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Dimerization energies of trioctylammonium hal.ides in carbon 
tetrachloride solution, associated as a result of dipole-dipole inter- 
action, were calculated from the infrared absorption spectra. Tile 
values obtained were 5, 4, and 1,5 kcal/mole for the chloride, 
bromide, and iodide, respectively. The calculation showed that the 
dirners of these salts are contact dimers. 

The qual i ta t ive  s p e c t r o s c o p i c  man i f e s t a t i ons  of 
a s soc i a t i on  in m o l e c u l e s  of t r i a l k y l a m m 0 n i u m  sa l t s  in 

Table  1 

F r e q u e n c i e s  v(NH) for  Monomers  and A s s o c i a t e s  of 
T r i o c t y l a m m o n i u m  Hal ides ,  cm -1 

C o m p o u n d  Vm(NH) ~d(NH) V /NH)  
assoc 

(CsH17)aNHCI 
(CsHt~)3NHBr 
(CsHIT)3NH~ 

2050 
2225 
2415 

2300 
2450 
251o 

Av , V' (NH) 
assoc 

250 2375 
225 2525 
95 2560 

2425 
2575 

ca rbon  t e t r a c h l o r i d e  and benzene  solut ions  w e r e  d e -  
s c r i bed  in [1, 2]. By ana lys i s  of the r e s u l t s  i t  was p o s -  
s ib le  to i n t e r p r e t  the i n t e r ac t ion  of a l ky l ammon ium  
hal ides  both with t h e m s e l v e s  and with o ther  dipole  
m o l e c u l e s ,  leading to the f o r m a t i o n  of i n t e r m o l e c u l a r  
complexes ,  as i n t e r ac t i ons  of a d ipo le -d ipo le  na ture .  
Dur ing  fo rma t ion  of the complex ,  the v(NH) band is 
d i sp laced  in a d i s c r e t e  m a n n e r  to the h igh - f r equency  
reg ion ,  and at a c e r t a i n  range  of concen t ra t ions  i t  i s  
poss ib l e  to obse rve  s imul taneous  ex i s t ence  of the 
bands of m o n o m e r i e  m o l e c u l e s  and a s s o c i a t e s ,  where  
the equ i l i b r ium content  of t he se  f o r m s  depends on the 
in i t ia l  concen t ra t ion  of the sal t .  The band of the a s -  
soc ia t ed  m o l e c u l e s  has a complex  fo rm,  which de -  
pends on the concen t ra t ion  of the solut ion.  The v(ND) 
band of the deu te ra t ed  compounds behaves  s i m i l a r l y  
[3]. Toge the r  with r e s u l t s  f r o m  inves t iga t ions  of e l e c -  
t r o l y t e s  in so lvents  with low d i e l e c t r i c  constant  [4], 
th is  m a k e s  it pos s ib l e  to speak of the ex i s t ence  in the 
solut ion of a s s o c i a t e s  with va r i ous  d e g r e e s  of c o m -  
p lex i ty  (d i rec ts ,  t r i m e r s ,  e t c . ) .  Var ia t ion  in the t e m -  
p e r a t u r e  of the solut ion leads  to a r e d i s t r i b u t i o n  of 
in tens i ty  be tween  these  bands,  which c o r r e s p o n d s  to 
a t r an s i t i on  f r o m  one type of complex  to another .  The 
pu rpose  of the p r e s e n t  work  was to m e a s u r e  the f o r -  
ma t ion  ene rgy  of the d ipo le - -d ipo le  complex  be tween  
t r i o c t y l a m m o n i u m  hal ide  m o l e c u l e s  f r o m  the t e m p e r -  
a tu re  dependence of the v (NIQ band in t ens i t i e s  of the 
m o n o m e r  and the complex .  

