io s  o f  a ce tic  rc id  fnd water %

resp ec tiv e ly .

The tten*^ured he^t change, Q cnl*", i s  re la ted  to the two 

reactione which occur by the equation

Q » n,.AHi + AH: ; \



lOC

where «nd reore^fint the moles o f  a c e tic  ncid md nerchlr^:te 

re rp eo tlv e ly , p.nd i?  tlia heat o f ‘o lu tion  o f ace tic  acid,

and AĤ  the heat o f h y d ro ly i^  o f t r i ( p-to ly l)m ethyl perch lo ra te .

The vnlue obtained for = -^.'58 ± O.O3 K cel.aole"’’(-?3 , 3±0.14 K J.m ole'P

In  th is  reRCtion the trl(p -to ly l)m eth an o l i s  rg:aimed to be p rec ip i

ta ted  out "Uf n t i t a t iv e ly  and in  ce tiie (mount o f ace tic  acidfi.s 

sm all, the f in a l liq u id  .';trte i«  con i  da red to be in  f in i te ly  

d ilu te  perc’iloT'ic acid . Thu* the previous equation becomes

1

Ar^CClO  ̂ «AaOH + — ►Ar-COH (c) + 0 . . .  AH„

The heat o f  so lu tion  o f  tr l(o - to ly l)m e tc y i perch lo ra te  in  g la c ia l 

ace tic  acid was also  me&sured

Ar^CClO^ (0) + ttfoOU »Ar^CC10  ̂ mACDH . . .  &Hg°

= 6.?3 i  0.09  Kc-l.i«ole~^ (?6.0? ± 0.39 K j.aio le '^

The standard h es t of formntion o f  t r i  (p -to ly l)  methyl perch lorate  

can be obtained from

Ar^CClO^ + HpO (1) Ai-rCOH t  HCIO  ̂ ( l)  . . .  AH

where AH = AĤ  + A H / -  AH,

Ah., i f  the beat o f d ilu tio n  o f liq u id  perch lo ric  acid to in f in i te  

d ilu tio n

HCIO4 (1) t  HpO— . . .  AĤ  

mod AH  ̂ = -P I.?1  Kc:.l. Bole”*̂  (Vaqmsn e t  a l ,  1968)

Thus AH * 21.86 + 0.10 Ko'^l.mole’"̂
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nnd &Hf®(/r,C010^,c) = AHj,®(Ar,COH,o) + Ah/(H C 10.,1 )

-  -  AH

\r^OOH,c) = -?6 .2  + 1.2 Kctil.mola"^ (o f . ‘^pendlx I I )  

ond hence AH.®{Ar_CC10.,c) = 10.6 ♦ 1.2  K cul.m 'le"^ (44.4 + h.-i KJ.aole"^
I ^  ft *“

Trl^o-ae thomhenyl) me thyl P^rohlora te

Tl:e procedure fo r obtain ing  the strndc.rd hem b o f fonaation 

o f t r i (p-methoxyphenyl)methyl perohlorate ig  exactly  analogous 

to th a t fo r t r i  (p -to ly l)  me thy l ^erolilorate. The data used 

9re  l i s te d  below

AHp c 2.60 + 0.?5  Kctl.mole"^ (10.98 ± I.O 5 K j.iaols'b 

AHg® = 7.78  ± 0.11 Kecl.molt-^ (32.55 ± 0.46 K j.w o le 'b

AH = 31.59 t  0.27 Kosl.mole"^ (132.17 ± 1.13 K j.m o la 'l

AH/(Ar;OOH,c) = -117.2 ± 5.5 Kc^l.-nole"^ (Appendix I I )  

AH^®(Ar^CC104,c) = - 90.2  ± 5.5  Kc^l.Kole"^( 7 7 .4  ± 23.0Kj.mol*-^)

Tetraoropyl Ammm̂ um Hromide ü id  t^ tra b u ty l Ammonium Bromide

The heats o f so lu tion  o f the a two coarounds wore measured 

in  order to complete \he se rie s  o f heat* o f  .solution fo r the 

te trealkylm m oniu* h a lid es . However, the values o f the' e tvo 

heats o f  «olution were found to have bean reported (Krishnan _

end Friedman, 1969)* P resen t velues are comnared with the

l i t e r a tu r e  v lue« in  tab le  4 ,9 .



Heats of

T«bie 4.9 

Of T e tr a -a l ty l

Conpouna AH.° KCïl.mcle"^5
Present wodc L ite rs tu re

Pr^K 3 r 

BU4N Br

—1*17 1 0,04

- P .20 ± 0.15'

- 1.03  (e)

- 1.10 (b) 

- 2.0? (a)

(a) Krishnen end Friedmcn, I 969

(b) Boyd fud V?ap, 1968

The staiidard heet" o f formation o f Uie a coiapomds cannot 

ce ca lcu la ted  qlnce the standard habits o f formation o f the 

equeoufi te tra -a lk y l smmonlum ions are no t ava ilab le  in  the 

l i t e r a tu r e .
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4b Heat a o f  T ransition  and ftigsiom

The measured trrnp it.icn  temperatures sad the eadothermic 

enthslpieA o f tra n s itio n  ( t) and ion (? ) , fo r the imine 

s a l ts  studied in  th is  work, are recorded in  tab la 4.10.

Fusions were d i^ tin z iish ed  from tra n s itio n s  by observing 

the samples tliT-ough the glass window, in  the cy lin d rica l 

ja ck e t. The re s u lts  presented, except for ammonium p erch lo ra te , 

ore the me m value* o f three separ^te runs fo r each sample.

The uncerta in ty  in te rv a l cuoted for the^e re s u lts  i s  the range. 

The enthalpy o f tra n s itio n  o f ammonium perch lorate was obtained 

from the moiin o f six  run# end the u n ce rtrin ty  in te rv a l was 

determined ms In rection  6,

T ransition  energies are recorded in  Kcal.mcle ^ and trans

it io n  temperatures in  degrees C. An e rro r o f ± l^C i s  placed 

on the tra n s itio n  tem peratures. No tran sit!o n e  wore detected 

for tetram ethy l ammonium p erch lo rrte  and tr i-n -p rcp y l ammonium 

ourchlorate  in  tne tern >erature range -QO^G to j60^C, A very 

small peak wa? consiston tly  detected a t  lOO^C fo r te tra b u ty l 

ammonium bromide but i t s  area w p s  no t measured. Typical thermo

grams fo r tr^Jïsition  and furion ere recorded in  Fig. 4 ,1 ,
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Fig. 41

(°c)

Transition Endothernn of 

Propyl Ammonium Perchlorate

-4 0

-4 l

125

124

(°C)Fusion Endotherm of 123

Benzoic Acid

122
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Table 4 .1 0

Hentfi o f  Tr>ji^ltion Fa’̂ ion in ttie range -90°C to ?9)°C

Temoerature I Energy

im^ct04 24? 2.24 + 0.3?(T

MeWH'ClO, V '
1.69 ± 0 .01(T

I 7S 1.97 ± 0,02(T

MepîlH^ClO^ 39 1.81 * 0.04(T

41 0.79 ± 0.05(T

130 0.57 i  O.C5(F

We-NHCIO^
J 119 0.22  ± 0 .01(T

209 0.99 ± 0 .01(1

EtNH.ClO^ 4 2.90 ± 0.04(7

149 2.?1 i  0.06(7

Et^H^ClO^ -  56 0.40 i  0.01(7

156 2.33 ± 0 .05(F

Et^ffClO^ 93 2.79 ± 0.22(7

PrtlH^ClO. -  41 0.88 + 0.02(7

170 2.46 db O.Oj(F

Pr^M3r 100 3.72 * 0.20(7

118 0.07 ± 0.02(7

B\i4M3r 83 0.50 * 0.07(7

92 7.27 + 0.12(7

113 2.84 ± 0.15(F
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4c f^pecific Heetg

The e p e c ir ic  heat o f  dimethyl gmriionium perch lorate was 

determined in  the range 275^ to 35^ ^  in  order to re.soive the 

ap ai’ent divergence o f  opinion about the c r y sta l ph&t>e trans

form ations o f  t h is  cr,m )Ound. St^Tjaler e t  fJ., 1966, report 

the trrjasition  from mono c l in ic  to tetragonal a t 311^  i j ^ O )  

and Duke , 1970, suggests th a t tiie lower temperature phase 

i s  cubic. Present Ü.P.C, stu d ie s , however, show that there 

are two ohase changes in  the 303° to 71' ^  ( 30° -  40^0) range

The accuracy o f  tiie D. H.C. for ap-iciric heat de term inations 

was checked by maamiriag the s p e c if ic  heat o f  & standard 

substance* Thermo oh emlcmJLly pure benzoic acid  (Bureau o f  

Analysed Samples, Middlemboi-ougb, England) was chor.en as a 

standard, sin ce n recire  data are a v a ila b le  (Farukava e t  t l ,

1951) la  the Mnge 0° to 410®K.

The r e s u lt s  obtained for benzoic ecid  ere presented ia  

ta b les  4 .11 (*nd 4 .1 2 . TT e valuee in tab le  4 .1 1 , in  the r&nge 

320*̂ to represent Reasurementr in  a non- tr  an ni tion  region .

Data in  ta b le  4 .1?  represent s p e c if ic  heat measurenicnts through 

tiie m elting po in t o f  benzoic acid . Data for  th is  tra n sitio n  

region were obtr^insd from separate runs in  the temperature 

rsnges 372° -  395°: snd 400° to 4?0°K.



The rav data were f i t t e d  to an equation of the form

10?*

C « A 4 BT
P

u sin g  a least-m ean-squ are computer programme, in  order to m inim ise  

random n o ise  e f f e c t s  on the tr a c e . The smoothed data are p resen ted  

in  ta b le s  4 .1 1  end 4 .1 2 , and F ig . 4 .2  shows th ese  v a lu es  compared

g r a p h ic a lly  w ith the l i t e r a t u r e  v a lu e s .

Table 4 .10

f lM c if t e  Heat, f l l  Bepgolc A c ld ^ 3 2 0 ° -  3 # ^ )

S p e c if ic  Heat c a l . \ " î e " ^

Measured | L iter a tu r e

320 

325 • 

330 

335 

340

0.3009

0.3095

0.3181

0 .3267

0 .3352

0 .3071

0.3116

0 .3162

0 .3207

0 .3301
%

The s p e c i f ic  heat o f  dim ethyl ammonium p erch lora te  was determ ined  

in  the range 275^ to 5 5 0 ^  and the v a lu e s  are recorded in  ta b le  4 .1 2 . 

The va lu es in  the p re- and p o s t - t r a n s it io n  r e g io n s , 275^ to 2 9 5 ^  

and 320° to 350°K are the mean o f  f iv e  separate experim ents.
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Table 4.11

o . ^ o .Specific Heat o f  Benzoic Acid (57? -  420 : )

T®K Specific Heat c a i. g"^. °K-^

Measured L ite ra tu re

• 572 0.3685 0.3601

574 0.37U o .;^620

376 0.3757 0.3644

578 0.3764 0.3659

580 0.3790 0.3678

’ 82 0.%8l6 0.^698

584 0.3842 0.3716

385 0.5855 0.3726

586 0.3868 0.5756

588 0.3894 0.5755

590 0.3920 0.5774

400 0.4816 0.5031

402 0.4858 0.5057

404 0.4900 0.5082 ‘

405 0.4921 0.5095

406 0.4942 0.5108

408 0.4983 0.5134

410 0.5025 0.5160

412 0.5067 0.5186

414 0.5109 0.5212

416 0.5150 0.5238

418 0.5192 0.5264
1 4^0 0.5234 0.5290

m
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Table 4.12 

t^o f Pimetbvl A/imonli/a P e rch lo ra te

T°K Cp c a l . V ^ T°K C cal.°K*^ 
P

275 0.3426 304 0.8084

260 0.3452 306 0.7361

265 0.3537 ioB 0.8295

290 0.3734 310 1.0664

294 0.4259 316 0.4930

295 0.4354 320 0.3612

296 0.4626i 325 0.3649

297 1 0.5356 330 0.3686

296 i 0.6393 335 0.3923

299 ' 0.7328 340 0.3960

300 0.9174 345 0.3997

1 301 0.9971 350 0.4034

302 0.8956

g



J

The values in  the t r a n s i t io n  region  were obtained from two
' o oexperim ents in  the range 290 to 320 K. The values fo r  the 

sp e c if ic  heat in  ta b le  4.12 are  p resen ted  g rap h ica lly  in  « 

y ig . 4 .3 .

3ir 5-rt*-
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Fig. 4-3
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s s s m n . s

PiectteBiop

This se c t io n  i s  concerned v ith  the d iscu ee ion  o f  the r e s u lt s  

in  Section  4 end with thermodynamic quanti ie #  derived  from th ese  

r e s u l t s .

5# l a t t i c e  Energlee

• .
L a ttice  en e rg ies  have teen  derived fo r  the su b stitu ted  

a lk y l amine s a l t s  o f  the general formula

where n » 1-4»

h m Me and Et» 

and X «C C1» Br» BO »̂ and CIO^.

These l a t t i c e  en erg ies  have been c a lc v la t td  u sin g  the m odified  

(T a tsim irsk ii»  1961) K ap u stinsk ii equation (S e c tio n  l ) .

287 .2  V s* (r_  4 r^ -  0 .5 4 5 )J l

+ 'a )
+ 2 .5  V m* a" K eel.m ole  

. • • • 5* 1

-1

whare v i s  the number o f  io n s per m olecule» and s** are the

■'i- ■
.. - ,  ^



ca tion ic  and anionic charges, and and are the ca tion ic  

and anionic r a d i i .  For a un i- un ivalen t s a l t  equation 5*T 

sim plifies to

a'
574.4 ( r„  + r ,  -  O.345)

4 5*0 Kcal*mole-1

The assumptions Involved in  developing the above equations 

have been ou tlined  in  Section 1.

The above equation* only require a knowledge o f the 

thermo chemical ra d ii  o f the cation (r^) and anion (r^) in  

order to ca lcu la te  the l a t t i c e  energies. The thermochemical 

ra d ii  used for the halogen ions were the Goldschmidt ra d ii 

and the thermochemiceè ra d ii  o f the complex anions were 

obtained by Y at*im irskii in  1947 (c f . Section 1 ).

Iiif

1.89 %

*’0104- ~ ^

Tatsim irskii*  s method can be modified to give the thermo chemical 

ra d ii  o f complex ca tions, by considering two s a l ts  with a common 

cation . Consider two methyl ammonium s a lts  as an example ‘

MeHH,C104 ( c ) -------------------- (g) + CIO^" (g) AHlI

§ S i_



- L?‘‘h i

= ^ ^ / ( C 104-  g) -  (MeimÿlO^.c) 

+ (MeNH^O,,c)

-  &Hf  (NOif.g)

•  •  •  •  1

Using the K apustinskii equation

V  -  = 574.4
1

-+T_ - 1-
0.745

(r^+rg-)

115

0.345

(r++Tg-)

where r i s  the radius o f  the ca tion , ,

r^~ i s  the radius o f  the perch lorate io n , 

end r^“ i s  the radius o f  the n itr a te  ion

Equations 1 and 2 c^n be equated snd rearranged to give an 

equation for the cation  radius r^. r im ilor  equations can a lso  

be w ritten  for combinations in v o lv in g  ch lo r id es , bromides, n it r a te s ,  

and p erclilora tes, snd the general equation i s  as fo llo w s,

/  + ( ? f  + ?d)r^ + (f^  + 4fd + d^)r^ + (?f^d + 2d^f)r +

d^r’ =

r<j-ed^

574.4

AHlI -  k«L2
(2 f+ c -? d -e )r  + ( f^+2of-d"-2ed) r +

In th is  equation r = cation  radius

c 3= r^~ -  0 .3 4 5
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a =

e = -  0 .3 4 5

 ̂= V  ■

The standard b eats o f  formation o f  the gaseous h a lid e  anions 

and the c r y s ta l l in e  a lk y l cmmoniua ch lorid es and n itr a te s  were 

taken from Wagman e t  a l ,  I 968. The standard h eats o f  formation 

o f  the gaseous n itr a te  and perch lorate ion  were obtained in  the  

fo llow in g  manner.

