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Studying i n t e r m o l e c u l a r  i n t e r a c t i o n s  in c a r b o x y l i c  a c i d - a m i n e  s y s t e m s  opens  up the p o s s i b i l i t y  of 
s y s t e m a t i c a l l y  i n v e s t i g a t i n g  p ro ton  t r a n s f e r  in c o m p l e x e s  wi th  hyd rogen  bonding .  The p r e s e n c e  of an 
e q u i l i b r i u m  be tween  two t y p e s  of c o m p l e x  (a m o l e c u l a r  c o m p l e x  and an ion p a i r  f o r m e d  as  a r e s u l t  of p r o -  
ton t r a n s f e r  th rough  hyd rogen  bonding) is  a c r i t e r i o n  for  the e x i s t e n c e  of two m i n i m a  on the p o t e n t i a l  e n e r -  
gy s u r f a c e  of the i n t e r a c t i o n  be tween  a p ro ton  donor  and a p ro ton  a c c e p t o r  [1]. The  e x i s t e n c e  of th is  e q u i -  
l i b r i u m  was  f i r s t  r e c o r d e d  in [2], but  no r e f e r e n c e  has  been  made  to it in s u b s e q u e n t  i n v e s t i g a t i o n s  of c a r -  
boxy l i c  a c i d - a m i n e  s y s t e m s  (for e x a m p l e ,  [3-5]).  In the p r e s e n t  c o m m u n i c a t i o n ,  we wi l l  g ive  the r e s u l t s  
of an i nves t i ga t i on  of the e q u i l i b r i a  in s y s t e m s  c on t a in ing  [ s o b u t y r i c  ac id  (IBA) and p i p e r i d t n e  f r o m  t h e i r  
IR a b s o r p t i o n  s p e c t r a .  The  s p e c t r a  w e r e  r e c o r d e d  on IKS-12 and IKS-14  i n s t r u m e n t s  and the e x p e r i m e n -  
ta l  t echn ique  was  ana logous  to that  d e s c r i b e d  in [6]. 

It is  l o g i c a l  to beg in  the i n t e r p r e t a t i o n  of the s p e c t r a  of the a c i d - p i p e r i d i n e  s y s t e m  by c o n s i d e r i n g  
the s i m p l e s t  c a s e  of so lu t ions  of the ac id  in the a m i n e  in which the p r o b a b i l i t y  of d i m e r i z a t i o n  of the ac id  
and f o r m a t i o n  of c o m p l e x e s  con t a in ing  m o r e  than one ac id  m o l e c u l e  is m i n i m a l .  In the s p e c t r u m  of a s o -  
lut ion of IBA in p i p e r i d i n e  (Fig .  1), bands  a r e  o b s e r v e d  at 1560, 1620, and a l so  1410 c m  -1, which can  be  
iden t i f i ed  as the VaCO~- , 5NH~-, and vsCO ~ of an a c i d - a m i n e  c o m p l e x  having  an i o n - p a i r  s t r u c t u r e .  When 
the t e m p e r a t u r e  is  i n c r e a s e d ,  the i n t e n s i t y  of t h e s e  bands  is  d i m i n i s h e d ,  the b a r e l y  n o t i c e a b l e  a b s o r p t i o n  
in the uC = O r eg ion  is  s t r e n g t h e n e d ,  and a doub le t  band a p p e a r s  at  1700 and 1720 c m  -1 [6]. As was  shown 
in [6], the e x i s t e n c e  of d i m e r s  in so lu t i ons  of IBA in d ioxan and p y r i d i n e  can  be  e l i m i n a t e d .  Consequen t ly ,  
the band with i ts  c e n t e r  at  1710 c m  -1 in the s p e c t r u m  of a so lu t ion  of IBA in p i p e r i d i n e ,  which  is  a s t r o n g e r  
p ro ton  a c c e p t o r ,  canno t  b e l o n g  to a d i m e r  and the doub le t  a t  1700 and 1720 c m  - i  is  t h e r e f o r e  a s s i g n e d  to 
the uC = O v i b r a t i o n s  of the c a r b o n y l  g r o u p  of an IBA m o l e c u l e  p a r t i c i p a t i n g  in h y d r o g e n  bond ing  be tween  
i ts  h y d r o x y l  g roup  and the n i t r o g e n  a tom of the p i p e r i d i n e .  At each  given t e m p e r a t u r e ,  the i n t ens i t y  of 
t h i s  band changes  in p r o p o r t i o n  to the c o n c e n t r a t i o n  of the ac id ,  which  p r o v i d e s  g rounds  fo r  a s c r i b i n g  th is  
band to 1 : 1 c o m p l e x e s .  