The spec t r a  of solut ions of t r i o c t y l a m m o n i u m  
ch lo r ide ,  b romide ,  and iodide in carbon  t e t r a c h l o r i d e  
at cor tcentra t ions  be tween 0.1 and 0.001 m o l e j  w e r e  
obtained at t e m p e r a t u r e s  be tween  -10  and 60 ~ C on 

an IKS-12 s p e c t r o p h o t o m e t e r  with a l i th ium f luor ide  
p r i s m  and an CAP-1  r e c e i v e r  in the 1800-2800 cm -1 
reg ion .  F i g u r e  1 shows the spec t r a  of t r i o c t y t a m m o n -  
ium b r o m i d e  solut ions .  

The enthalpy va lue  AH was ca lcu la ted  f r o m  the 
v a n ' t  Hoff equat ion,  

AH 1 
- -  In K = l n A - - - - - -  

R T "  

Assuming  that the L a m b e r t - B e e r  law is sa t i s f i ed  fo r  
the bands of the m o n o m e r s  and d i m e r s ,  the l e f t -hand  
s ide  of the equat ion for  the m o n o m e r - d i r e c t  equ i l ib -  
r i u m  can be e x p r e s s e d  in e x p e r i m e n t a l l y  d e t e r m i n -  
able quant i t i es :  

' Dd e d 
u ~  

where  D m and D d a r e  the optical  dens i t i e s  at the m a x -  
ima  of the m o n o m e r  and d i m e r  bands;  e m and e d a r e  
the absorp t ion  coef f ic ien t s  of these  bands at the r e -  
spec t ive  f r e q u e n c i e s ;  d is the th ickness  of the l a y e r  of 
solut ion.  
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Fig.  1. Spec t ra  of solut ions  of t r i o c t y l a m m o n i u m  
b r o m i d e  in ca rbon  t e t r a c h l o r i d e  in the ~ (NH) reg ion :  
a) C = 0.049 m o l e / / ;  1) 7 ~ C; 2) 24 ~ C; 3) 38 ~ C; 4) 50 ~ 
C; b) C = 0.0049 m o l e / l ;  1) 6 ~ C; 2) 14 ~ C; 3) 38 ~ C; 
4) 50 ~ C; c) C = 0.001 m o l e / l ;  1) 9 ~ C; 2) 24 ~ C; 3) 38 ~ 

C; 4) 50 ~ C. 

In the s p e c t r a  of sa l t s  at the lowes t  concen t ra t ions  
which can s t i l l  be inves t iga ted  with s a t i s f a c t o r y  t r a n s -  



THEORETICAL AND EXPERIMENTAL CHEMISTRY 165 

in (Dassoc./i)2m)k~ ~ 

s.OOl- , \ \  

i \% .%. 
I 

0.50[- L , , , , 
3.40 ~ 2 0  7 , ~  -~ ~-/b, tleg 

In (Dassoc./D2m) 

-zoo] ;A. 'Z)\  

I I r r 1 ""~ "~f\ 
050 ~"C~ 

O00p ~ a ~  
| 
] c "N x . . ~ ,  

3.~o ~2e ~-ldd~g" 

Fig .  2. Dependence  of In (Dd/D2 m) on 1 / T  for  t r i o c t y l a m m o n i u m  b r o m i d e :  

a) C = 0.049 m o l e / l ;  !) " a s soc .  = 2450 cm -~, AH = 8.4 k c a l / m o l e ;  2) Vassoc. = 
= 2525 cm -1, A t t =  9.6 k c a l / m o l e ;  3) Vassoc. = 2575 c m - i , A H  = 10.9 k c a t / m o l e o  
b) C = 0.0049 m o l e / l :  1) " a s s oc .  = 2450 cm-1,  AH = 5.5 k c a l / m o l e ;  2) Vassoc. = 
= 2525 cm -1, AH = 5.9 k c a l / m o l e ;  3) Vassoc. = 2575 cm -1, AH = 6.3 k c a l / m o l e .  