Con'^ider ?odiua perch lorate

HaClO  ̂ (c) = Ha'*’ (g) + CIO^" (g) . . . .

fcHf®(CljO^',g) = (HeClO^.o) -&H^°(Ha'*,g)

From the m odified K rpustinpkii equation

6Hr -  ?RT = D ® -----— "---------------- + 5 .0  Kcal.BOle'^

^ ('"Na+ +

Thus the value o f  tH^^(C10^^,g) can be evaluated . S im ilar  

c a lc u la tio n s  can a lso  be performed for  potassium , rubidium and
- ='

caesium p erch lo ra tes . The standard heats o f  formation o f  the 

gaseous nerch lorate  ion  obtained by the above orocedure.are  

recorded in  tab le  5*T» The standard heats o f  formation o f  

the c r y s ta ll in e  p erch lorates and gaseous metal ion s were taken

from R ossin i e t  a l ,  195^*
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la tion  o f  the ^

i tHj(C104 ,g ) K cal.g  lon"^

I_
T ' .

BaClO,4 -77 .81  ,

- 4  * ' KCIO. 4 , -79 .38  ;■? :
1 :

r" -
i ,

r.

RbClO.4
CsClO.4 -77.43

:

-■ >-.f '/
The mean o f  the v a lu e s  in  ta b le  5 .1  fo r  the standard heat o f  form ation  

o f  the gaseouB p erch lo ra te  ion  i s  -7 8 .1 2  -  1 .1 6  K ca l.g  ion*^ .

(The u n certa in ty  In ter v a l i s  quoted as tw ice the standard d e v ia tio n  

from the mean; c f ,  S ec tio n  6 ) .

The standard h eat o f  form ation o f  the gaseous n it r a te  io n  

was obtained in  a s im ila r  manner

fcH®(HO*,e) = -7 5 .7 9  -  0 .5 2  K ca l.g  ion"^
-i _

S u b s titu tin g  the va lue o f  in to  equation  3# ^ h is

equation  can then be arranged in to  the form

A ? p
r 4 At  4 Br 4 Cr 4 D « 0

S o lu tio n s  to  t h i s  equation  were obta in ed  by fe e d in g  the c o e f f i c i e n t s  > ^
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A to D in to  an ExCHLF computer urorrrame fo r the solution 

o f polynomial equations. (Muller Subroutine No. 88 l, A tlas 

Computing Service, Univer i t y  o f London). The roo ts o f the 

above equation usua lly  had 1 o o sitiv e  nd 3 negative values.

The p o s itiv e  roo ts fo r the d if fe re n t combine tien s  o f s a l ts  

used are l i s te d  in  tab le  5*?* The values in  paren thesis 

in  tab le  %2 were no t used in  oelculaikng the mean value.

The method used to ca lcu la te  the uncerta in ty  in te rv a l i s  

ou tlined  in  Section 6. The a s te r isk  in  the NÔ ""/Br"~ l i s t  

in d ica te s  th a t one o f the roo ts o f the quart!c equation was 

comolex and the o ther two had negative re a l values. C in d ica tes  

th a t th ree  o f the roo ts were comolex (o f Vrie order 10*“̂  -  10 ^^) 

and the o ther was re a l and negative. The re a l portions o f 

the complex roo ts were also negative. Odd numbers o f 

p a r t ia l ly  complex roo ts may be due to a minor anomaly in  the 

computer "programme. Complex roots would be expected to occur 

in  p a irs  since a comolex roo t w ill have i t s  comolex conjugate.

The l a t t i c e  energies were ca lcu lated  fo r the alkyl ejnmonium 

p erch lo ra tes, n i tr a te ^ , ch lorides end bromides using equation 5*1 

and the mean thermochemical ra d ii  in  tab le  5*2. The l a t t i c e  

energy values are recorded in  tab les  5*3 to
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Table "ï.?

ao

ü  ̂ Kcsl.mole*^y • ü ° Kcal*fflole“^
y

MĤ GIO.4 4 151.4 ± 2.3 r

MeNĤ ClÛ4 150.3 ± 4.5 Etm iÿio^ 151.1 + 6.1

MepNHgClÔ 145.8 ± 7.9 ! ËtpNHgClO^ 150.3 + 6.9

Me-̂ NHCIÔ 139.9 ± 9.0 • Et^î0ClO4 134.2 + 2.6

Me^NClO^ 109.3 ± 25.2 Et^NClO^ 101.4  ± 32.8

Table 5.4

|«||||H)|e Ënergiep o f Alkyl iinmnnyg^ Hfifftlftff

• ■y® Kcnl.nole"^ 0ü K cal.aole”
y

HH4NO3 171.1 ± 2.9 ,

169.7 + 5.7 EtSH^O^ 170.6 ± 7.9

Me^pHO^ 163.8 ± 10.2 EtpNH Î̂fO^ 169.7 ± 8.8

Me-jjMHN0*7 156.4 + 11.4 149.3 ± 3.3

Me.NNO, 113.9 ± 30.7
1

Et.raO- 
 ̂ 3

109.6 ± 39.7

• y - ■■ i'-
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Table «5.̂  

o f Alkyl Kmmonimf

Ü ^ Kcjnl.mole”^
y

0 ® Kcf l.mole"^
y

NH4C1

MeNĤ Cl

Me^NH^Cl

Me-^Cl

Mê MCl

174.9 ± 3.1

173.4 ± 6.1

167.4 ± 10.6

159.6 i  11.9

120.7 ± TL.9

Et8H-Gl

EtpNHgGl

Et^NHCl

Et^NCl

174.4 ± 8.3

173.5 ± 9 .2

152.2 Î  3.4

111.2 ± 41.0'

Table 5.6

L ^ -

0 -1  U Koal.mole
y

0 ® Kcal.mole"^
y

NH^Br

MeNH^r

Me^NH^r

Nê jOTEr

Me^NBr

167.8 + 2.8

166.5 ± 5.5

160.9 ± 9.7  

153.7 ± 11.0 

117.4 + 29.7

EtNH^Br

Et^MH^Br

Et^NHBr
.j

Et.NBr4

167.4 + 7 . 5 .

166. 5 .+ 8.4 

146.8 + 3.2

108.3 + 38.5



The uncertain ty  in te rv a ls  quoted in  the tab les 5*3 to 5*^ 

are derived fro* the uncertain ty  in te rv a l quoted fo r the thermo- ; 

chemical C;«tion r a d ii ,  assuming a aero e rro r in  the anion rad ius. 

The accuracy of tJii»- method o f ca lcu lation  can be estimated by 

comorring the p reren t vf-lues of la t t i c e  energies to l a t t ic e  

energies obtained by extended Bom-M-.yer ca lcu la tions (Vsddington,
» I I

1959) • Bleick in  1934 used the Bom-Msyer method to ca lcu la te  

the l a t t i c e  energies o f ammonium chloride, bromide and iodide. 

S im ilar ca lcu la tions have recen tly  been c r r ie d  out by Ladd,
« I

1970, fo r ammonium chloride and bromide and there values are 

compared in  tab le  S.7*

Table 5.7 

Lgittice Energies o f Ammonium Halides

—1L attice  iiiergy Kc l.mole

Present Work Bleick Ladd

NH Cl 4 174.9 ± '3.1
>■

161.6 157.3 ± 0 .5

m^Br 167.8 ± 2.8 154.0 151.2 + 0 .5

159.2 ± 2.5 145.5 • .

Bleick* 8 velues of l a t t i c e  energy were calculated  a t  0 K,
* ' f

and the correction  to i s  given by

^298 “ p R .T .(n tl) -
r298

0
The correction  f  c to r i s  approximately 6 f  1 Kcal.mole-1
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Comprricoti o f the la t t ic e  energies obtained in  the present 

work, v ith  va'iues obt^iined by extended ca lcu lrtio n s , in d ica te  

th a t the value o f the tiiermochemical radius o f the ammonium 

cation in  tab le  i r  too low. I f  Ledd* s valueo o f tiie 

la t t i c e  energies o f ammonium cnloride and broadde are used 

as the so lution of the mcviified KauU 'tlnskii equation, then 

the value o f the thermochomical radius for the ammonium cation 

would be o f the order o f I .58 -  1#59 Steadman, 19^7 &nd '

H aliiw ell and Nyberg, 1963# have reported la t t ic e  energies for 

tetrameü^yl and tetravHhyl ammonium ha lid es . There values 

are compared v ith  p resen t values in  tab le  5. 8 .

C', -

Table 5.8

L attio#  ,Beiergle? o f T ttraa lky l Ammonium Halide!

Present work Steadman H slliw ell

Me^NCl 120.7 1 71.9 140.2 118.8

Me^UBr 117.4 ± 29.7 138.4 115.7

Me^NI 113.2 ± 27.3 132.9 111.2

Et^NCl 1 111.2 ± 41,0 129.3

Et^HBr 1 108.3 + 38.5 127.2

Et.NI 104.7 + ^ . 5  1 122.7
L_. .. - __ . „ ---- Ü-----------------:-----------

-
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StendmRn*8 la t t i c e  m e r g e s  v-ere obtained from a knowledge 

o f exoerimental hents of ‘solution mnd the solvation energies of 

the constituen t ions (ca lcu la ted ), Ionic ra d ii  were obtained 

from ft ‘̂ emi-emoirical ecuetion derived by Conway e t  &1, 1965* 

and from these ra d ii , estim ates o f the -olvation energies were, 

derived. F inallv , su b stitu tio n  in to  the' equation

o _ + $

where t  H ® = heat o f solution 8
= la t t i c e  enthalpy 

$  = combined ion hydration enthalpy

gives an estim ate o f the l a t t i c e  energy.

H alliw ell and NyberFj 196?, calculated  th e ir  values from the 

KapUFtinskii equation u?ing a v luè o f the cation ic radius of the 

tetram othyl ammonium ion o f ?,0 2 ( îa t^ im ir^ k ii, 1956) .

The values obtained for the la t t i c e  energies o f t e tra -a lk y l 

ammonium h slid es  using thermochemical ra d ii  are in  qu ite good 

agreement, however, the margin o f e rro r could equally well include 

Steadman's velues. In view o f the large uncertain ty  in tervals), 

the l a t t i c e  e n c ré e s  mu^t be considered to be only approximate.



MS

In formulating the equation for l a t t i c e  enerçles, K apustinskii 

assumed th a t i t  was possib le to replace the in te rs  tonic diet4mce(r^) 

by the sum of the cation ic  and %nionic r s d i l  ( r .  + r  ) (Section 1),to

This su b stitu tio n  arsumes th a t the unlike ions pre 'to u ch in g ',

which i f  in co rrec t for compounds po'=*se'=«sing IsTge ions. The

la t t i c e  soocing in  Podium iodide, for example, i s  governed by

I~ -  I "  contacts. The la t t i c e  «pacing In the perch lorate compounds

with small options i«  also lik e ly  to be governed by perch lo ra te-

perch lorate  contacts. Thus the Kapustin«kii ecuation w ill probably

not y ie ld  re lia b le  re su lts  for the«e coro-ound«. The l a t t i c e

energies ca lcu lated  for compounds with non-«pherically-^'vrnmetrie

cations t r e  al«o lik e ly  to be inaccurate , sincè Z etsiia irrk ii* s

method of obtaining thermochemical r^ d ii assumes th a t the cation

ii> spherical. This problem also occur? in  extended calcu lation

methods, bu t only in  the repulsive term, which i s  an order o f

magnitude le s s  than the Ms delung term, 0̂ .̂ In  the Kapustin^kii

equation the d if f ic u lty  occurs in  both the Oj| and the terms.

In su ite  o f the«e defic ienc ies in the K apustinskii ecuation, i t  i s
%

tiie only method o f ob trln ing  l a t t i c e  energy e«tim rtea where in  ufflcient 

data are sva ilah le  for extended ca lcu la tio n s.

5b Proton A ffin itie s

addin [ton in  1959 determined the nroton a f f in i ty  o f  acaonia

and suggested th a t the method could be extended to mes sure the



proton ftf f in i  t ie s  o f the alkyl substitu ted  amines. Using the 

Kttndard beats o f formation measured in  th is  work, such ca lcu la tions 

are p ossib le . The derivation  o f proton a f f in i t i e s  i s  outlined 

in  Section 1.

(g) = K H / (g) + (g) . . . .

•• ■ t^H -5 = -  (H ^g) + + AH,° (x",g)

- (im^Z,c)

Sim ilar e^^u^tions cm also be w ritten  ^or the proton a f f in i t ie s  

o f  the o ther amines. Values o f the oroton aff5 .n itics calculated  

from the above equation are l i s te d  in  tab le  5*9* The standard 

hea ts o f formation o f the amine gases were taken from Cox and 

P ilch er, 1970 and the st^^ndard heat o f formstion o f the gaseous 

proton from Vlagman e t  a l ,  I 968.

Table 5.9

Proton Af f in i  t i e r  o f Subytituted Amine « (Kcri.

Prom
Perchlor-'te

From
N itrn te

From 
Chloride i

From
Bromide

r ...............
Mean

NH-, 193.9 194.7 197.7 I 196.0 I 195. 5+5.4

MeNHg 197.7 198.9 200.4 ! 199.0±5.6

Mê NH 202.1 OQ4.9 205.4 205.9 204.6±9.8

Me-N 206.0 209.5 210.1 - ?08. 5±11.0

EtNHg 195.3 195.2 201.6 197.4±8.1

Etgfm 198.8 202.7 203.0 202.5 201.8jg.6

' V
214.2 225.0 226.0

' ............ ......1 221.7+67 1



Tîie l a t t i c e  energier^ in  tab le  5*7 can be used to ca lcu la te  

the proton a f f in i t i e s  o f ammoala, end there values are compared 

with o ther data in  tab le  5.10. The values obtained from B leick 's  

and Ladd's l a t t i c e  energies ere the mean values from calcu lations 

involving the in d ifid u a l ammonium h r lid e s .

Table 5.10

Proton A ff in itie s  of Antmonia

Reference 

Bloick, 1934 

P rice e t  a l ,  19&3 

Ladd, 1970 

Pre en t work

Kc&l.mole

210.3

206.2

213.3 ■ 

195.5

-1

The values o f the proton a f f in i t ie s  o f ammonia derived from 

extended l a t t i c e  energy ca lcu lations «hould be considered as 

the most accurate. The value obtained by P rice e t  a l ,  1963, 

was obtained from work on bond d isro c ia tio n  energies. Trie low 

value obtained in the oresen t work re f le c ts  the deviation in  the 

l a t t i c e  energy vslues o f ammonium halides obtained by tlie 

Kapu^tin«kii equation, com;» red to those obtained b|D more r i  orous 

calculation?:.

The io n isa tion  reac tion , from which proton a f  f i n i t i e r  are 

obtained



(19

has sn analogoup reac tion  in  so lu tion

MH/Caq) = NH^(aq) + H'^(aq) . . . .

S im ilar reac tions can also be w ritten  fo r tàe o ther alkyl su b sti

tu ted  ammonium ions. A graph o f or#ton a f f in i ty  vs. i s

:’hown in  Fig. 5 .1 . The in te re s tin g  featu re about th is  graph 

i s  the nearly  lin e a r  re la tio n sh ip  between mono-, d i-  and tria ilky l 

amines. This l in e  m^y possib ly  become exactly  l in e a r  i f  more 

acoure te  d*ta for ca lcu la tin g  proton a f f in i t i e s  become ava ilab le . 

The equationm mentioned previously can be combined in  the following 

manner

aq = aq 4 aq . . . .  A

(g) = R ^(g) + H" (̂g) . . . .  P

h( AH)  = -  P = AHf®(R^,aq) -  AHy®(R H,g)

+ & H ^(H \eq) -  k « /( ! !%  g)

-  kH ^® (R^taq) + AHf°(R^NHtg)

Now R ^(g) + xs HpO = R-N aq . . . .  AR^

AHg = kH^®(RvJJ,aq) -  A H /(R ^ ,g )

i . e .  the hea t o f so lu tion  o f the gaseous amine to an aqueous 

in f in i te ly  d ilu te  so lu tion
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no

and a* (g) + xs HgO = aq . ..Wg+

= LH°(H*,aq) -  &R%(S+,g)

I . e .  the absolu te enthalpy of hydration  of the proton.

Y -  & (kH) -  kHg = -  kH°(R^k*^,eq) +

The l a t t e r  two terms on the r ig h t hand side of the equation , 

correspond to the enthalpy of so lv a tio n  of the su b s titu te d  

ammonium ion . The enthalpy of so lv a tio n  i s  given by the Born- 

Bjerrum equation (Bjerrum and larsson»  1927)

Therefore an inverse  dependence of I  upon r  might be expected.

f ig .  5.2 i s  a graph of T vs. rec ip ro c a l (thermochemical) 

ca tion  rad ius fo r  the d if fe re n t su b s titu te d  ammonium ca tio n s.