The  i n t e r p r e t a t i o n  of the 1560 and 1620 c m  -1 bands  can be  c o n f i r m e d  by  s tudy ing  the s p e c t r a  of s o -  
lu t ions  of the ac id  and p i p e r i d i n e  in w a t e r  and me thano l .  It can be  seen  f r o m  F ig .  2 that  the vC = O band 
at 1705 c m  -1 in the s p e c t r u m  of [BA in CD3OD , which b e l o n g s  to ac id  m o l e c u l e s  bonded  with  a l coho l  m o l e -  
cu les ,  d e c r e a s e s  in i n t e n s i t y  in s t r i c t  p r o p o r t i o n  to the amount  of p i p e r i d i n e  added to the  so lu t ion  and 
d i s a p p e a r s  c o m p l e t e l y  when the r a t i o  of the c o m p o n e n t s  i s  e q u i m o l a r .  At the s a m e  tLme, the vaCO ~ band 
of the ac id  anion a p p e a r s  at  1560 c m  -1. The ha l f  width  of the  1560 c m  -1 band is 30 c m  -1 and i ts  i n t e g r a l  
a b s o r p t i o n  c o e f f i c i e n t  A is 7.5 �9 10 t l i t e r / m o l e  �9 e m  2. The  s p e c t r u m  of a so lu t ion  of IBA and p i p e r i d i n e  in 
DzO is c o m p l e t e l y  ana logous .  In t hese  so lven t s ,  the ion p a i r s  a r e  d i s s o c i a t e d  and the C3H7CO0- and (CH2) 5 
�9 ND~- ions  p a r t i c i p a t e  in h y d r o g e n  bonds  with the so lve n t  m o l e c u l e s .  Th i s  l e a d s  to the c o m p l e t e  e q u a l i z a -  
t ion of the CO bonds  of the c a r b o x y l a t e  ion. Under  t h e s e  cond i t i ons ,  the 5NH~ band at  1620 e m  -1 i s  a b -  
s en t  owing to h y d r o g e n  exchange  with the  so lven t .  

Consequen t ly ,  in so lu t ions  of IBA in p i p e r i d i n e  t h e r e  is  an e q u i l i b r i u m  be tw e e n  two f o r m s  of the 1 : 1 
I B A - a m i n e  c o m p l e x ,  i . e . ,  an i o n - p a i r  f o r m  and a f o r m  c o n s i s t i n g  of a m o l e c u l a r  compound  wi th  h y d r o -  
gen bonding,  th is  e q u i l i b r i u m  be ing  s t r o n g l y  sh i f ted  t o w a r d s  the ion p a i r  a t  r o o m  t e m p e r a t u r e .  The  s p e c -  
t r o s c o p i c  c r i t e r i a  fo r  the f i r s t  type of c o m p l e x  a r e  the VaCO 2 band at  1560 c m  -1, the vsCO ~- band at 1410 
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F i g .  1. S p e c t r a  of a so lu t ion  (0.4 m o l e / l i t e r )  of IBA in 
p t p e r t d i n e :  1 )20 ;  2 ) 4 0 ;  3 )65 ;  4 )90~  

c m  -~ and the 5NH~-band at  1620 c m  -1, and the c r i t e r i o n  for  the second  type of c o m p l e x  is  the pC = O double t  
at 1700 and 1720 c m  -1. When the t e m p e r a t u r e  ts  i n c r e a s e d ,  the, e q u i l i b r i u m  iS sh i f t ed  t o w a r d s  the e n e r -  
getLcal ly  m o r e  f a v o r a b l e  f o r m ,  which  p r o v e s  to be  the m o l e c u l a r  c o m p l e  x. The fac t  that  the VaCO { f r e -  
quency  of the i s o b u t y r a t e  ion i s  the s a m e  in aqueous  so lu t ion  and in p t p e r i d t n e  so lu t ion  i n d i c a t e s  i t s  s y m -  
m e t r i c a l  s t r u c t u r e  in the ion p a i r ,  which  is g u a r a n t e e d  by  the f o r m a t i o n  of two N H . . .  O h y d r o g e n  bonds  in 
a c c o r d a n c e  with the h y p o t h e s i s  of [7]. The  s t r u c t u r e  of t h e s e  c o m p l e x e s  can be r e p r e s e n t e d  in the fo l low-  
ing m a n n e r :  

.~O---H ~ RC e .O---H~,.E) 

~c "-o -, -'"" ~o---,  "N~ 
The m o l e c u l a r  c o m p l e x  is not d e t e c t e d  s p e c t r o s c o p i c a l l y  in aqueous  o r  a l coho l i c  Solut ion.  In the  s p e c t r u m  
of an e q u i m o l a r  a c i d - p i p e ' r i d i n e  m i x t u r e ,  the bands  of m o l e c u l a r  p i p e r t d i n e  at  742, 1111, 1144, 1189, 1256, 
and 1315 c m  - t  a r e  c o m p l e t e l y  absen t  o r  a r e  v e r y  weak  and the bands  at 940 and 1080 c m  -~ c h a r a c t e r i s t i c  of 
the p i p e r t d i n i u m  ion [8, 9] a r e  v i s i b l e .  