c) C = 0.001 m o l e / l :  1) Vassoc. = 2450 cm-1,  AH = 4.2 k c a l / m o l e ;  2) Vassoc. = 
= 2525 cm -1, AH = 4.4 k c a l / m o l e ;  3) Vassoc. = 2575 cm -1, AH = 4.5 k c a l / m o l e .  

p a r e n c y  in the solvent ,  the opt ical  dens i t i e s  of the 
bands fo r  the m o n o m e r  and d i m e r  w e r e  c o m p a r a b l e  
in magni tude .  It was  not, t h e r e f o r e ,  poss ib l e  to ob-  
ta in  a suf f ic ien t ly  a c c u r a t e  e m value  by ex t rapo la t ion  
to infini te  di lut ion and consequen t ly  to d e t e r m i n e  ed. 
It was ,  t h e r e f o r e ,  n e c e s s a r y  to give up d e t e r m i n a t i o n  
of the equ i l i b r i um constant  and, by pos tu la t ing  con-  
s tancy  of e m and e d in the i nves t iga t ed  t e m p e r a t u r e  
r ange ,  to d e t e r m i n e  the value  of AH d i r e c t l y  f r o m  the 
equat ion 

Dd AH 1 (1) 
l n - ~  m = l n A ' - - ~  T-.  

Analysis of the results was substantially compli- 
cated by overlapping of the bands for the various mo- 

lecular forms. The most isolated was the band of the 

monomer, and its position hardly changed with change 

in the concentration of the solution. The band of the 

dimer was largely overlapped by the bands of the 
more complex polymeric forms, so that the frequency 

of its maximum could only be reliably determined at 

the lowest concentrations of the salt. The frequencies 

of the bands for  the m o n o m e r  and the d i m e r  a r e  g iven  
in Table  1. The AH value was ca lcu la ted  for  s e v e r a l  
c a s e s  by graphica l  s epa ra t i on  of the bands.  The use  
of a s impl i f i ed  p r o c e d u r e ,  in which the optical  den -  
s i t i e s  taken d i r e c t l y  f r o m  the s p e c t r u m  fo r  the f r e -  
quenc ies  shown in Table  1 a r e  in t roduced  into Eq.(1), 
give p r a c t i c a l l y  the same  va lue  fo r  AH. The r e s t  of 
the ana lys i s  was t h e r e f o r e  c a r r i e d  out by the s i m p l i -  
f ied p r o c e d u r e  without s epa ra t i ng  the bands.  To a s -  
s e s s  the r e l i a b i l i t y  of the data obtained,  AH va lues  
w e r e  a lso  d e t e r m i n e d  by us ing  the optical  dens i ty  
va lues  m e a s u r e d  at two f r e q u e n c i e s  in the h i g h - f r e -  
quency reg ion  of the v(NH) band as D d in Eq. (1). These  
f r e q u e n c i e s  c o r r e s p o n d  to poor ly  def ined m a x i m a  in 
the b road  v(NH) band and a r e  a l so  g iven in Table  1 

@'assoc. and V"assoc.). 
The first experiments showed that the measured 

enthalpy value depended strongly on the concentration 

of the solution and decreased with dilution. By way of 

an example, Fig. 2 shows the dependence of in (Dd/D2m) 
on I/T for trioctylammonium bromide at various 

concentrations. The points conform closely to straight 
lines, but the slopes are different. Similar results 

./ 3 . d- 
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a b 

Fig. 3. Dependence of measured AH values on concentration of ammonium salt 
in CCI 4 solution: a) Oot3NHCI, v m = 2050 cm-1: I) Vassoc. = 2300 era-l;2) 

Vassoc. = 2375 cm-i;3) Vassoc. = 2425 cm -I. b) Oct3NHBr, v m = 2225 cm-l; 

I) Vassoc. = 2450 cm-l;2) Uassoc. = 2525 cm-l;3) Vassoc. = 2575 cm-:. 
c) Oct3NHI, v m = 2415 cm-l: I) Vassoc. = 2510 cm-1; 2) Vassoc. = 2560 cm -I. 
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were  obtained for  t r i o c t y l a m m o n i u m  chlor ide  and io-  
dide. 