A least-m ean-square computer programme was used to obtain  the 

'best#  s tra ig h t l in e  through the p o in ts . The equation obtained 

was

I = -254.08 +

The absolute enthalpy of hydration of the proton i s  the constan t 

term in  the above equation, so
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Vg+ = -254.1 i  3 .5 Kcal.mole”^ _

In  view o f the u n certa in ty  in  the io n ic  r a d i i  eind the ca lcu la ted  

proton a f f i n i t i e s ,  th is  value i s  considered to  be in  good agree

ment with abso lu te  en th a lp ie s  of hydration  quoted by H alliw ell 

and Kyberg, 1963, (-260.7  -  2.5 Kcal.mole*"^) and M orris, 1968 

(-263 .7  i  3.0 K cel.B O ls"^). Khai 7 = 0

■ V  •

Therefore r  ts 0.38 2

This value of r  i s  the hydrated rad iu s  of the pro ton .

5c. Standard Heats of

K arapet*yants, 1954, constructed  graphs of the l a t t i c e  

en th a lp ies  of complete s e r ie s  of s a l t s  (e .g . a lk a l i  metal ch lo rid es) 

ag a in st incomplete s e r ie s .  Unknown values can then be obtained 

by ex tra p o la tio n  or in te rp o la tio n . Finch and Gardner, 1965, 

have used th i s  method to estim ate the l a t t i c e  en th a lp ie s  o f 

rubidium and caesium io d a te s .

A s im ila r  type of K arapet*yants graph i s  shown in  P ig  5.3 

in  which standard h ea ts  o f form ation of a l ly l  ammonium n i t r a t e s  

and ch lo rid es  are  p lo tte d  ag a in s t the standard hea ts  o f formation 

o f a lky l ammonium p e rch lo ra te s . The KO^CIO^ and Cl*/C10“ 

p o in ts  can be f i t t e d  to two s tr a ig h t  l in e s  which have the same
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alone. Lines with exactly  the srme slone r;re now dr?̂ wn tiiro u ^  

the availab le  & ta  for alkyl ammonium bromidea and iodides.

The unknown s t  ndard heats o f formation can then be read d ire c tly  

from the graph and the~e values are recorded in  tab le  5*il*

The standard heats o f formation o f prooyl ammonium percnlorate 

and trip ro p y l ammonium porch lorste  ere reported in  Section 4a, 

and su b s titu tin g  these vaJ.ues in to  Pig. 5*3 pHoks sn estim ation 

o f the standard beats o f formation of the o ther propyl and 

trip ro p y l ammonium s a lts  to be m«de.

The standard beets o f foi% tion  of the te  trame thyl and 

te tra e th y l ammonium s a l ts  do not f i t  onto the ="treight l in e , 

and so they have been omitted from the graph for c la r i ty .

This casts doubt upon the values reported for the standard 

heats o f formation o f the te  trame thy l end te trae tJ iy l ammonium 

perch lo ra tes.
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EtNH^r -66.3

EtyfHBr - 8 ? . l

McNH.I -A4.3
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PrNH^Cl - 74.9
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? r .^ C l -113.5

P r/H B r - 103.9

Pr NHl
'

-96.9
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The erro r in  tha^e dsta  is* approximately ±5 Ko&l*!&ole
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A fu r th e r  method of determ ining the standard  heats of 

form ation of th ese , and o ther te t r a -a lk y l  ammonium s a l t s ,  

would be v ia  combustion of the te tra -a lk y l  ammonium n i t r a te  

in  a bomb calorim eter* This would y ie ld  the standard heat 

of form ation of the t e t r a - a lk j l  ammonium n i t r a t e .  Heat of 

so lu tion  determ inations of the te tra -a lk y l  ammonium n i t r a t e  

would check the standard heat of form ation of the aqueous 

te tr a -a lk y l  ammonium io n , end thus the standard heats of 

form ation of the o ther te tra -a lk y l  ammonium s a l t s .

I t  was o r ig in a lly  hoped to be able to measure the 

standard h ea ts  of form ation of more of the t r i - p - s u b s t i tu te d  

a ry l p e rch lo ra te s . Synthetic  problems and the lack of su ita b le  

ca lo rim e tric  re ac tio n s  made th is  im possible. However, i t  i s  

possib le  to estim ate the standard heats o f form ation of 

these compounds from a knowledge o f the standard heat of 

form ation of triphenylm ethyl p e rch lo ra te  using

method 2 of Appendix I I ,  e .g . fo r tri(p -n itro p h en y l)m eth y l 

p e rch lo ra te



This metiiod apsumes th e t

a) there i s  no f.lterr tion  in  the cry?ta l forces between 

t r i  ( p-nitroohenyl) methyl perch lorate md tr ip h en y l-  

methyl perchlorate;

b) the d ifferen ce  term compensates for the d iffe r e n t  

resonance bonding between the two triarylm ethyl cations*

Standard heats o f  form>^tion estim ated in  th is  m^mner are l i s t e d  

in  tab le  5*1?,

Table 5*12

Estimated étendard Heats o f  Formation o f  T riaryl P erch lorates

T r i(o -to ly l)m eth y l perchlorate

Kcel.œole"^

20.0

(10.6±J.2)

Tri ( p-me thoxypb enyl ) me th y l oerchlore t.e

T ri(o-n ltrophenyl)m ethyl perchlorate

-7 4 .1

(-90.2±5.5)

73.6

a

Tri(p-chlorophenyl)m ethyl perchlorate

T ri(p-bromoohenyl)methyl oerchloroto

Tri(p-iodophenyl)m ethyl oerch lorete

19.0

54*8

94 .4

(a) Values reported in  Section 4*
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In  view o f the fa c t th a t a l l  the values In tab le  5»!^ "re estim ates, 

no fu rth e r discu-^êion o f these re su lts  i s  presented.

Future work in  th is  f ie ld  might involve a measurement o f the 

standard heats o f formation o f tr i(p -to ly l)m eth an o l, tri(p-m ethoxy- 

plienyl)-methanol and tri(p-nitrophenyl)m (^thanol by bomb calorim etry.

Two possib le routes are aloo pronosed by which tr i(p -n itro p h en y l)-  

methyl perch lorate  might be synthesized.

CHpClp
à) (p-NO Ph) C Br 4 AgClO ----------► (p-N 0^h)^C10 + AgBr

The g rea te r p o le r is a b il i ty  o f the C-Br linkage compared with 

the C-Cl linkage a i ^ t  f a c i l i t a te  ttie preparation o f t r i ( p -n i t ro -  

ohenyl)-methyl perch lo ra te . The preparation o f t r i  (p -n i trophenyl)-  

m thy l bromide was described by Boyle and Z iegler, 19^7 and Lewis 

e t  a l ,  1944.

b) The reaction  between chlorine perch lorate  «nd mrbal chlorides 

y ie ld s metal perch lorates and gaseous chlorine (Schack and P ilipov ich , 

1970)# The reaction  between chlorine perch lorate and t r i ( p -n i t ro 

phenyl) methyl chloride m i^ t  y ie ld  t r i (  p -n i trophenyl) methyl perchlorate*

(p-NOgPh)-,CCl + Cl-OCaO.^— ^(p-NO^Ph)^CClO^ + Cl^
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Hez.ts o f  Tr n s it io n  nd S p e e lf lc  Heat Values .

Strauttler g t r l  reported in I966 the ool^/mo-^hic phase trsn si+ io n s  

o f  m th 1 tuted maoni'm nerchlorr .es obtained from Id /fe r  t t t i - l
I

Thermal Analysis (D .T .A .). The tr^^nsitiens found in th is  work 

rnd reported in tab le  4.10 confirm Steamier* s r e s u lt s . The 

e f f e c t  o f  e th y l ?nd propyl groups on the crvst^ l ohases has a lso  

b rS exnmined in  the present w o^ . St^maler eomol'Tn.fiited h is  

b.T,A. r e su lts  with X-ray powder o a tte m s  o f  the d if fe r e n t  poly

morphic fo.rms and in  th is  resp ect the ores ont \ork mu t  be viewed 

as incom plete. A v isu a l study o f  the semple during e phase 

tr«n i t io n  allow s s d if fe r e n t is  ^ion between fusion and ch nge in  

crv stn l h a b it.

Amna n i urn P erch lor ite

Amnrniun oe'"chlorate e x is t s  in  three crv r ts l •n ciificazion s

-190°C c. '><’0°C
MH.CIO. ( I l l )  < . " NH^CIO. (I I )  < " NH.CIO, ( I

« 4 4 4 4 4

The number in oarsntheser i r  used to d iffe r e n ti^ te  the d iffe r e n t  

c ry sta l modi f i  e stio n s  (?h s e l l l  i s  the l o w e t  temperature fora ).

Phase I I I  was f i r  t  reported by StaiRmler e t a l  in  I96?.

However, the n? tu'*e o^ th is  ph -.sn; i s  unknova rad i t  ioes not 

appear to have been in v estig a ted  sin ce  th at time.



lifO

The room tem perature m od ifica tion , phase I I ,  has a BaSO^ 

s tru c tu re  (orthorhombic) which i s  s ta b le  up to  approxim ately 

240^0. (Bussem and Herrmann, 1928; Smith and Levy, 1962). 

Vcnkatesan, 1957, found the ch lo rine  atom to be te tra h e d ra lly  

surrounded by four oxygen atoms a t  a mean d istance  o f 1.46 S.
The four hydrogen atoms were found to encompass each n itrogen  

atom, and the ammonium ion  was surrounded by twelve oxygen 

atoms. The d istance  between the ammonium ion and e ig ^ t o f these 

oxygen atoms was reported  to be 2.94 -  3.08 X; the remaining 

four are  separated  from the ammonium ion by 3.25 -  3.52 X. The 

change I I  -  I has been ascribed  to the onset o f f re e  ro ta tio n  

o f the p e rch lo ra te  anion (Torlaender and K aascht, 1923; Finbak 

and H assel, 1936).

X-ray determ inations a t  270^0 show th a t  phase I  c ry s ta ls  

possess a s tru c tu re  resem bling a sodium ch lo ride  l a t t i c e  

(Biakken and Harang, 1930; Herrmann and I lg e ,  1930). The I I  1 I  

phase t r a n s i t io n  has a marked e f f e c t  on the r a te  maximum in  the

thermal decomposition (Bircumshaw and Hewman, 1954). The maximum 

gradually  r i s e s  with t« n p era tu re , reaching a peak a t  ca . 240^0, 

then f a l l in g  to a minimum a t  250^0 and f in a l ly  r is in g  again  with 

tem perature. This phenomenum has been a t t r ib u te d  to c ry s ta l  volume 

m odifications (Bircumshaw and Hewmen, 1954) and a l te r a t io n  o f the 

c ry s ta l  im perfections (Galwey and Jacobs, I960). This r a te  o f 

decomposition i s ,  however, s u f f ic ie n tly  slow fo r  the phase change 

to  be sensib ly  examined.
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The enthzlp7  the I I - I  tion  ha*- bee% c a lc u la te d

from D.T. A. ad rnecl^lo h ez t datn, -?nd the^c vj^lues are coup a red 

with the present D .f.C . r e su lts  in  tab le  5*13*

T - b l e  h . l ?

T r ^ a lt lo n  Enthalpy from Fh&re IX to Pha?e I  for A Perchlorate

Reference Method &H Kofd.fflols”  ̂t

Markowitz and 
Boryta, 1Q6^ r.T.A. 2.3  i  0 .2

Evnns e t  a l ,  lo64 C-alort.m*try 2.7

P resent work D.S.C.* 2.24 + 0 .3 ?

t  a l T"-tlrht 6omule ozn

During the nhare t̂ 'o other prooes-^es are occurring

^Im ultneouelv;

a) enrtothrrmic d is so c ia t iv e  sublim ation;

b) exothermic l ls s o c la t iv o  decomoo s i  t i  on.

The^e rocesses f i v e  r is e  bo an uneven or * n o ire ’ trace for the 

I I - I  t r  n«5tion o f  ammonium perch lorate (F ir . 5«4) comp"red with  

normal oeaks (F ig . 4 .1 ) .

Markowlts and Dorvt^, 196^, suooreused the zublim*? tion  snd 

decom oo'ition orocesses by heating the sample under sn atmosphere
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o f afCTioalr, No %uch prec*^utlon«' were t^ken by F v n s  e t  ?il, 1964, 

In tbe re *3ent work the ubllmation was suopressed by periling the 

s: mple in to  en ?»ir-tight s*^mole p?n 'nd  samcle decompo*1 bion was 

kept to a nitnlmum by oro^rimming the D. ^.C, from only 4̂ G below 

the tran  i t io n  tem oerature. In view o f the'^’e d i^"^icnltlss, 

the onthaloy values fo r the I I - I  phase ch-nage reoorted by 

Markov! tz nd th a t "^ocrted in  the p resen t wo'dc in  good 

agreement.

The temoerr.tu^e o f the I I - I  nha**e trf^\i«ltlon, 242^ ± l^G i s  

e l o in  rood ^^rcement with the l i te r s tn ^ e  vslne o f 9 0 ^  ± 1°C 

(Go’’don find Camobell, 1955),

Methyl /msoaium P^rcbloret-a

^tarqmler e t  *il, 1966, repo rt th o t methyl ammonium perchlorate

ex is ts  in  the folloivlng oha«es

48^0 178®
MiNH^ClO  ̂ ( I I I )  f = *  MeNĤ ClÔ  ( I I )  MeNfl.C10  ̂ (I)

I - r ry  o a t te  m s o f pha*e I a t  200®C in d ica te  cubic rymmb try  and for 

cha^e I I  a t  77®C, te tragonal symmetry. Phase I I I  i s  stab le  below 

'9®C fnd has mcnoclinic o r  t r i  c l in ic  syinmctry. The existence o f 

three polymorphs i s  confirmed in  the presen t work end no û irth e r 

tra n s itio n s  vers detected between -90®C 'jad «jabi m t temperature. 

Methyl ammonium perch lorate  begins to decomnore rbova i t s  ©felting



p o in t (?55^C), The en thalp ies fo r the phase tra n s itio n s  are

MeNĤ GlÔ  ( I I I )  ^MeNH^ClO  ̂ ( I I )  . . .  tH^=1.69±C,Oi

Kcal.mole"!

M ^a^ClO ^(II)— ^^MeKHXlO  ̂ (I)  . . . .  hH^=1.97±0.02

Kcal.mol^

A discrep-ncj»’ e x is ts  between Uie I I I - I I  tra n s itio n  temperature - f̂ï, j

reported in  th is  work (37®C) and th a t found by Steamier (43®C). I
' -!D ifferences between the two in v estig a tio n s include: . j

a) t i e  heating  ra te . 3ta«aler* s D.T.A. heating  ra te  was 

P0-3G°C/mln. como&red to l®C/inin. used in  the D. .G, aeasurements.

VitJi heating  ra te s  of the o tder o f jD^C/min.^ the tearoerature 

of the -sample w ill be lover th.in ^ie programmed temoerature, 

r n d  hence tr^»n i t io n s  w ill occur a t  ' ’l ig h t ly  h i ^ e r  temoera- 

tu re s . This, however, should no t account for a d ifference 

o f  11®C;

b) re c ry p ta llis in g  so lvent. Staaaier* £ samples were * twice 

recry  t " H i 'e d  from isoprop«^nol and dried  over nhydrous 

calcium .-ulphato in  a v icuiim derjiccetor* • The sample used 

in  th is  work was twice recrysta^llieed from ethanol end dried 

a t  70^0 rnd 0.2 mm Hg over Pr^O-, A nalytical data on the 

d ried  sample ind ica ted  a p u rity  o f 98. 6 i. Duke, 1971» reports
-V



th a t occluded : o lvent ic  l ik e ly  to s ta b i l is e  a cry 't£ ‘.l m odification 

and thus cause a higher t r  n s itio n  temperature* Drying the sample

above the I I I - I I  tra n s itio n  temoerature would be more l ik e ly  to

dislodge any occluded r^olvent* In  view o f th is ,  we are confident 

o f the lower tra n s itio n  temperature. Stsmmler reports th a t 

methyl ammonium perchlorr te  molts a t  255^C and in  th ie  region 

decomposition begins.