In s o l v e n t s  wi th  low d i e l e c t r i c  c o n s t a n t s ,  the c ompone n t s  do not  i n t e r a c t  s t o i c h i o m e t r t c a l l y  to f o r m  
ion p a i r s  as  they  do in w a t e r  and me thano l .  In so lu t i ons  of an e q u i m o l a r  m i x t u r e  of TBA and p i p e r i d t n e  in 
mixed  CD3OD-CC[ 4 s o l v e n t s  with d i f f e r en t  c o m p o s i t i o n s ,  a pC = O doub le t  at 1700 and 1720 c m  -1, and a 
band at 1620 c m  -1 a p p e a r  as  the p r o p o r t i o n  of CC[ t is  i n c r e a s e d ,  and the half  width of the 1560 c m  -1 band 
i n c r e a s e s  to ~100 e m  - t .  In the  s p e c t r a  of so lu t ions  in C2CI 4 (Fig.  3) and d ioxan ,  the pC = O doub le t  is  a l so  
o b s e r v e d ,  the pos i t i on  of the PaCO~ band is  unchanged,  and i ts  ha l f  width  ts 90-100 c m  -1. The p r e s e n c e  of 
the vC = O band in t h e s e  s o l v e n t s  m e a n s  that  p a r t  of the acid is p r e s e n t  tn m o l e c u l a r  f o r m .  The l a r g e  width  
of the PaCO~ band is ev iden t ly  c h a r a c t e r i s t i c  of s y s t e m s  in which the ton p a i r  is  not d i s s o c i a t e d .  We should  
men t ion  that  in so lu t i ons  in CHCI3, which  is a weak  p ro ton  donor ,  and a l so  in the p r e s e n c e  of e x c e s s  acid ,  
the half  width  of the PaCO~ band is l e s s  than in CC[4, C2CI4, d ioxan,  and p t p e r i d t n e ,  but  in a l l  c a s e s  i t s  p o -  
s i t ion  and i n t e g r a l  a b s o r p t i o n  c o e f f i c i e n t  r e m a i n  unchanged wi thin  the l i m i t s  of e x p e r i m e n t a l  e r r o r :  A = (7.7 
:~ 0.5) �9 104 l i t e r / m o l e  �9 c m  2. 

Tak ing  t h e s e  f a c t s  into account ,  we can  r e a c h  an i n t e r e s t i n g  conc lus ion  f r o m  an a n a l y s i s  of the s p e c -  
t r a  of so lu t ions  in a c e t o n t t r t l e ,  the d i e l e c t r i c  c o n s t a n t  of which is h i g h e r  than that  of me thano l  (36 and 33) 
but  whose  m o l e c u l e s  cannot  f o r m  hydrogen  bonds  as  p ro ton  d o n o r s .  When the c o n c e n t r a t i o n  of TBA and 
p t p e r t d i n e  in CHaCN is  0.3 m o l e / l i t e r  each  the s p e c t r u m  in th i s  r eg ion  is  v e r y  s i m i l a r  to the s p e c t r u m  of 
the solut ' ion in CCl4, i . e . ,  t h e r e  ts  a pC = O double t  and the half  width  of the  PaCO~ band is ~80 c m  -1. Th i s  
m e a n s  that  the s t o i c h i o m e t r i c  p ro ton  t r a n s f e r  f r o m  IBA to p i p e r t d i n e  wi th  d i s s o c i a t i o n  of the ton p a i r s  i s  
due not  so much to the  high d i e l e c t r i c  c o n s t a n t  of the so lve n t  as  to the a b i l i t y  of i t s  m o l e c u l e s  to f o r m  h y -  
d r o g e n  bonds  as  p ro ton  d o n o r s .  