The i n c r e a s e  in  the ca lcula ted  AH value with con-  
cen t r a t i on  is  doubt less  d e t e r m i n e d  by the p rocedure  
se lec ted  for i ts  expe r imen ta l  d e t e r m i n a t i o n  and ev i -  
dently a r i s e s  f rom an i n c r e a s e  in  the cont r ibu t ion  f rom 
the bands of po lymer ic  fo rms ,  more  complicated than 
d i r ec t s ,  to the m e a s u r e d  optical  dens i ty  at the f r e -  
quency of the d i m e r  m a x i m u m .  This  cont r ibu t ion  de -  
c r e a s e s  with dec rea se  in the concen t ra t ion  of the  so lu -  
tion, where the m o n o m e r - d i m e r  equ i l i b r ium becomes  
dominant .  The t rue  value of the fo rma t ion  energy  of 
the d i m e r  can, the re fore ,  be obtained by ext rapola t ion  
of the m e a s u r e d  AH values  to inf in i te  di lut ion.  

The r e su l t s  a re  shown in  Fig.  3. At low concen-  
t r a t i ons  the AH values  become p rac t i ca l l y  constant .  
The ext rapola ted  values  a re  equal to: (CsH17)3NHC1 5.0=L 
�9 0.5 k c a l / m o l e ;  (CsH17)3NHBr 4.0 �9 0.5 k c a l / m o l e ;  (C 8 
HI~)3NHI 1.5 • 0.5 k c a l / m o l e .  The e r r o r  in the d e t e r -  
mina t ion  of the energy  was evaluated f rom the spread  
of the AH values in the reg ion  of low concen t ra t ions .  
These  va lues  a re  close to the AH value of 6.5 k c a l / m o l e  
for d imer i za t ion  of t e t r a b u t y l a m m o n i u m  b romide  d i s -  
solved in benzene,  obtained f rom d ie l ec t r i c  m e a s u r e -  
ments  in [5]. 

F igure  3 also shows AH va lues  obtained us ing  m e a -  
s u r e m e n t s  of the opt ical  dens i ty  in  the h igh- f requency  
pa r t  of the v(NH) band as the D d value .  They were  
found to be no t iceably  high, which provides  an addi -  
t ional  a rgumen t  in  favor  of the sugges t ion  that  the com-  
plex na tu re  of the assoc ia ted  v(NH) band is due to su -  
pe rpos i t ion  of bands for po lymer i c  fo rms  of a d i f ferent  
composi t ion .  The h igh- f requency  shift  is g rea t e s t  
with the m o n o m e r - d i r e c t  t r a n s i t i o n  and d e c r e a s e s  on 
pa s s ing  f rom the d imer  to more  complex aggrega tes .  