Dimethyl Ammonium Perchlorate

The D.T.A. thencogr.m obtained by Stammler e t  a l ,  1966, has

two rev ers ib le  endothermie phase tra n s itio n s  ^nd i s  shoim in  Fig. 5*5#

The endotherm occuring a t 180®C i s  due to m elting o f the sample 

rnd i s  confirmed in  the present work. The enthalpy o f fur ion

&H(c—»1 ) = 0*57 ± C.05 Kcal.mole

and the entro^y o f  furion 1? pivmn by

AH(c—>1 ) ‘

-1

T®K

= 1 .3?  opl.mole"^ deg“^

No fu rth e r t r  m ritio n s  were found in  tlie range -90® to 20®C snd 

using a besting  ra te  o f B®C min** ,̂ the H ngle endotJierm a t  40®C 

was repmorduced. However, using a heating ra te  o f 1®C min“^ th is  

peak was re olved in to  two. The existence o f a th ird  c ry s ta l
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form has been confirmed by Duke, 1971, r,nd a ltho ia^  the tra n s itio n  

temp(:rature has no t been determined accurate ly , Duke suggests a 

value o f about 25®C. B atty, 1971» has examined dlmethylemmonium 

perch lorate  with a p o la ris in g  microscooe and has detected a phase 

change in the r  nge -  30®C. The sp ec ific  heat experiments on 

dim thy l ammonium perch lorate  (F ig . 4.3) in d ica te  th a t  there i s  

a tra n s itio n  a t  30® ± 1®C. The fb^ence o f a second pha^e tra n s itio n  

in  St^cffliler'c work may be due to e ith e r

a) the D.T. A. thermogram was in i t ia te d  ai ove the tra n s itio n  temperature or

b) the heating  ra te  o f 20® -  min“^ was too rapid -nd the peak

Ft 40®C was n e t resolved,

A S'iaple o f dimethyl nmmoniim perch lo ra te  was therm ally cycled 

between 22®C and 47®C nd the thenuogr. inr> produced are shown in  Pfe 5*6. 

During the cooling period , upercooling t^kes place as evidenced by 

the displaccmf^nt o f the peaks towards lover tem peratures. The 

nreas o f the peaks in  Fig. 5*6 ore recorded in  tab le  5.14, the 

figures in  parentheses in d ica te  the tra n s itio n  tem pératures.
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araag (on ) obt&ined dur in r  thermal cycles o f MeJiH^ClO^

14̂

!
j 1 s t  Heating 12.5 (39) 4.5 (41)

! l î t  Coolingi 10.3 (33) 4.4 (39)

' 2nd Keating 10.3 (39) 4.4 (41)

j 2nd Cooling - 4.3 (39)

3rd Heating — 4.1 (41)

During the .̂ êcond cooling period, the ta7an?ition chr.rrcteris ed 

by the pefJc of I r rg c r  area did not occur on cooling to There

are two oOi-sible exolen&tions#

1 . The sample o f dimethyl ammonium perckiloreto was re c rv a tc llis e d  

from i 30propanol end dried in  a manner sim ilar to th a t described 

fo r methyl ammonium perchlorn te by Sb&maler e t  a l , I 966. Thus, 

there la  the p o s s ib ili ty  th a t the dimethyl ammonium perchlorate 

l a t t i c e  contnlnod occluded i.-opropanol, causing the tr rn s i t io n  to 

occur a t  a higher temperature. Heating the sample through the phase 

trfm eitlon  would cause sore o f ttie trapped solvent to be expelled, 

with the re s u lt  th a t the reverse tra n s itio n  would occur s t  a lower 

temper a tui'O than for the portion o f the sample which ' t i l l  contained 

ome solvent. There i s  a reduction o f 20$ in  the area o f the lower 

temperature endotherm on cooling, com oared with heating , during the
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f i r s t  thermal cyclo. The remr.lncer c f  the occluded solvent could 

be diclodfed duilng the second heating  period re su ltin g  in  the 

absence o f the corresf)onding en do therm during the • econd cooling 

period^ I f  suoorcooling of th is  toransrition occurred during the 

•econd coolinp. period, then the. tra n s itio n  possibly  occurred below 

27Pc find thu*» reauiins undetected#

2# Another possib le  e x ) lanation oen be formulated in  terms o f 

a new phase ( lab e lled  I I I )  which can e x is t  in  m;!tastable equilibrium  

with phase I I .  The t r  in c itio n s  could then be reorerented as follow-:

39^0 41*C
Ke^im^ülO^ ( I I I )  Me^NH^ClO  ̂ ( I I )  5 = ^  Ke^H^ClO^ (I)

The temperatures are those obtained from the D.S.G. traces .

The 2-ray d if fra c tio n  p a tte rn s  for dimethyl omnoni îm perch lorate  

were f i r  t  reported by St mmler e t  a l in  196^. Tîie lower temperature 

X-ray p a tte rn  (pre urn ably I I )  was recorded s.t ^nd i s  described

as ' a f r i r l y  complex la t t i c e  o f mono c lin ic  or lower symmetipr*.

Duke, 1970, confirm? Stfinailsr* s basic X-ray p a tte rn  for phase I I ;  

however, the discovery o f ex tra  linos in  the X-ray spectrum favours 

a cubic ra th e r  thrji a mono c lin ic  l a t t i c e .  The experimental tempér

atu re  fo r th in  l a t t e r  determ ination was thought to be in  the range 

24° -  p8°C. Duke reports th a t the phase I I  l a t t i c e  has a u n it  c e ll 

o f side 32 i  which contains 192 molecules. He <l30 rep o rts  th a t
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the X-ray a tte rri o f nhase I I  remcaln'* the a,-me bo tween 32° &nd 

41*5°C. Both ftammler and. Duke agree thrxt oh&ae I  i s  te tragonal 

and th a t the trfm sltto n  temperature ( I I - I )  i s  41°C,

Duke, I 97I ;  ha? re o c ’ded a d is t in c t  X-ray pattern  fo r a low 

tew nerrture o lymoroh (cresua^ bly I I I )  below gÔ C* This phase 

has been indexed as orthorhombic. Duke* s work can be summarised 

by the following;

c ?3°C 41°C
Me^NH^ClO  ̂ ( I I I )  < » Me^NH^ClO  ̂ Mo^H^ClO^ (I)

»
o rthorhcmbi c cubi c te  brcgonel

In  view o f the Foacific bea t exceriitcnts tnd the X-rsy evidence the 

I I I - I I  tra n s i tio n  tern3err ture i s  l ik e ly  to be î^° ± 1°C. P rio r  

to the sp e c if ic  h ea t experiments, the sejnples were melted in to  the 

pans, thus ex ce llin g  occluded so lvent. This would elim inate the 

p o s s ib i l i ty  th ? t in  the^e experiment? the t r a n s i t3.on tem peratures 

are a r t i f i c i a l l y  e lev ited . This precaution was no t observed in  

the D.^.C. experiments. The ooljmorphic forms o f dimetliyl bjBmoniua 

perch lo ra te  o<in be summarised by

41° C
( I I I )  —   »■ Ne^gC10^(II)^=^:Me^HgC10^ (I)

orthorhombi c cubi c te tregonal



and the tra u ^ itlo u  onthclpie? by

Ma^m^ClO^ ( I I I )  » MegimpClO  ̂ ( I I )  Mi^=1.8l±0.04

Kcta.«ole~^

Ke^MgClO^ ( I I )   ----------------------- (I) i^H^=0.79±0.05

Kcal.mole”^

Trimt tayl

The phase changes for thils conpound, detected by ftrmroler e t  a l , 

1966, ore ‘'umm? riTôd by

115°C 207°C
Ke^iKGlO^ ( I I I )  r  K?.^tIC10^ ( II )  5 = = ^  Me.̂ NHClÔ  (I)

te tragonal

Staaualp^r l i s t f  tiie X-ray re f le c tio n s  for phase I I I  and phase I I ,  

but no attem pt vas rn^de to In te rp re t them. The re : son quoted 

i s  th; t  the saaule had n I trg e  thermal expansion c o e ff ic ien t 

which made i t  d i f f i c u l t  to obtain unequivocal d if fra c tio n  p a tte rn s .

Two c ry s ta l pha^e oh ngef v r e  confirmed in  the presen t work 

find tra n s itio n  temperature? ?re in  gr>od agreement with tbo‘?e quoted 

above. No fu rth e r tr.JisitionG  were detected  in  the temperature 

range-9Û° to 30^0. The ontlialpie® o f tra n s itio n  fire

Me^HClO^ ( I I I ) — >M e^C 10^(ll) AH^=0.?2±0.01

Kcrl.mcle"^
Me^^HClO  ̂ ( I I )  >Me^HC10^ (I)  AH =0.9940.01

t
^ ■ 1

Kcal.mole



TôtrametlT.l Ammonium P erchlorate

St&r<i«ler e t  ? i ,  1966, rep o rt th a t compound has & c ry s ta l
o

ohftse ch&nge a t  “̂ 40 G# This, however, vps only detected using 

a ten -fo ld  Increene in  s e n s it iv i ty  o f  t^;e D.? .A. equipment*

This tra n s itio n  was no t detected in  the pre eu t work ?nd thus 

i t  i s  concluded th a t, i f  th is  tra n s itio n  e x l r t r ,  i t  h?s a very 

low tran; i t io n  enthalpy* No fu rth e r  tran s itio n s  were detected  

in  the temperature rm ge - 90® to 3D®C.

Et^mmlei' rep o rts  the X-ray d if fra c tio n  p a tte rn s  for both 

tetram ethy l ? ammonium perch lorate and tetram ethy1 ammonium fluo ro - 

borate a t  viiich in d ica te  th a t these s a l ts  both have te t r a 

gonal I s t t i c e s .  These Sf^lts are iso s tru c tu rp i with totrametiiy]. 

amaoniua oergirnKan^te wfiich i s  also te tragonal a t  2*5°G (Hermann 

and I lg e , 19 îP ).

The trafiS ition  temperatures are summarised fo r the methyl 

Feiies o f compounds in  F ig. 5*7# Several fea tu res c^n be noted 

frjm th is  gra^h,

1. Addition o f aethyl groups to the cation causes a reduction in  

the cyimutry o f the cation and m increase in  the number o f 

polymorphic forms. The number o f ooiytcorohlc forme i s  reduced 

to one on re** chin g the symmetrical te  trame thy l system.
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2* Trure i s  a tra n s itio n  tear o rature minimuin a t  dimethyl ammonium 

perch lorate  for both polymorphic phare changes ?nd for fusiork

3* The symmetrical ammonium and te  trame thy l cjnmonium perch lorates 

decompose before melting*

The only 'Sim ilarity betve«a the r e m i t s  in  Fig. 5*7 (^d the 

re su lts  o f Stsmmler* 19^7> for a se rie s  o f methyl ammonium chlorides 

(F ig , 1,4) i s  the molting po in t minimum fo r dimethyl ammonium s a l t s .  

The ava ilab le  data fo r the ethyl ammonium se rio s  are s im ila rly  

p lo tted  in  F ig, The absence o f tra n s itio n  data for t r ie th y l

'juaioniua p erch lo rrte  i s  due to d ifficu ltie s ; encountered in  nreo&r%ig 

a fu rth e r sample o f th ia  compound. Attempted orepf.rations re su lted  

in  a syrup which could no t be induced to c ry s ta l l i s e ,  Fthyl 

a<njnonl»Mî perch lorate  melt^ inith decomposition s t  ?67^C çnd thus 

the enthalpy o f tra n s itio n  i s  no t recorded in  Section 4b,

The tra n s i tio n  temp^ratures fo r the ethy l se rie s  follow closely  

to the methyl se rie s  fo r the mono- and d i-  ru b s titu ted  comooundp, 

except th a t  there i s  only one ji'olymorohic transform ation in  d ie th y l 

LSBHoniwB p erch lo ra te . The o ther featu re  i s  %e appearance o f a 

polymorphic t r s f o r % c t io n  for te tre  ethyl r oironiiaB p erch lo ra te .

The e f fe c t  o f Increasing the ci?e o f the alky l su b stitu en t 

on the tra n r i t lo n  tesic-eretures o f mono-alkyl a^onium perch lo ra te s  

i s  ehoiJi in  Fig, 5,9 , Th-» tren rd tio n  temperatures in  general teid
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to decrease as the ^Ikyl su b s titu en t re ts  la rg e r  ana only one phase 

tra n s itio n  was detected  fo r oropyl ammonium oerch lo ra te . This 

trend  can also  be seen by comparing the tra n s itio n  temperatures 

o f diat-tliyl and d ie th y l ammonium p erch lo ra tes . In s u ff ic ie n t  data 

were av; l ia b le  to p lo t a more exten«'ive graph fo r the alkyl ammonium 

perotjlorates sim ila r to th a t constructed from Tsau and Gilson* s,

1968, data fo r the a lky l ajsaionium chlorides and bromides.

5e Thermal Decomposition o f Amine S a lts

In  general terms, good p ro o e llsn t % els find o x id lsers  should. 

Doasass endothermie atrmdard h ea ts  o f f o r m o n  and decomoose to 

give products with la rg e  exothermic standard hea ts  o f formation.

The ^'tand&rd heats o f formation o f «'ome p resen t day fuels end 

ox id izers are l i s te d  in  tab le  5*15* The values vere trken from 

HoltSMwnn, I 969.

be composition oroducts which have exothermic standard heats 

o f formation, and are possibly  formed in  the decoreoo^'itions considered 

la  te r are*

HjO J kn°{iif.o,à = -Ü7.S0 Kc.«l.B=ole~^

CO i iS /(C O ,g ) = -?6 .4?  Kcal.iaole"-^

C02 ; AHf°(C02,j;) = - 94,05 Kc'i'l.nole”^

HCl ; = -P2.06 Koal.îiole"^

CH4 } = -17.38

= -P0.24 Koftl.Bsole"^
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The values o f the standard heats ^omption are taken from 

Waman e t  a l , 19^8, Throughout th is  neoticnitie decoapor.ition 

oroducts are considered to be gaseous and en thalp ies o f decom

position  are ner mole o f  decomposing so lid .

The thermal decomposition o f ammonlu* perch lo ra te  has been 

tho rou th ltjrinvestiga ted  and the re s u lts  o f the;-e in v estig a tio n s 

have been reviewed recen tly  by Jacobs f nd Vihiteher.d, I 969, end 

Keenan cind Siegmimd, 19^9* Escslerj, 1910, proposed the following 

decompowiuion o f ammonium perch lorate  in  a clOFed constant pressure 

system

4NĤ C104 = 6H^0 4 + #C1 4 TSç &H( from data above
= - ' 8 .2  Kcd^mole”^

Luaoniüm perciilorate has two deco!nno«lticn nx des a t  atmospheric 

pressure in  two d is t in c t  temperature regions (below jDO^C 2nd above 

J50^C) • Low t.ewoer^ture decompo tion  i

= 8H..0 + 2C1,, + 10^ + 3t-0 &S= -3L.1 Kcsl.mole"^

The enthalpy o f decomposition wrs ca lcu la ted  fo%' the above reaction  

by estim ating  the standard heats o f formation o f the decomposition 

products a t  from sp ec ific -h ea t d s tr .

High temperature deconno^i/'ion;

2NH4CIO4 = ®?0 + 012 + 202 + H2 LU- - 33,6 Kcal.mole"^
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The enthalpy o f décomposition o f th is  re otion was ca lcu lated  a t  

400°C* The enthaloy o f decomposition fo r the low and h i ^  

tempF'rature decomposition modes i s  thus roughly constant.

Ammonium n i t r a te  begins to decompose above i t s  m elting po in t 

and the nature o f the decomposition i s  o u tlin ed iin  Section 1.

The major decomposition products are n itro u s  oxide end water, thus

NH = IpO  4A ' ^  2

6H = - 8 .6  Kc-l.mole"^

Nitrogen has also been detected among the decomposition oroducts 

and th is  can be accounted fo r by the reac tion

&H = - 28.2 Kcal.mole"’̂

Cawthon and Taylor, 195^ b, proposed a general mechanism fo r 

the decomposition o f prim ry  a lip h a tic  amine n i t r r t e s .  They 

proposed mechanisms which account fo r the formation o f n itro u s

oxide and n itrogen . Their decomposition reac tio n s can be
/

summarised, fo r methyl ammonium n i t r a te ,  by

= MeONOg 4 MeNH  ̂ 4 MpO 4 2R^0 

AH = 19.4 Kcpl.mole-^

and SHeHH^O^ = 5M«ONOg + + 4Ng + 9HgO

A H = -0 .6  Kwl.mole ^
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The standard heats o f formation o f methyl n i t r a te  rnd methyl amine 

were taken from Cox and P ilch e r, 1970.

The l a t t e r  equation was w ritten  in  order to account fo r the 

decomposition products reported  by Cewthon and was no t taken from 

h is  work. Meüiyl n i t r a 'e  and methyl amine se^m to be unreasonable 

decomposition products, ^nd during a decomposition reaction  these 

would probably decompose fu rth e r. Solid carbon, carbon monoxide 

o r carbon dioxide would be b e t te r  decomposition products fo r 

decomDOsition^ in  a closed constant pressure system. The amount 

o f oxygen in  t h e  alkyl ammrnium n i t r  te s  i s  lim ited  "nd so carbon 

i s  more l ik e ly  to be formed. Th re  are more atoms o f hydrogen 

p resen t than carbon atom*’ and so water i s  to be p referred  as the 

decomoosition product containing oxygen. Based on th is  scheme 

the following decomposition reac tions are proposed fo r the alkyl 

ammonium n i t r a te s .

= C + Hj, + 3HgO iH = -88.7 K cal.m ole-l 

MepNHjjNÔ  = ?C +  + 3HgO + AH = - 89.7 Kcal.mole"^

Me-MHNÔ  = 70 + 1 ^ +  4H = -91 .2  Kefd.mole"^

KtMH^O, = PC + Ng + THpO + Hg 4H = - 85.7 Kcal.mole"^

EtgNH^O^ = 4C + Ng + 5JgO + 3Hg AH = -73 .3  Kcal.mole"^

E t ^ O ^  = 60 + Ng + 3HgO + 5Hg AH = -66 .4  K cal.aole"^
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The thermal décomposition o f methyl su b stitu ted  î mmonium 

Derchlorr.tes has been studied by G uillory and King, I 969, using 

mesa spectrom etry. The th ree  methyl ammonlim s a l ts  considered 

p rin c io a lly  decomnose v ia

where n = 1-3

P resent D.S.C, thermograms and the D.T.A. thermograms o f  

ftammler e t  s i ,  19^6, ^hov th a t these compound:- begin to decompose

above th e ir  m elting oo in ts . The decomposition oroducts reported

by G uillory and King, 19^9, are probably sn inaccurate  guide to 

the decomposition reac tio n s , since th e ir  samples were no t heated 

much above the m elting po in ts . Consequently a l l  p o s s ib i l i t ie *  

have been considered fo r the decomposition o f the alky l ammonium 

p erch lo ra tes .

Methyl Ammonium Perch lorate  ^

G uillory and King, 19^9» detected  sm^ll amounts o f NpO, H^O, 0  ̂

and N^, so there oroducts have been considered in  form ulating 

decomposition reactions

2MdlH,C104 = PC + Ng + 6ü^0 + Og + Cl^ A H = -105.6 K csl.w jle -l

4MeNH^C104 = 40 + ^^,0 + ISH^O + Og + Cl^ AH = -95 .8  KOfil.Bole"^



The standard h ea t o f  formation o f hydrogen chloride i s  exothermic 

(-22.1  Kcal.aole**^) end so reac tions re su ltin g  in'hydrogen chloride 

were considered.

4MeNH^C10  ̂ = 4C + + 4HC1 + lOHgO + TOg * H= - 98,8  Kcal.mole"^

TMeNĤ ClÔ  = 2C + NgO + 2HC1 + 5HgO + Og fcH= - 89.O Kcal.mole"^

In  the above reac tions oxygen i s  produced which could be u ed to bum 

the carbon. The reac tions which are possib le are:

C (s) + ’IO2 * CO AH = - 26.41 Kcal.aolT^

C (s) ♦ O2 = OOg AH = - 94.05 K cal.sole"^

The reac tion  to form carbon dioxide has the la rg e s t  exothermic 

enthalpy change nd th ir  was chosen as route by which the carbon 

bum s

2MeNH^C10  ̂ = C + OOg + Ng + 6HgO + Clg A H= -152.6 K csl.aole"^

4MeNH,C10  ̂ = C + COg + ?«gO + + Clg A H= -119.3  K cal.nole"^

2Mem?C104 = COg + CO + Ng + 2HC1 + 5H^0 AH= -159.1 Keal.Bole"^

PNeNHvClO  ̂ = C + COg + NoO + 2HC1 + 5H^ A H= - I 36.O Koftl.aole"^
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Dimethyl Ammonium Perchlorate

G uillory and King, 19^9# have detected the following 

decomposition species: H^O, Op, Np, HCl and Ĥ O

Possib le d e c o m r> o s i t io n  reac tions are thus!» - . »

^e^H gC 104 = 4C + Ng + 8HgO + Clg AH = -164.6 K c i .a io l e “ ^

2NegNHgC104 = 4C +  NgO + THgO +  2HC1 A H = -148.0 K o a l .B o l e " ^

I
2MegNHgC104 = 3C + CO + Ng + THgO + ?HC1 AH = -171.0 Kcâ.aiole"^ 

4MegNHgC104 = 8C + JNg + 14HgO + «ÎC1 + Og &H= -157.8 K cal.aole"^

Per Chlorate 8

G uillory  and King, I 969, reo o rt the following decomposition 

products: H^O, Op, Hp, HCl and NpO. Possib le decomposition reactions

which give r is e  to these products rre :

?Me:^C104 = 6C + Ng + 2HC1 + SHgO + Hg AH= -187.4 Kcal.m ole'^

2Me^HC104 = 6C + N O + 2HC1 + THgO 2Hg AH= -148.7 Koal.mole"^

Thermal decompositions o f the remaining methyl and the etjiy l su b stitu ted  

ammonium perch lo ra tes do n o t appear to lave been reported  in  t)ie 

l i t e r a tu r e .  The deoomrosition reac tions for there o ther perch lo ra tes 

are based on the previous reac tio n s, idiere HpO, Np, NpO and HCl 

appear to be the usual decomposition oroducts.
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PMe^NClO  ̂ = 8C + Hg + 8HgO + ?SC1 + U p AH= - 182.5 Kcal.mole*"

2Me/C104 = 8C +  H g O  +  THgO + 2)01 + 4Hg 1H= -14318 Kcal.mole"*

2EtHH:çC104 = 8C + Ng + SHjO + Clg &H= - 159.1 Kcal.mole*

2EtMHTClÛ4 = 4C ♦ NgO + THgO + 2HC1 &H= -142.5 Kcal‘.mole“

2EAHH,C10. = i  4 7C + CO + Ng + THgO + 2HC1 KH= - 165.5 Kcal.mole"

2EtgNHgC10^= 8C + Ng + 8HgO + 2HC1 + 5Ig & H= -1T2.T Keel; mole"*

2EtgNHgC104= 8C + NpO + THgO + 2HC1 + «ip - 134.0 Kc£»l;mole~

2Et^HC104 = 12C + N g  + 8HgO + 2HC1 + THg 6H= - 168.5 Kcrl.mole"

2EyiHC10^ = 12C + NgO + 7H,0 + ?HC1 + SHg - 129.8 Kcal.mole*"

2Et HCIO. = 
4  ^

16C Ng +  %pO +  aiCl +  llHg AH= - 182.5 Keel, mole""

2Et^NC104 = l6C + NgO + THgO + 2iCl +  1 2 H g AH= - 143.8 Kcal.mole"*

The previous reac tions hove been fo r the decomoorition o f the rolidi 

in  a closed constant pressure system. Decomix)sitions have also been 

considered where the samole decomposes in  an atmosphere o f oxygen 

so th a t complete combustion can take place. These decomposition 

reac tio n s are generalised in to  the forms:

(2 n -l)y  + 4-y
+ « 2  +  T ---------
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* -4r-

HpO

The deooaoorltion en thalp ies, L H, fo r the alky l ammonium n i t r a te s  

and porchlorates are l i s te d  in  tab le  5*l6. ^

Table b .l6  ' - - - ■

Compound AH Ica l.B o le”^

-  182.8

Mê ÎfHpNÔ -  335.7 I

M ei^O -  571.3 j
-  331.7 1

1
EtpiHpNO:, -  723.2 1

w/ - 1027.0

NeNH^ClO, i 4 -  192.9

MejmgClO^ -  346.0

M e^C lO . 5 4 -  498.6

Me^NClO^ -  645.6

EtilH^ClO^ - 340.5

EtgNHgCW^ -  635.8

Et#HC104
tfenv--

- 935. 4-"

Et.NHClO^ '
— ---------:- - - - - r?*-

:̂.V. - If5 3 .2

;

'■M

■n:ïf

Although the decomposition reac tions reported in  th is  section " 

are hypothetical, the en thalp ies o f  ' decomposition in d ica te  th a t there

Vim

oom-iounds possess considerable p o ten tia l as exo losires.
r -
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The uaQcertal&ty ic to r v e l  e ftsocleted  w ith the e x p e r ia c n ta liy  

determ ined b e e ts  o f  e o lu tio n  and jo a c t io c  i #  th a t propoaed by 

F oea in l end Dominât 1939. The u n c o r tr ir t}  in te r v a l 1# defined  

ea tv ic e  the $ tends rd d e v ia t io n  o f  the mean, e , where

S » -S (X - X )
T v (n * 0 .

n rep reeen te  the nusher o f obeervations o f  which the a r ith m e tic  

mean io  % and % rep reaen ta  an in d iv id u a l value. For th i s  metliod 

o f calculating? the  uncertain ty  in te rv a l ,  the p jo le b i l i ty  th a t 

the moan valve l ie #  v itb in  the  rtn^re i s  Clf • Roesini r%:eommonde 

the  above method fo r value# o f  n between 4 and i r . .  For two or 

th ree  obaervation# the u n ce rta in ty  in te rv a l  io  quoted as the

rana#»

I f  iH •.  ̂ AHg 4 . . .

where has an u n ce rta in ty  in te rv a l ^

Than the u n c e r ta in ^  in te rv a l  fo r  AH i s

[Ê.-T
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APPENDIX I

Detem dnstion o f ATr for Moderate Reactions

In the pre*^ent work moderate reactionc ?ro a rb i t r a r i ly  

defined as those having a main reaction  period o f between 

th ree and f if te e n  minutes. The "equal-are a" technicnie described 

by Dickinron in  1915 was used to obtain the corrected res is tan ce  

change, expressed by ATr. In  a review (Macleod, 196?) o f 

temperature correction  méthode in  caloria-vtiy, Maoleod recommends 

Dickln=>on*s method where a precision  of about 0.2^ i s  acceptable.

F ig. I . l  represents e re s i 3 tan ce- time p ro file  fo r & moderate 

exothermic reaction and Dickinron* s method, used in  the present 

work, defines a time ( t ^  mich th a t the shaded ’̂ reas Â  and Ap 

are equal. The po in t (R^, t]^) represents the resis tan ce  

a t  time t]^, when the reaction  was s ta rte d , and (R^, t^) 

represen ts the corre«oondine* q u an titie s  when the thormiJL output 

from the reaction  balances tlie thermal leakage from the ca lo ri

meter. This poin t i s  the minimum in  the redistance-tim e p ro f ile .

The r e a istance-tim e poin ts fo r the reaction  period between 

t^ and tp were used to conoute a *best fit*  curve represented 

by the general equation

R *= a 4 a . t  4 a 4 . . . . . .  a t io 1 2 i
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Comparison o f  input R v&lue^ with computed R values showed 

th at a 'b e s t  f it*  was obtained when 1 = 9  and so a ten -term . 

equation was used in  a l l  c a lc u la tio n e .

The uoper shmded area, A^, la  given by

Al =S ( t^  -  trĵ ) %  - f  ( t )  dt

h

and the lower «haded srea , Ap, by

f  ( t )  dt •  (tp  -  t ^  Rp

Equating Â  with Ap and rearranging

•to{^2
Jti if' —" 'fc—a— ( t) d t + t j  a i -  t o  R,

(Rl -  Rg)

The in teg ra tio n  and hence t t \e  ca lcu la tion ?  are carried  out 

u sing  a computer, as an ad d ition a l part o f  the curve f i t t in g  

programme (se e  Appendix IV ). The po in ts for c a lc u la tin g  à 

are then obtained from where the extr& oolated pre- and p o st-  

reaction  l in e s  cut the l in e  t  = t^ . The pre- and p ost-reaction  

l in e s  were extraoolated  manually.
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For reaction? which rre  fa s te r  than three loinutes, a 

graohical technique was used to obtain tiie value of 

This involves drawing 'eid-of-eye* s tra ig h t l in e s  through 

the pre- and post-reac tion  data ~nd obtaining from the

po in ts where these lin e s  in te rc ep t a l in e  represen ting  the 

s ta r t  o f  the reaction , u ru a lly  t  = 5 ciin.

In the p resen t %mrk no reactions with a main period 

longer than f if te e n  minutes were encountered. For euch 

reac tio n s, an ad iabatic  calorim? te r  would give b e tte r  re su lts  

than a C,T.E# calorim eter.

In tab le  1,1  m comparison o f the re s u lts  o f the heat o f 

solution o f te trernethyl ammonium perch lorate  in  water are 

presented, represen ts the hea t o f solution values

obtained by *aid-of-eye*, assuming th a t the reaction  i s  f a s t  

and AHç represen ts the values obtained by using the 'equal-.^rea* 

computer technique. All AH values are in  Kcal,mole^^ 

a t  2 9 0 ^ .

The tab le  in d ica te s  the g rea ter consistency in  the re su lts  

obtained by using the *equal-area* computer teciinique which, 

therefo re , i s  p referred  fo r moderate reec tio n s.
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T able 1 ,1

Heat o f Solution o f  Tetramethyl Amonluai Perc^'lorate

Exp, I
1 ,

IHc ; -  IH ,

1 10.44 10.35 0.09

? 10.42 10 .33 0.09

3 10.40 10.34 0.06

i 4 ' 10.42 ' 10.35 0.07

5 10.39 10.35 0 .04

1 6 10.41 10.35 0.06

-1Mean value o f = 10*41 ± 0 ,0? Kcal.mole

Mean value o f AH. = 10,35 ± 0,01 Kcal.mole*^

In  the remainder o f th is  section e method i s  ou tlined  by 

which the enthalpy o f o lu tio n  o r reaction  could be cjilculatmd 

e n tire ly  by computer. The method ou tlined  i s  applied to f a s t  

reac tions; however, the ' equal-area* m oderate-reaction 

procedure could be e a s ily  incorporated.

The r e s i8tence-time data for the o re- and p o st-reac tio n , 

p re -ca lib ra tio n , e le c t r ic a l  haating and p c t -c a l ib r e t io n  periods

can be eiqpresced by s tra ig h t lin e s  (F ig, 3*5) • The slope (m)



and constan t (c) terms fo r  each of these  s tr a ig h t  l in e s  can 

he obtained by in p u ttin g  the re s is tan c e -tim e  d a te , fo r each 

p erio d , in to  a le a s t-m e an -sq u a re -fit programme. The in d iv id u a l 

s t r a ig h t  l in e s  can be expressed by

(p re -rea c tio n )

(p o s t-re ac tio n )

( p re -c a lib ra tio n )  

( e le c t r ic a l  hea ting ) 

( p o s t-c a lib ra tio n )

The re s is ta n c e  change fo r the re a c tio n , expressed by LTr 

i s  given by

• R x= + «1
R s B g .t

R s B ^.t “3
" R at " 4 ' t + “4

R es B ç.t 4

A.Tr « log^^ -  logRg

where = 5*0m  ̂ 4 c^

and Rg = S.Om  ̂ +

Fig. 1 .2  rep re sen ts  the re s is tan ce -tim e  p ro f i le  fo r  the 

c a lib ra tio n  p a r t  o f the experim ent. Dickinson* s *equal-area* 

technique i s  again employed to ob ta in  a time ( t ^ ) ,  such th a t  the 

shaded a reas  are equal. The p o in ts  (R ^,t^) and (R^»t^) correspond 

to  wherethe hea ting  l in e  cu ts the p re -  and p o s t-c a lib ra tio n  

l in e s .
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Upper area, A_, = i ( -  t^)(R^ -  R )̂ 

Lower are?, -  t^)(Rg -  R4)

Equating ?nd rearranging

t  = tafRr -  R4) + t^(Rr^ -  Ĥ )

* (R, -  R4)

Now 4- 0^

R4 = *s

'̂ 5 = *4 t% + %

S u b stitu tin g  these values in to  the above equation

t  s  t4(c4 -  mstd -  Cc;) + ti^(m^W + c? -  04)
(tt^t-7 + - rn^t^ -  - m^t^ + 1̂ 4

The res is tan ce  change for the ca lib ra tio n , expressed by AT  ̂

ie  obtained from

ATç = lo g (* ,t^  + c^) -  log(*^t^  + c^)

In  •ald-of-eye* processing o f the thermal correction during 

the heating  period, t^  was taken an the Taenn tim-  ̂ o f the heating 

period so th a t

A computer programme besed on the rbove method was
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developed ?nd te s ted . The comosrison o f comouter end 

grephicsl re s u lts  fo r the heat o f  n e u tra lisa tio n  o f THAM 

in  excess HCl i s  given in tab le  I I , ? ,  Values recorded

are in  Kcal,mole-1

Table I I . 2

i1 AH (computer) AH (graphical)

A 7.21 7.20

B 7.26 7.27 ;

These two ex^mnloe chow the rood Rgi'eement between computer 

and p'raphlcal methods o f determ inlnr the enthalpy o f reac tio n . 