It is seen  f rom the r e s u l t s  that  i n c r e a s e  in  the r a -  
dius of the anion in  the o rde r  CI- ,  B r - ,  I -  leads  to a 
d e c r e a s e  in the energy  of the d i m e r ,  and this  is  a lso  
accompanied  by a d e c r e a s e  in  the shift  of the v(NH) 
band for the m o n o m e r  dur ing  fo rma t ion  of the d i m e r  
(Table 1). In [4] ' i t  was not iced that a s soc ia t ion  of ion-  
ic p a i r s  in media  with low d i e l ec t r i c  cons tant  is g r e a t -  
e r ,  the g r ea t e r  the d i f ference  be tween the rad i i  of the 
anion and cation.  Our own r e s u l t s  conf i rm this  r e -  
la t ionship  ; the d i f ference  in  rad ius  be tween the anion 
A and cat ion K d e c r e a s e s  f rom t r i o c t y l a m m o n i u m  
chlor ide  to the iodide. In fact the c rys ta l log raph ic  
rad i i  of the halogens a re  r c 1 -  = 2.16 ~.. r c 1 -  = 1.81 A, 
r I_ = 2.16 /~. According to data f rom [4], the rad ius  
of the (C~tts)4 N + cat ion amounts  to 2.3 ~, which is 
subs tan t i a l ly  less  than the length of the alkyl rad ica l s .  
This  means  that the anion in the ion pa i r  pene t r a t e s  
within the f r amework  of the t e t r abu ty l ammon ium ca t i -  
on, and i n c r e a s e  in the length of the alkyl chains should 
not subs tan t ia l ly  change the K-A dis tance .  Examina -  
tion of mo lecu l a r  models  leads to a s i m i l a r  conclus ion  
[6]. In the d imer ,  therefore ,  the radius  r c of the t r i -  
oc ty l ammonium cation in the d i rec t ion  of the anion of 
the adjacent  ion pa i r  may have a value of 2.3 /~ or more .  
The rad ius  of the t r i a l k y l a m m o n i n m  cation is of cour se  
s m a l l e r  in the d i rec t ion  of the NH. . .  A bond and is 
equal to 1.74 /~ for (C4Hs)3NH + [4]. 

The enthalpy va lues  obtained were  used to evaluate  

the p a r a m e t e r s  which d e t e r m i n e  the geomet r i ca l  
s t r uc t u r e  of the complex.  We will  examine  a model of 
the d imer  in which the cen te r s  of the charges  of the 
m o n o m e r i c  mo lecu l e s  (ion pa i rs )  a r e  disposed in a 
p lane  at the c o r n e r s  of a p a r a l l e l o g r a m .  As shown by 
ca lcula t ion  [7] and e l ec t ron -d i f f r ac t i on  expe r imen t  
[8], d i m e r s  of a lkal i  hal ides  in  the gas phase have 
such a s t r u c t u r e .  According  to m e a s u r e m e n t s  of d i -  
e l ec t r i c  po la r i za t ion  in  solut ions  of t e t r a a l k y l a m m o n -  
ium hal ides  in benzene  [9], the average  dipole momen t  
of the ion pa i r  i n c r e a s e s  with d e c r e a s e  in the concen-  
t r a t ion  of the solut ion,  and the na tu re  of this  depen-  
dence allowed the authors  in [9] to suppose that the 
dipole momen t  of the d i m e r  is  zero.  These  facts con-  
f i r m  the se lec ted  model .  

We will cons ide r  the cycle 

CC14 8=2.24 

2Kgas q- 2Ages AH s ~ (KA)2gas 

2KA gas AH~ 

AH1 I 
Y 

2KA sol AH ~ (KA)2 ~ol 

AH = AH1 q- AH~ - -  AH3 - -  AH4 (2) 

(AH is the expe r imen ta l l y  de t e rmined  value.  ) 
According to the theory  of ionic in t e rac t ions  in  

solut ions [4], in which the po la r i za t ion  of the ions and 
medium,  and also the forces  of r epu l s ions ,  a re  taken 
m o r e  or l e s s  s a t i s f ac to r i ly  into cons idera t ion ,  

~ H 1  = "R3cff  2 8  i ~ -  1 ' 

e 2 e2 
AH2 = 0.9 ~ + 0.3~u (a + %), (4) 

a / / 8  = 0.9e ~ -~ a' g ~  + 

_t__0.3e(e + , ) [ ~ / /  1 1 1 ] 2 . (5) -~ + a'" a~ + a '~ 

The quadrupole po la r i za t ion  energy  AH4 of the m e -  
d ium can be taken as zero.  All the Att i va lues  a r e  r e -  
la ted to 1 mole  of sal t .  In Eqs. ( 3 ) - ( 5 ) , a i s  the equ i l ib -  
r i u m  dis tance  I~KA in the ion pa i r  KA; a is the 
equ i l ib r ium d is tance  between the cen te r s  of the ion pa i r s  
in the d i m e r  (KA)2; ~A and o2 K are  the po la r i zab i l i t i e s  
of the anion and cat ion;  # is the dipole moment  of the 
ion pa i r  KA; s is the d i e l ec t r i c  constant  of the solvent  

(for CC14e = 2.24) ; e is the charge of the e l ec t ron ;  Reff 
is the effective radius  of the ion pa i r .  It is poss ib le  to 
obtain a '  af ter  subs t i tu ion  of Eqs. (3)-(5) in Eq. (2). 