However, the use o f e comouter propr^jnne to ca lcu la te  snth^lgr 

chrnpes, would only be ndvantrgeous, a t the presen t time, i f  

a l l  the re s i s tan ce-time data were recorded on punched paper 

tape.



m

4 ^ m ) U  I I

standard Uemt# f  Format 1m  i f  ^ iary laeth an o lB

The absence o f the stan d ard ‘hcate bf formation of tr l(p * to 2 y l)-  

methanol and trlip-m ethoxyphepyljm ethaool Id the l ite r a tu r e  

neoeaaltated  the estim ation  o f these data, Three methods o f  estim ation  

were used: 

üethoâ 1

Standard heats o f fom atIon  o f  gaseous compounds can be obtained  

by the grouqp con trib ution  method developed by Franklin (1949),

Franklin extended the method o f  P ltz e r  (l940 ) to account fo r  branched 

hydrocarbon and non-hydrocarbon substances,

P ltz e r  has shown th at the heat content and free  energy fun ctions  

o f gaseous s tr a ig h t  chain p a ra ffin s can be expressed as add itive  

fu n ction s o f  the number o f  carbon atoms and constants c h a r a c te r is t ic  

of temperature, m olecular motions and the syometry number of the 

m olecule.

The principle of th is  method can be summarised by the equation 

G(x) » Zoontrlbutlons o f structural groups of the complex molecule 

4- k .T ,ln  (T *  Z correction terms

Whew G can be (G® -  Hg), (H° -  H%), AG^ and Ah|  fo r  the conplex  

m olecule X. The symmetry number, (T , only enters in to  estim ation s  

involving free  ene:%y terms, Allowance fo r  the in tera c tio n  o f  

groups on adjacent carbon atoms In benzene stru ctu res can be made 

by applying correction  ten se . These correction  term s, togeth er with  

the stru ctu ra l con tr ib u tion s, are l i s t e d  in Franklin*s paper. The



in

c o rr ec tio n  and symmetry terms do not apply in  the e stim a tio n s  o f  

standard h eats o f  form ation o f  the compounds mentioned in  t h i s  

s e c t io n . The estim ated  v a lu es  o f  the thermodynamic p r o p e r tie s  

o f  hydrocarbons are accurate to w ith in  1 K cal.m ole"^, However, ' 

the error  fo r  non-hydrocarbons i s  h ig h er , due to the te n ta t iv e  

nature o f  the v a lu es  o f  the noxwhydrocarbon group increm ents.

The p r in c ip le  o f  t h is  method i s  i l lu s t r a t e d  fo r  benzene and ethanolx  

Bensene can be considered  to be composed o f  6 groups which are

given  the symbol JZCH

»0/^ \ 6 X the co n tr ib u tio n  from a^CH groujp

-1
AH^(CgHg,g)

s  19*80 H eal,m ole
. , • ' •

The eth anol m olecule can be broken down in to  the fo llo w in g  groups
. f «1 ■ ' •

, , ,  CHg , , ,  OH

i . e . ,  a methyl group, CH^*; a m ethylene group, and a primary

hydroxyl group, -OH,

AE^(CgH^OH,g) « the co n tr ib u tio n  from a CH^- group + the ‘

• co n tr ib u tio n  from a -CH^- group + the c o n tr ib u tio n  

from an -OH group ' ’

« -5 6 .9 5  Kcal.m ole"^ •. i ■; ' ,

In  ta b le  1 1 ,1  a s e r ie s  o f  estim ated  standard h ea ts  o f  form ation  

are compared w ith l i t e r a tu r e  v a lu es  from Cox and ? ilc h e r ( l9 7 0 )*

A ll  v a lu e s  are in  Heal,mole""^ a t 298°H,

&
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TABLE I I ,  1

t e t lD ia f â  L iterature MI»'. f o r , . o «  MMIMP», <* "h—

■ n

-1

Compound M l|(e 8 t) 4H“( l l t ) A H p(llt)-À H ÿ(e8t)

Benzene 19'80 19*81 0*01

Toluene U '9 5 11*99 0*04,

A nisole -15*25 ' -17*27 -2 .0 2

Phenol -24*83 -23*04 1*79

Methanol - 52*02 -48*07 3*95

Kthanol -56*95 - 56*24 0*71

The mean error a ssoc ia ted  with the four non-hydrocarbon compounds

fo r  the estim ated standard heats o f  formation i s  o f the order of %;,

This method g iv es  the values fo r  the triphenylm ethanol, tr l(p -to ly l)iae th aD o l 

and t r i (  p-methoxypheayl)methanol as

= 17*8 Koal.Bole"^

(CggHggO.g) «= -6*9 Koal.mole"^

(C2^22°4»*^ “ Koal.mole"^

The standard heat of formation of o r y s ta llin e  trIpheoyImethanol is  

0*8^ 0*60 Koal,mole*^ (Parks e t  a l ,  1954) sRd so an estim ated heat o f  

sublim ation o f triphcnylm ethanol i s  17*0^ 1*3 Koal*mole*^. The error  

fo r  the heat o f sublim ation o f tripheqylm ethanol was based on a J/o error  

in the standard heat o f form ation.

The h eats o f sublim ation fo r  tr i(p -to ly l)m eth a n o l and tri(p-m ethoxy- 

phenyl)methanol were estim ated from the heat o f sublim ation o f  

triphenylm ethanol using the r esp ec tiv e  r a t io s  o f  molecular w eights as



a oorreotloD factor#

I^H.ub ^^22^22°^ * 19*7 * 1*3 K oal.nole’ ^

^■ub^®22^22°) = 22*9 * 1*3 K oal.inole-1

ThuB the standard heats o f  format ion of the o z y s ta llln e  compounds were 

estim ated to be

(CggHggO.o) .  -26.6 I  1 .4  Kcal.mole-1

bHj (C22H22O4. 0) ” -111*4 * 6*3 K oal.Bole“^

Ihe uncertainty in terv a l quoted fo r  the standard heats of formation o f  

the c r y s ta ll in e  compounds i s  based on a error in the standard heats 

of formation o f the gaseous substances#

In th is  method the d ifferen ce  in the standard heats o f formation 

between tr i(p -to ly l)m eth a n o l and triphenylm ethanol was considered as 

three times the d ifferen ce  in the standard heats o f formation o f toluene 

and bensene#

Thus

(CaaHgzO.o) (Ci 9Hi 60,o) + 3(4hK c7«8,1) -  ^H j(CÿIé,l)

B 0*80 + 3x (-8 * 8 l)

- 25*63 *  1*03 Koal. mole-1

8 im ilarly  the standard heat o f form ation of trl(p-m ethoxyphenjl)m ethanol 

was found to be

(C2^22°4'®^ " - 119*71 * 4*79 Koal. mole-1

The uncertainty in terva l i s  based on the mean error o f 4^ obtained  

by usiQg th is  method to estim ate the standard heats of formation of the 

compounds in tab le I I .2 .  The l ite r a tu r e  values are taken from Cox 

and P ilch er  (1970) and a l l  va lues quoted are Kcal.mole*^ at 2 9 8 ^ .
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g r t lB f l f  d and L lto r a tu r . Standard H eete o f  PoTaption u s in g  Method
i

Compound ' L H °(lit)  1 A H j(est) &B®(llt) -  hH%(e8t)

p-C r e s o l -4 7 .6 3 -4G .26 0 .6 3

T olu ic  a c id -1 0 2 .3 9  11 -1 0 0 .8 0 - 1 .5 9

S a l i c y l i c  a c id -1 4 1 .0 0  '' -1 2 4 .3 1 —16#69

p-B thyl phenol -5 3 .6 3-------------------------1 -5 4 .7 2i-------------  J 1#09

Method 3

T h is method con sid éré  triphenylm ethanol to be b u i l t  up from 

th ree  benzene m olecu les end one methanol m o lecu le , thus

E l  ■

An estim a tio n  o f  the standard heat o f  form ation o f  tropher.yImethenol 

was made in  terms o f  the standard h e a ts  o f  form ation o f  benzene 

and methanol

W tJ(CjgHjgO,c).8t -  3XÈR|(CgHg,l) ♦ 4 h|(CH^0,1)

A c o r r e c tio n  fa c to r ,  B , can be ob ta in ed  from the d if fe r e n c e  between  

t h i s  estim ated  va lue and the l i t e r a t u r e  velue#

B « AHj(CjgH^g0.c)eet -  A H j(C jgH jgO ,c)lit 

T r i(p -to ly l)m eth a n o l was co n sid ered . In  a s im ila r  manner to  

trip h en ylm eth an ol, to  be b u i l t  up f?om th ree  to lu en e  m o lecu les and a 

methanol m olecule# The estim ated  standard heat o f  form ation was g iven  by



/&3

LHjLCg^HggO.c) = 3xAH°(C^g,l) + AH°(CH^O,l) + B 

* -2 6 .4  Keel.mole-1

S im ila rly  the standard h ea t of form ation of trl(p-m etho% yphenal^- 

methanol was estim ated  to  he -120*5 Kcal.m ole*^.

Summary

The estim ated  standard  h ea ts  o f form ation o f tr i(p -to ly l)m e th a n o l 

and t r i ( p-methoxypheny1)methenol were taken as the mean of the r e s u l ts  

o f a l l  th ree  methods#

AB^(CggHggO,c) = -2 6 .2  Î  1 .2  Kcal.mole“ l  

AHjCCjgHgjO^.c) = -117 .2  t  5 .5  K eel.m ole"!

The u n ce rta in ty  in te rv a l  quoted i s  the mean value obtained  from 

methods 1 and 2#



A p m a i x  III

HEAT OF SOLUTIOM JATA

H#at o f  S o lu tio n  o f AmmoniWm P e ro lilo ra t#  in  W ater

Tha h e a t  o f s o lu t io n  d a ta  f o r  th e  r e a c t io n
♦ —

CHjHHjClOj^(c) ♦ nHgO -----> lCHj NHj  ♦ OlO^jnHgO AH

a re  re co rd ed  in  taO le  I I I . 1 .  Throughout t h i e  e e o t io n , th e  

d u ra tio n  o f th e  main p e rio d  o f th e  s o lu t io n  o r  th e  r e a c t io n  

i s  expreeeed  by th e  symbol t .

Table 1 I I .1

t  < 1 B in .

........  !
Exp. i

i1\

D ilu t io n , a "«8
i Koal.m ole" K j.m ole"^

1  I 747.9
!
i 7 .0 6 29 .54

, 2  i 837.9 6 .99 29 .25

1 3 1197 7.08 29.62

1 ^
1253 7 .03 29.41 1!

I 5 1443 7 .08 29.62

6 1501 1 7.09 29 .66

I 7 I 1656 ! 7 .03 29.41 r

i 8 1791 i 7 .02 29 .37

Mean v a lu e  o f AH •  7 .05  — 0 .0 3  K oal.m ole ^ (2 9 .4 9  — 0 .1 0
K j.m o le ” ^ )



Heat o f S o lu tio n  o f D im ethyl Ammonium P e rc h lo ra te  in  Water 

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n
—

(CHj )2NH2C10^(c ) + nHgO ------^  L(CH^)g«H2 + ClO^jnHgO ....A H ,

a re  re co rd ed  in  ta b le  I I I . 2 .

T able I I I . 2

8

t  < 1 min.

: Exp. D i lu t io n ,  n —̂
i Koal.mole""^ Kj.mole""^

1 !
i

917.1 6 .94  '' 29 .04

2 1 1247
1

6.91 28.91

3 1382 6 .90 28 .87
1

4 1
;

1544 6.99 i 29 .25

5 ' 1919 6 .95  , i 29 .08

6 j 2525 ! 6 .93 ; 29 .00

Mean v a lu e  o f « 6 .94  -  0 .03  K oal. mole""-'' (2 9 .0 3  -  0.11
K j.n o le ” ^)

H eat o f S o lu tio n  o f T rim ethy l Ammonium P artM -o ra te  in  W ater 

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

( O i y ) ^ N H O l O ^ ( c )  + nHgO ----- ^  L ( C l i j ) j M *  + ClOj^JnHgO . . .  AHg

a re  re co rd ed  in  t a o le  I I I . 3 . ’ i

! 4
Ft



Un

Table III.3

t < 1 min.

Exp. 1D ilu t io n ,  n ..............

' K cal.m ole"^
1

K j.rnole"^
_  .

'  i 1288 7 .95 33.26

2 1457 I 8 .0 7 33 .76  ;

3 1572 7 .9 8 33.39
;

4 2136 8 .05 33.68

5 2218 I 8 .19 34.27

6 2387 i 8 .0 0
!

33 .47  ;

7 .3955 1 8 .05 33 .68  !

8 4092 : 8 .06 33 .72  j Èil

Mean v a lu e  o f AH = 8 .04  0 .0 5  K oal.m ole"^ (33 .65  -  0 .22
8

B eat oĴ ĵU lii^ tlon of M ethyl Io d id e  w ith  ap u e |j|8  Trim ethy lam ine 

s o lu t io n

The e n th a lp y  d a ta  f o r  th e  r e a c t io n

M e l ( d )  + (x+1 )MejNyH20 -------^ + I""jxl^ejNyH^O

Eire recorded in ta b le  I I I .4 e

AH.

i



in

t <  1 m in.

Table i i i . i t

Exp. ‘ D i lu t io n , (x+1 )

i K oal.m ole" K j.m ole"^
- " j

1 I 194.7
»

-2 2 .5 5 -9 4 .3 5

2 1
!

267.4 -2 2 .6 8 -9 4 .8 9  i

3 i 275.9 -2 2 .0 7  j -9 2 .3 4

t  i1 289.9 -2 2 .6 6  1 -94 .81  !j
5 419 .4 -2 2 .9 6 -9 6 .0 6  !

6 712.5 -2 2 .0 2 -9 2 .1 3  i

7  ̂ 998.8 ■ -2 3 .0 2 -9 6 .5 2  1

Mean v a lu e  o f « -2 2 .5 5  -  0 .5 0  K oal.m ole"^ (-9 4 .4 1  -  1 .26
K j.m ole” ^)

H eat o f S o lu tio n  o f T etram ethy l Ammonium Io d id e  in  aqueous 

Trimethylfiunine s o lu t io n

The h e a t o f  s o lu t io n  d a ta  f o r  th e  r e a c t io n

M e^«I(o) ♦ (x+1) Me^NyHgO ---- > iMe^^N* ♦ l" ](x + 1  )MejN.yH20

... AHg

are recorded in ta b le  I l l e S .



t = 1-3 min.

Sxp* D ilu t io n , (%+1) A Ht

K cal.m ole” ^ K j.m ole"''

1 150.9 9 .7 8 40 .92

2 161.5 ! 9 .7 2  j! 40 .67

3 164.1 9 .7 3 40.71

4 166.5 9.71 40 .63  •

5 207.0 9.81 I 41 .05

lie

Mean v a lu e  o f  AH„ = 9 .7 5  -  0 .0 4  K cal.m ole”  ̂ (4 0 .8 0  - 0 . 1 6  .
2 K j.m o le"^ )

H eat Qf Sol u t i o n  o f  T e tram e th y l M m o n lim  P e ro tO a g a f  I n  W ater 

The h e a t  o f  s o lu t io n  d a ta  f o r  th e  r e a c t io n

(CH^)^NClO^(c) + nHgO >((CH^)2̂ N+ + C102^"')nHg0 . . .  AH

a re  re c o rd e d  in  ta b le  I I I . 6

sn



''il J: ' '

■/
-■ - ,  " .

T m . ^  H I . .6

3-5  mixu

Exp. D i lu t io n ,  n ■B
Koal*mol#*^ K j.m ole*^ '

1 1573 10.35 4 3 .3 0 .

2 2271 10.33 43.22

3 ' 2211 10 .34 43 .26

4 3144 10.35 43.30

5 3359 10.35 43 .30

6 5311 10.35 43.30-

Mean v a lu e  o f  AH = 10.35 -  0 .01  K cal.m ole”  ̂ (4 3 .2 6  i  0 .01
8A - r-i-,

K J.m ole"'')

H eat o f  A »;m  i *#*111 " ^ ' il 1 I'll'iiliil 

The h e a t  o f  s o lu t io n  d a ta  f o r  th e  r e a c t io n

(GH^)2^NC10^(c) + nHgO >((CH^)^^N+ + C 10-)nH g0 ...
a r e  re co rd ed  In  ta b le  I I I . 7

,r-



Mo

Table III.7
t  <  1 min.

........

Exp.

I

)
D ilu t io n 1

AHg
........ ..........

' K cal.m ole"^ jK j.m o le” ^

1 1610
!

10.13 42 .38  •

2 1823 10.18 42.59

3 2135 ' 10 .07  ■ • ' 42 .13  •

4 2706 9 .75  ' 40 .79

5 3213 10.21 42 .72

Mean v a lu e  o f bU » 10 .07 -  0 .B

- :

17 K ca l.m ole" '' (42 .12  * 0 ,7 0
K j.m ole - 1

H eat o f S o lu '^â .a  o f Etturl^ Ammi|pium Perohlorat^^^ i n  W ater 

The b e a t o f s o lu t io n  d a ta  f o r  th e  r s a o t lo n
f  —

° 285* 8) 010^ (o )  ♦ nHgO ---- > LCgH^HHj + ClO^jnilgO . . .  AHg

a re  reco rd ed  in  ta b le  I I I . 8 .



Table III.8
t < 1 min.

Exp. D ilu t io n ,  n
iii

1.K cal.m or* K j.B o le  1$ m  ̂ I

i 11 725.if 3 .92 16.40

1064 3 .79 15.86
1

3

if

1069 I 3 .92  i 16.40i j .  .

1092 ! 3 .8 7  1, 16.19

5 1096 , 3 .86 16.15

6 1137 3 .86
. 1

16.15

7 1160 3.85
•

16.11

8 1228 3.91 16.36

9 1310 1 3 .92 16.40

10 1716 3 .90
1

16.32

-1Mean v a lu e  o f » 3*88 -  0 .02  K cal.m ole*  (16 .23  -  0.11
K j.m o le* ^ )

H eat o f S o lu tio n  o f D iaf^ l  I p e onium P e rc h lo ra te  

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n
•f —

(C2H5)2»H2C10^(c ) f  nHgO ------ > L(C2H^)2:^H2 f  ClO^jnHgO

a re  re co rd ed  In  ta b le  I I I .9 .

AH8



M l

Table III.9
t < 1 min.

£xp. D ilu t io n ,  n 1
K cal.m o le" K j:m ole"

1 1200 4 : 5 7 j 1 9 :1 2

2 1264 4 :5 2 [ 18 :91

3 1388 4 :5 8 1 9 :1 6

4 1434 4 :5 5 1 9 :0 4

5 1477 4 :5 2 18:91

6 1498 4 :5 3 1 8 :9 5

7 Î6 0 9 4 : 5 2  j 18 :91

8
I

2093 4 . 5 7 1 9 .1 2  j

Mean v a lu e  o f AĤ  = 4 .5 5  -  0 .02  K o a l.ao le^ ^  (1 9 .0 2  -  0 .0 8
K j.m o le” ^ )

o f S o lu tio n  * f  

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

(C2H^)^NH010j^(o) ♦ nHgO — > + OlOj^jnHgO . . .  AH^

are recorded in table III.10.



Ilî

Table III. 1.0
t <1 min»
Exp. D i l u t i o n ,  n AH# ...

K c a l . m o l e ” ^ K J , r a o l e * ^

1 1050 4 .69 19.62

2 1161 4 .6 2 19.33

3 1847 4 .6 6 19.50

k 1870 4 .5 7 19.12

5 1932 4 .6 7 19 .54

6 2068 4 .6 3 19.37

7 2106 4 .5 8 19.16

8 2129 4 .6 9 19.62

9 2257 4 .5 9 19.20

10 2437 4 .6 4 19.41

Mean v a lu e  o f  AH = 4 .6 3  -  0 .0 3  K cal.m ole"^ (1 9 .3 9  -  0 .1 2
B

K J.m ole"'’ )

H eat o f  Rea c t io n  o f  aqueous E thyl._ lQ dl6e v l X h  T r le t to la m in e
* *

EtInHgO + ( x + 1 ) S t ^ ------ »(St^N + + l")%Et^NnHgO

The e n th a lp y  d a ta  f o r  th e  above r e a c t io n  a re  re c o rd e d  

i n  ta b le  I I I . i l .



M4-

Table Illéll
t « 6-9 min.

■AbàtOi

Exp. Q cale m oles of Et I  

X 10^, n .* i
i

moles o f S t.N ,
5

X 10^, ng

fiHj, !
'

.

—TK oal.m ole K j.m ole"^

1 -5 0 .962 4 .9 3 7 .04 -5 .4 6  - -2 2 .8 4

2 -5 2 .892 4 .9 3 7 .17 -5  .60  ; -2 3 .4 3

3 -4 8 .992 4 .9 3 7 .1 7 -4 .8 2 -2 0 .1 7

4 -5 4 .5 7 3 4 .9 3 7.19 -5 .9 0 -2 4 .6 9  j

5 -5 0 .6 3 2 4 .9 3 6.81 -5 .8 4 -2 4 .4 3  j

6 . 1-53.804
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

4 .9 3 7.21 1 -5 .7 1
1

-2 3 .8 9  i!

M.an v a lu e  o f ûHj = -5 .5 6  -  0 .32  K oal.m ole"^ ( -2 3 .2 4  -  1 .35

K jlm o le "^ )

Heat o f  3 o l’i|'ilim  o f T e tra e th y l  Ammonium P e rc h lo ra te  

The h e a t  o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

(02H ^)^N C 10^(c) + nHgO -------- > + ClO^JnHgO . . .

a re  re co rd ed  in  ta b le  I I I . 12.



Table 111.12
t <1 min.
Exp. D i lu t io n ,  n ‘5 .

K cal.m ole”  ̂ K j.m ole"

1 1968 7 .4 3 31 .07

2 2159 7 .43 31 .07

3 2876 7 .45 31.17

4 3327 7 .40 30.96

5 3772 7 .3 7 30.821 6 5123 7.41 30.99

Mean v a lu e  o f  AH = 7,41 — 0 ,0 2  K cal.m ole ^ (3 1 ,0 2  — 0 ,11
8

K j.m ole"^)

H eat o f  R e a c tio n  o f  n -P ro p y lam jn e .w ith .

P e r c h lo r ic  A cid

The e n th a lp y  d a ta  f o r  th e  r e a c t io n  

PrN H gd) + (x+OHClO^yHgO >(PrNH* + 0 1 0 ^ xHClO^yHgO . . .  AH.

a re  re c o rd e d  in  t a b le  I I I . 13



Table III.13
t <  1 min.

1%

1 Exp. ' D i lu t io n , y  ! A l l

1
Î
t

• •'K cal.m ole"^ K j.m ole"^
i

1

. 2

961.6

1784

4975

6277

 ̂ -1 9 .4 6  

-1 9 .4 7  ' ' 

-1 9 .6 3  

-19 .41

-8 1 .4 2  

- 8 l .46 

-8 2 .1 5  

-81 .21

M.an v a lu e  o f AH., -  -1 9 .4 9  -  0 .10  Kcal.m ole""' (-8 1 .5 6  * 0 .4 0
K j.m ole

Heat of S o lu tio n  o f n -P y ^ l^ l Ammonium P e rc h lo ra te  in  Water

- 1

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n
•  ̂ , 4- ■ —

CjEyHHjC10,^(c) + nHgO --------> LCjH^NHj ♦ ClO^JnHgO

a re  reco rd ed  in  ta b le  I I I . 14.
, . 1 •

Table I I I . 14

ÔH8

t  <  1 min.
.  .  - ■

&cp. D ilu t io n , n !
I

1 ,  1
K ca l.m o le"’ ’ Kj .m o le" ' j

1
2
3
4
5 

! 6

781.4
1247

j 1366
1 2019 
! 2042 

2623

3 .92  , Î 
3 .87
3 .92  1 
3 .84  1
3 .93  1 

I 3.95  I

16.40, 
16.19 1 
16.40 
16.07 
16.44 1 
16.53 j

Mean value of AH « 3.91 0.03 Kcal.mole (16.34 0.14\^i\8 Kj.molé •) \



I‘I1-

Heat o f  R eac tio n  o f  ? r l-n -r ro r ,y la m ln e  w ith  72°/. P e rc h lo r ic  

A S M -

The en th a lp y  d a ta  f o r  the  r e a c t io n

P r^N (l) + (m+1 )HC10^— »( P r^m + + C102^)mHC10,^nHg0

a re  re co rd ed  in  ta b le  111, 15 .

AH,

Zabls . .

t  <1 min.

Exp, D ilu t io n , m+1 AH,,

K cal.m ole” ^ 1 K j.m ole” ^

1 2291 -3 0 .0 8 ! • - 1 25, 85

2 2332 - 30,06 1 - 125.77

3 2369 -3 0 .0 8 -125 .85

4 2448 -3 0 ,5 3 - 127.74

5 2611 -2 9 .9 7 - 125.39

6 2736 - 30.12— ............ - 126,02

Mean v a lu e  o f  AH,, = -3 0 ,1 4  -  0 ,1 3  K cal.m ole”  ̂ (-1 2 6 ,1 0  -  0 ,6 8

K j.m ole"^)



198

H eat o f  S o lu tio n  o f T ri-n -fré É lA . jjMÉniuw IM|

72yfa P e rc h lo r io  Aoid
■ ■ . '  *

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n
‘ . . . .

Pr^HHC10,^(o) + (m+1 )HC10^nHg0  + lPTj NH* + C10,^J(m+1 )HC10,^nH20

... AHg

a re  Recorded in  ta b le  I I I . 16.
* I Î  ' V ■ ■ ,

T able I I I . 16

t  < 1 m in.

Exp. D i lu t io n ,  m+1
■ ■  * '■■ .......... ... Î

'  AH2 •■ 1

• ' K c a l.m o le " ' j
_______ - _ .  . .  1K j.m o le " '

1 783 .4 , . „ 7 .99

2 814.1 2 .17 9 .08

3 816 .4 1 .70 7.11

4 818 .7 2 .08 1 8 .7 0

5 857.4 1 .99 1 8 .3 3

6 1 880 .0
! ■ •

2 .08 i 8 .7 0 ,
' .

Mean v a lu e  o f AHg » 1 .99  -  0 .1 4  K ca l.m o le" '' (8 .3 2  -  0 .57
K j .m o le " ')



iW

H eat o f  R e a c tio n  o f  T rl-n -p ro p .v lam ln e  w ith  O llu te  aqueoue 

P e rc h lo r ic  A d d

The e n th a lp y  d a ta  f o r  th e  r e a c t io n

P r^ N (l)  + (p+l)HC10^gH20 >(Pr^im+ + C10jj)pHC10^qh20

# # # A H8

a re  re c o rd e d  in  ta b le  I I I . 17*

T ab le  I I I . 1 7

t  ss 6-10 m in.
r ;r^xpi D ilu t io n ,  q. LE

K cal.m o le” ^ K j.m ole"

1 4179 -1 6 .4 7j - 68.91

2 5327 —1 6 ,60 —6 9 .4 5

3 6166 —16« 36 —6 8 .4 5

h 11452 -1 6 .1 9 . -6 7 .7 4

Kean v a lu e  o f  MJ = -16 .41  -  0 .1 7  K cal.m ole“ ( -6 8 .6 6  -  0.71B

K J.n ro le” )̂

H eat Qf S o lu tio n  o f  E th y le n e d lamine D ip e rc h lo ra te  CanlatOrQus) 

i n  ..a t e r

The h e a t  o f  s o lu t io n  d a ta  f o r  th e  r e a c t io n

( CH2M 3 )g (C IO ^ )2<c) + nH2 0  »( ( 2 + 2C10j|)nH 20  . . .  &Hg

are recorded in table I I I .18.



Table III.I8
t < 1 min.

ioo

Exp. D i lu t io n ,  n AH8

Kcal.mole**^ -

1 1 1484 12.63 i 52.84

2 2287 12.88 !
(■
1

53.89

3 2303 12.88
(i
j 53.89

k  ■ 2855 12.70
■ 1 
* !• î 1

53 .14

5 ■ 3050 ; 12.84
j . 
(

53 .72

6 . j 4524 ■ 12.89 53.93

7 1 5.108
i

' 12.72
■ ■ . i

53.22

Mean v a lu e  o f ûH. * 12.79 -  0 .08  K ca l.m o le’ "’ (53 .52  -  0 .3 3

K J.m ole” ^)
6

H eat o f S o lu tlem  e f  O h lb r id . W ater

The b e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n
+

(CHj )2NH2C1(c ) + nHgO ------ > L(CH3)2NH2 + 0 l" ]n H 2 0  ...
a re  re co rd ed  in  ta b le  I I I . 19.

m
8

-6 fe
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Table III. 19

t  <  1 mln.

I Exp. D i lu t io n ,  n 6H,
; •

-1 ' K cal.m ole~

959.2 0 .4 9 2 .05

2 1099 0 .4 8 2.01

3 1265 0 .‘45 1 .88

4 „ 1476 0 .45 1.88
' ' '

ilesm v a lu e  o f .. » 0 .4 7  -  0 .0 2  K ca l.m o le”  ̂ (1 .9 6  -  0 .0 98
Kj.mole""^ )

: i

M

H eat of S o lu tio n  of  Q k lo rld e  Im

The h e a t  o f s o lu t io n  d a ta  f o r - th e  r e a c t io n

C2H3MHj C 1(c ) + nH20 --------- > LCgH^NHj + C l” JnH20 &Hg

a re  re co rd ed  in  ta o le  I I I . 20.
T able I I I . 20

t  <  1 m in.'

£zp .' ) D ilu tio n »  n ÛH
=T

8

jK oal.m ole" K j.m ole

1 979
2 1003
3 1330
4 1567 I

1 .9 7
2 .06
2.01
2.02

8 .2 4
8 .62
8.41
8 .4 5

Mean value of 4Hs= 2.02 - 0.04 Kcal.aole”  ̂ (8.43 - 0.16
Kj.mole"^)



diùl

H e a t  o f S o lu tio n  o f D im ethyl Ammonium Bromide in  W ater 

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

(CHj)2NH28r ( c )  + nHgO --------> l{CHj)2NH2 + Sr^JnHgO ,

a re  re co rd ed  in  ta b le  I I I .  21 .

T able I I I .2 1

t  < 1  m in.

I Exp. D ilu t io n  t n ! A H , !
. . .  - - -  . . .  1

! ;^. . -  . . .  . . . .  !K cal.m o le” ^ K j.m ole"

1 j 1)91 i 3 .26 13.64

2 1827 3 .2 8 13.72

3 j  1853 ! 3 .19i i 13.35 1
!

4 I 2306
i,._, ............. .

1 ! 13.81
♦ !

AH8

Mean v a lu e  o f Ah^ « 3 .2 5  -  0 .0 5  K cal.m ole"^ (1 3 .6 3  -  0 ;20
K j.m ole” ^)

H eat o f S o lu tio n  o f  D ie th y l Ammonium Bromide 

The b e a t  o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

(C2Hç)2NH2Br(c) + nH20 --------> (̂ 2^ 3 )2^ ^  + 8 r" jnH 20  . . .  AH^

are recorded in table III. 22^



Taole 111,22
t < 1 mln.

lo3

Exp. D i lu t io n ,  n AHg
_  .  J

'
K oai.m ole"^

i

1 1316 1.93
i

8 .0 8  1

2 1539 1 .90 7 .95  1

3 1595 1.90 7 .95

4 2289 1.95 8 .16  i‘ 1r Î

J

Mean v a lu e  o f AH_ » 1.92 -  0 .0 2  K cal.m ole” ^ ’ (8 ,0 4  -  0 .1 0B -1K j.m ole )

H eat o f S o lu tio n  o f M ethyl Ammonium H l t r a t » ’

The h e a t  o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

CHjNHjKOj(c) + nHgO ------- > lCHjMHj + NOjjnflgO

a re  re c o rd e d  in  ta b le  I I I . 23.