Apart  f rom the or ig ina l  p r e m i s e s  of the theory  in 
[4] the following a s sumpt ions  were  made  in the ca l cu -  
lat ion:  1) The in te r ion ic  d i s t ances  in  the Oct3NHA ion 
pa i r s  a re  the same as in (C4H~)3NHA; 2) The Oc~NHA 
ion pa i r s  a re  cha rac t e r i zed  by the s ame  dipole mo-  
ments  as (C4Hg)3NHA ; 3) In the d i me r  the ions a re  d i s -  
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Table  2 

In te r ion ic  Dis tances  in Monomers  and Dimers  of T r i o c t y l a m m o n i u m  Halides 

Compound a, ~ ~, D Ref f, A aA+aK(DX a'(I), A aA+aK(II)X a'(II), 
XI02* e~ 3 XI0~4 c ~  

(CsHI~)3NHCI 3.57 7 .17 3 .0  35.7  4 ,3  19.7 [ 4,65 
(CsH17)~NHBr 3 .70 7.61 3 .15 36 .8  4.55 20 .8  4 .9  
(C,H17)3NHI 3.94 8 .09  3 .26 ~9,1 5 .0  23.1 5 .5  

posed at the c o r n e r s  of a p a r a l l e l o g r a m  with s ides  of 
a and a '  ; 4) The Ref f value was d e t e r m i n e d  as the mean  
rad ius  of the ion pa i r  KA. Table  2 gives the r p, oz K + 
+ ~A,  and Reff va lues  used in  the ca lcu la t ion  and the 
a' values  obtained.  

There  a r e  no expe r imen ta l  data on the p M a r i z a b i l -  
i ty  of t r i a l k y l a m m o n i n m  cat ions .  There fo re ,  following 
[4], we de t e rmined  ~K as the sum of the po Ia r i z a b i l i -  
t i es  of the groups of a toms  which make up the cation,  
reduced by 33% on account  of the p r e s e n c e  of unit  pos -  
i t ive charge  (Variant  I). In this  way, ~K = 32 �9 10 -z4 
cm 3. In the other  va r i an t  i t  was supposed that,  roughly  
speaking,  only half of each alkyl chain was subjec t  to 
the po la r i z ing  act ion of the ad jacent  ions,  while the 
other  half was outs ide the i r  zone of inf luence.  In this  
case ,  ~K = 16 �9 10 -24 cm 3. The ~A va lues  were  taken 
f rom [10]. Even such a s igni f icant  change in c~ A + ~K 
has l i t t le  effect on a ' .  

The r e su l t s  show that  the d ipo la r  d i m e r s  a r e  con-  
tact  d i m e r s .  In fact,  by us ing  r K = 2.3 ~ (in the d i -  
r ec t ion  of the ad jacent  ion pair)  and the ionic rad i i  of 
the an ions ,  we obtain the following va lues  of a '  - (r K + 
+ r A) for  the chlor ide ,  b romide ,  and iodide, r e s p e c -  
t ively:  0.2; 0.3; 0.64 ,~ (Variant  I) or  0.54; 0.65; 1.04~, 
(Variant  II). This  is subs t an t i a l l y  l e s s  than the d i a m e -  
t e r  of the ca rbon  t e t r aeh lo r ide  molecule ,  which can be 
d e t e r m i n e d  as 5.5 /~. 
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