T ab le I I I . 23

t  ^  1 m in.

AH8

Exp. D i lu t io n ,  n AHg 1
1

i K cal.m ole"^ K j.m o le " ^ 1
1 1590 5 .25 21 .97
2 1901 5 .29 22.13
3 2603

!
5 .28

i
22.09

Mean value of AH » 5.27 - 0.02 Koal.mole""* (22.06 - 0.098 Kj.mole'l)



X \

Heat o f S o lu tio n  o f T rim ethy l A m a s B

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

(CH3 )jKHN03( o )  + nHgO ----------> L(CHj)jNH* + HOjjnHgO AH8

a re  re co rd ed  In  ta b le  I I I . 24.

T able I I I .^ '*
t  <  1 m in.

Exp. I D ilu t io n ,  n AHs

1

t Î
1 -1K o a l.n o le  j1 K j.m ole"^ j

1 I 1088 5 .75 24 .06

I 2 I 1645 5 .67 23 .72  ;

\ 3 1 1687 ! 5:69; 23.81 I

■ 4 ! 2196 1 5 .70  I1 23 .85  i

M e a n  v a l u e  o f  AH^ = 5 . 7 0  -  0 .0 3  K c a l . m o l e " * ^  (2 3 .8 6  -  0 . 1 4

K g . m o l e * " ^ )

H e a t  o f  R e p l e t i o n  o f  T r j i ^ h e n y l m e t h a n o l  w i t h  12f  ̂ P e r c h l o r i c  A c i d  

S a m p l e  A ( c . f .  S e c t i o n  4 a )

T h e  e n t h a l p y  d a t a  f o r  t h e  r e a c t i o n

P h j C O H ( c )  +  (m + 1  j H C l O j ^ n H j O  -----------^  L P h^O "^  +  C 1 0 ^ ] m H C 1 0 |^ ( n + 1  )H g O

AH

are recorded in table III. 25.
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Table III. 25
t  ■ 1- 3 min.

Exp. D ilu t io n ,  m+1 1 ' ■

■1 K cal.m ole" K j.m ole"^ :

1 416.2 -2 .81 -1 1 .7 6  !

2 ■ 460 .8 -2 .7 0 -1 1 .3 0

3 467 .2 -2 .6 5 -1 1 .0 9
■1

4 468 .8 -2 .7 4 —11.46-

5 499.1 -2 .9 4 ' -1 2 .3 0 - , - ' ,yi
6 514.3 -2 .9 8 —12.47

- ■ ■ ' jA

Mean v a lu e  o f s  -2 .8 0  -  0 .1 0  K cal.m ole"^ (-1 1 .7 3  -  0 .46
Kj.mole"

The e n th a lp y  d a ta  f o r  sam ple 9 are, reco rd ed  in  ta b le  I I I .  26.

Table I I I .  26

Exp. D ilu t io n ,  m+1
1

. 1
_____________________________  - 1

1
i

K cal.m ole” ^
: - ' ■ i
K j.m ole"^ 1

1 387.9  i1 -3 .1 3 -1 3 .1 0  j
2 397.0  1! -2 .8 6 -1 1 .9 7
3 !1 413 .3 -2 .9 9 -12 .51
4 414 .0 -3 .0 6 -1 2 .8 0
5 428 .0 -3 .0 6  ii —12.80
6 457 .9 -2 .9 3 1  ̂ -1 2 .2 6i f *
7 474 .7 -2 .8 8 f - 1 2 .0 5 iÇ a

\
Mean v a lu e  o f = -2 .9 9  -  0 .08  K oal.m ole"^ (-1 2 .5 0  -  0 .36

\

K j.m ole” ^ )



Heat o f S o lu tio n  o f  

P e rc h lo r ic  Acid

Jtarchlorate in 72$G

The h e a t  o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

PhjCClO^Co) + (œ+OHClO^nHgO ------- * + 010^](m+1 )H010^nH20

... AHg

a re  reco rd ed  in  ta b le 27*

' Table I I I

t  = 3“ 6 m ln.

Exp.
f

D ilu t io n ,  m+1 : aHj , 1
i

1
.. • . . . 1 R eal.m o le”  ̂ j K j.m ole”  ̂ 1

1
1 669.6 3 .15

t
13.17

2 1008 3 .09 12.93

3 1126 3 .0 7 12.84

k 1143 3.08 12.89

5 1159 , 3 .0 6 12.80

6 1226 3 .09 12.93 
i— :-------------

Mean v a lu e  o f * 3 .0 9  -  0 .02  K cal.m ole”  ̂ (12 .93  -  0.11

H eat o f S o lu tio n  o f T r i(p - to ly l)a e th y 3 j 

A ce tio  Acid

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

K j.m o le"^ ) 

t e  in  a iao l[a l

A rp C lO ^ (c ) + mAcOH î* LArO CIO^J mAoOH . . .

are raoorded in table III. 28.
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Table I I I . 2 8

t = J min.
Exp. D ilu t io n ,  m j

1
i K cal.m ole K j.m ole”

1 7614 6.19 25.90

2 8442 6 .3 8 26.69

3 9833 6 .1 3 25.65

U 10411 6 .30 26,36

5 11856 6 .16 25.77

Mean va lue  o f  AH_ a 6 .2 3  -  0 .0 9  K cal.m ole”  ̂ (2 6 .0 7  -  0 .3 9B
K j.m ole” ^)

o f  H ydrolyelB  o f  T r i(p ~ to ly l) ro e tb y l P e rc h lo ra te  

s o lu t io n  in  A ater

The h e a t o f  h y d ro ly s is  d a ta  f o r  th e  r e a c t io n  

(Ar^CClO^)mAcOH + (n+1)HgO » Ar^COH( c) + HOlOj^mAcOHnHgO

a re  re co rd ed  in  ta b le  I I I . 29



Table III.29
t <  1 min.

2o%

Exp. < Q
( o a ls )

lO^n^ 1 0 \1

I
! i

k ca l.m o le*^
i

K j . mole”  ̂;

1 -1 2 .479 I 4 .030
I

2 .29 -5 .5 7 -2 3 .3 0

2 -1 2 .6 3 4 4 .074 2.31 -5 .6 6 -2 3 .6 8  I

3 -1 2 .8 5 0 4 .145 2 .35 -5 .6 5 -2 3 .6 4

4 -1 2 .8 6 4 4 .155 2 .36 -5 .5 6 -2 3 .2 6

5 -12.901 4.169 2 .37 -5 .5 3 -2 3 .1 4

6 -13 .105 4.232 2 .40 -5 .5 8 -2 3 .3 5

7 -1 3 .1 9 4 4 .267 2.42 -5 .5 0 -23 .01

8 i-1 3 .2 8 3 : 4 .289 2 .44 -5 .5 7 -2 3 .3 0

9 ,-13 .358
y

, . 1 „ -  _ _ _ _ _ _ _ _ _

14.314 2 .45 -5 .5 7 -2 3 .3 0

Mean v a lu e  o f AHg = -5 .5 8  -  0 .03  Kcal.mole"*^ (-2 3 .3 3  -  0 .14

K j.m o le “ ^ )

Heat o f  S o lu tio n  of T ri(p -m ethoxypheny l)m ethy l P e rc h lo ra te  in  

G la c ia l  A ce tic  Acid

The h e a t  o f s o lu t io n  d a ta  f o r  the  r e a c t io n

ArCClO^(c) + mAcOH

are recorded in table III. 30.

^  UrCClO^JmAcOH ... "8
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Table 111.30
t s 4-6 mln.
Exp. D i lu t io n ,  m %

K cal.m ole*^ K i.n io le" '’

1 7235 7 .7 8 32.55

2 8482 7 .7 2 32 .30

3 6624 7.61 3 1 .8 4

4 8691 7 .9 2 3 3 .1 4  "■

5 8733 7 .8 7 32 .93

Mean v a lu e  o f  &H_ = 7»78 -  0 .11  K cal.m ole”  ̂ (3 2 .5 5  -  0 .4 6

KJ.m ole” )

" :r% .

  Trl(D-meth0Z3nph#M aaimthvl JM g A Io ra t

(Ar^CGlO^)mAoOH + (n+1 )HgO +Ar^GOH( c) + HGlOj^mAcOHnHgO

The h e a t  o f  h y d ro ly e ls  d a ta  f o r  th e  above r e a c t io n  

g a re  re c o rd e d  in  ta b le  III#31#
m

à

m m m f -



t < 1 min.
Table III.31

a 10

Exp. Q
o a ls

lO^n^ 1 0 % AH2

K cal.m o le”  | K j.m ole” ^

1 -11 .551 4.185 3 .45
I

2 .42 10.13

2 —11.548 4.192 3 .46 3 .05 12.76

3 —11.746 4 .274 3 .53 2 .6 4 11.05

4 -1 1 .9 5 5 4.293 3 .54 2 .3 4 9.79

5 -1 1 .8 1 2 4 .300 3 .55 2 .7 6 11.55

6 -1 1 .8 8 2 4 .328 3 .5 7 2 .44 10.21

7 -1 2 .2 1 3  4 .447 3 .6 7 2 .02 8 .45

8 -1 2 .3 4 2 4.495 3.71 2 .22 9.29

9 -1 2 .4 3 7 4 .544 3.75 2 .75 11.51

10 -1 5 .5 2 8 5.836 4 .82 2 .87 12.01

11 -1 6 .1 7 8 6.072 5.01 3 .09 12.93
i

Mean v a lu e  o f = 2 .6 0  -  0 .25  K cal.m ole (10 .88  -  1 .05
^ _ 1 .

K j.m ole )
' 1
B eat o f a ^ y ^ l on of T e tra -n -p ro p y l Aaunoa||jpat Bromide in  W ater 

The h e a t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n  '

(CjH^)j^NBr(c) + nHgO ------- > L(CjiLy)^^N'^ + Br” ]nHgO . . .

are reported in table III.32,
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Table III.32
t  < 1 min.

Ezp. D ilu tio n »  n AH
8

Koal.mole**^ ; Kj.mole"*^

1 i 1542 -1 .1 3 i -4 .7 31

" i
2128 I —1.16 j —4 .85

3 11 2338 ! -1 .2 2f i -5 .1 0  

! -4 .8 54 1 2918 -1 .1 6

Mean va lue  of ûH  ̂ = -1 .17  -  0 .04  K oal.m ole”  ̂ ( -4 .8 8  i  0 .1 7
E j.m o le” ^ )

B eat o f S o lu tio n  of Tet: kUm Sromidej

The h ea t o f s o lu t io n  d a ta  f o r  th e  r e a c t io n

(C^^Hg)^H B r(c) ♦ nHgO ------- > l(0^Hg)^^N'^ + Br'JnHgO . . .  AHg

a re  re p o r te d  in  ta b le  111 .32 .

Table I I I . 33

t  1 min.

Exp. D ilu tio n , n AH.

! K cal.m ole"^ 1 K j.m ole"

1 2902 -2 .4 3
i

-1 0 .1 7
2 3097 -2 .1 2 —8.87
3 3579 -2 .3 2 -9 .71
4 3627 -2 .0 3 -8 .4 9

! 5 4504 -2 .1 0 -8 .7 9

Mean va lue  of AH -2.20 ^ 0.15 Kcal.mole"'’ (9.21 ± 0.63
Kj.mole"^)8



APPEHHDC IV

used to  obtain  th e  I a # e r # w r e  Change fo r  a
■ — —          . .     —— —-— I— — -' I — ■ — - — —  - -------------  -—

Kbderate Reaction using tiic 3qual Area

Tlie Fortran IV computer progracme l i s te d  overleaf vas used to  

obtain  a  •best f i t*  curve fo r  th e  resis tance-tim e data of the  reac tion  

period In moderate reac tio n s. A time XRKi, vas ca lcu la ted  so th a t  the 

shaded areas in  Pig. I . l  vere e q u a l.(c .f .  Appendix l )

In  th is  programne H (in teger) i s  the number of coeffic ien ts#  up 

to  a  maadmiim of 10 and K (in teger) i s  the  number o f poin ts (maximum 

of 50) .  X (l) ( re a l)  i s  the  time a t  vhich the  reac tio n  vas s ta r te d  

and the  re s is tan ce  value a t  th is  time is  Y (l) ( re a l) ;  The input 

re s is tan c e  values are  compared v i th  tîie coa%uted res is tan ce  values 

(W) and th e  d ifference between tliese two values i s  shown by DIFF.

i



au

UnJEMSIOH F (1 0 ,1 0 ,1 0 ), G(X0,1û ),B (10),X (50),Y (50)  

BEAS 100, N,K

100 PDRMAT (215)

BEAS 101, X (l)

101 FORMAT (f4 .1 )

SO 20 I  -  S,K

20 X (I) -  X ( l - l )  + 0 .5

BEAS 102, (Y ( l) ,  I  = 1,K)

102 FQ»M? (6j 6.3)

BO 9 M -  1,H

BO 9 I  -

BO 9 L -  1,H

9 F ( M , I , L ) - 0

BO l O M -  1,H ^

BO 10 I  -  1,H

BO 10 J  «  1,K " - T

10 ?(I< ,I,1 ) «  P (M ,I,1) + A(X, J,M-1)+A(X,

BO 21 M •  1,N

BO 21 L -  1,H

21 G(%L) = 0

BO 11 M « 1,H 

BO 11 J  = 1 , K

11 G(M,1) -  0(M ,1) + Y{J)»A(X,J,M-1)

HA -  H '

HB -  H -  1

K



Aim-

DO 13 L -  2,HA 

DO 12 M = 1,HB 

DO 12 I  -  1,HB

12 F(14I,L) = F(M,I,L-1) -  F(HB+-1,I,L-1)*

iF (> 4 a B » i,L .i) /p ( im + i,m fi,L - i)

13 HB -  HB -  1

H -  HA

HB = N -  1 

DC l4  L « 2,HA 

00 13 H « 1,HB

15 G(t^L) o G(l^,I^l)-G(HB+l,L-l)«F(l^HBfl,L-l)/

1F(HB+1,HB+1,L-1)

14 HB « HB -  1

H « HA

C BACK SUBSnrUIIOH BECIHS

PRIHP 200,
\

200 FClRMAl(lHl,5aX,21HC0EPFICIEHTS A1 TO AH) ■

B (l) « Q(1,H)/F{1,1,H) ■; \  \

- PRINT 201, B(1)

DO l6  J  = 2,K 

L » H -  J  + 1 

SIM * 0 .0  

JA -  J  -  1 

DO IT I  -  1,JA 

17 SIM -  SIM + B (I)*F(1 ,I,L )



I l f

B(J) -  (G (l,L ) -  SUM )/P(l,J,L)

PRIHP 201,  B(J)

201 K®JAT(50C,F12.5)

16 CONmiUS

PRiar 202,

202 P0BMAI(//7CK, 32KCE8T B5UATI0H WITH ORIOIHAL

1MCA//7CK,11K,6X,6KMC Y,fiX,7HIHPUT Y ,6X, 

Ê to lF F )

DO 18 J  •  1,K  

V •  0 .0  

DO 19 I  •  1,H

19 V -  W + B (I)*A (X ,J ,I-1 )

DIFF = Y(J) -  W

nUOT 2 0 ), X (j),W ,Y (J),n iFF

2 0 ) POBMAT(67X,f4 .1 ,Ik ,P 8 .) ,U x, f8 .3 ,4 x,F 8 .3 )

IF (J .B a .l)  YMIN « W 

I F ( J .m .l )  XMIH •  X(J)

18  ooHmniB

U M X  a  W 

XMflX O X(J)

AREA a 0 .0  

DO 50 IT a 1,N

50 AREA a AREA+(B(lT)»(XMftX«*IT-XMIH»*lT))/IT

XREXÎF(Am-(YMCĈ gOMAX-YMDMCMIN) )/(YMIK-YMAX) 

PRINT 204 , XREQ



ï # m ;  a

F6mm(3CK,4mmuiRED vaue qf x to (ove

ISQHAL AREAS - /  f lO .j)  ■ '̂;'£'i-,. '. :,
= '
STOP V':SH

■î»- ;
: : M

FlBCnCS A(X,BC,L)'f
n o c a s K s  x (90)

ZP(X.B1.0} 00 TO 1 

A rn x (m )# ^ '' 

HarœB

£  ■■ - ^

; 7 - T

, '■ ■-.. /--
■ "1 -f - ■' :

■ Ï5-;.
i.=£. -  -

= ! ,p..

; ; I - , ,  . <: .: - . , - / Li  '  ^

] # # # % # # #
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