It has  been  shown tn a n u m b e r  of w o r k s  [2-5] that  c o m p l e x e s  with a 2 : 1 c o m p o s i t i o n  and h ighe r ,  t . e . ,  
con ta in ing  m o r e  than  one ac id  m o l e c u l e ,  can be f o r m e d  as  a r e s u l t  of the  i n t e r a c t i o n  of a c i d s  with a m i n e s .  
S p e c t r a  of so lu t i ons  of IBA and p i p e r t d i n e  in C2C14 a r e  shown in F ig .  3a.  The  TBA c o n c e n t r a t i o n  h e r e  was  
kept  c o n s t a n t  whi le  the p i p e r t d i n e  c o n c e n t r a t i o n  was  changed  so that  the r e l a t i v e  conten t  of IBA and p i p e r i -  
d ine  was  1 : 7 ,  1 : 1 ,  and 1 : 0 . 5 .  It can  be seen  that  the i n t ens i t y  of the double t  c e n t e r e d  at  1710 c m  -I in -  
c r e a s e s  as  the amount  of p t p e r i d i n e  d e c r e a s e s .  At the s a m e  t i m e ,  the i n t ens i ty  of the PaCOg band at  1560 
c m  -1 and the 5NH~- band at 1620 c m  -1 d e c r e a s e s .  The  s a m e  c h a n g e s  o c c u r  when the c o n c e n t r a t i o n  of s o -  
lu t ions  of e q u i m o l a r  m i x t u r e s  of TBA and p t p e r i d i n e  is  changed  (Fig.  3b). 
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Fig .  2. S p e c t r a  of so lu t i ons  of TBA and p i p e r t d t n e  in d - m e t h a n o l ,  CCI 4 and t h e i r  
m i x t u r e :  a) so lu t ion  in d - m e t h a n o l ,  IBA c o n c e n t r a t i o n  0.17 m o l e / l i t e r ,  p i p e r i -  
d ine  c o n c e n t r a t i o n :  1) 0; 2) 0.08; 3) 0.16 m o l e / l i t e r ;  b) so lu t ion  in CCI 4, IBA 
and p i p e r t d t n e  c o n c e n t r a t i o n  0.3 m o l e / l i t e r ,  d - m e t h a n o l  c o n c e n t r a t i o n :  1) 0.3 
m o l e / l i t e r ;  2) 0. 

F ig .  3. S p e c t r a  of so lu t i ons  of TBA and p i p e r i d i n e  in C2Clt: a) TBA c o n c e n t r a -  
t ion 0.4 m o l e / l i t e r ,  p i p e r i d t n e  c o n c e n t r a t i o n :  1) 2.8; 2) 0.4; 3) 0.2 m o l e / l i t e r ;  
b) e q u i m o l a r  m i x t u r e s  of the ac id  and p t p e r i d t n e  at c o n c e n t r a t i o n s  of: 1) 0.4; 2) 
0.14; 3) 0.025 m o l e / l i t e r ;  c) e q u i m o l a r  m i x t u r e  of the ac id  and p i p e r i d i n e  (con- 
c e n t r a t t o n  0.025 m o l e / l i t e r )  at  t e m p e r a t u r e s  of 20 (1) and 90~ (2). 

We can conc lude  tha t  the amount  of c o m p l e x e s  c o n s i s t i n g  of two ac id  m o l e c u l e s  and one amLne m o l e -  
cu l e ,  which  a r e  the  p r o d u c t s  of the add i t ion  of an ac id  m o l e c u l e  to an ion p a i r ,  i n c r e a s e s  both  when the 
p r o p o r t i o n  of p i p e r i d i n e  is  d e c r e a s e d  and when the so lu t ion  is d i lu ted .  ThLs l a t t e r  ac id  m o l e c u l e  e v i d e n t l y  
f o r m s  a h y d r o g e n  bond with the c a r b o x y l a t e  ion, and the doub le t  a t  1710 c m  - t  b e l o n g s  to i t s  C = O group .  
In sp i t e  of the  fac t  that  the  f r e q u e n c i e s  and r e l a t i v e  i n t ens i t y  of the c o m p o n e n t s  of the double t  a r e  e x a c t l y  
the s a m e  fo r  the  ac id  m o l e c u l e  bonded with the ion p a i r  and for  the ac id  m o l e c u l e  f o r m i n g  the h y d r o g e n  
bond with  the amine ,  t h e r e  can be no doubt about  the e x i s t e n c e  of the 2 : 1 c o m p l e x e s .  SLnce e q u i l i b r i u m  (1) 
c h a r a c t e r i z e s  a m o n o r n o l e c u l a r  p r o c e s s ,  the r a t i o  of the i n t e n s i t i e s  of the band at 1560 (or 1620) c m  - t  and 
the double t  a t  1710 c m  -1 m u s t  r e m a i n  c o n s t a n t  a t  a g iven t e m p e r a t u r e ,  i r r e s p e c t i v e  of the c o m p o s i t i o n  of 
the s y s t e m .  It [s t h e r e f o r e  i m p o s s i b l e  to exp la in  the i n c r e a s e  in the i n t e n s i t y  of the  1710 c m  -1 doub le t  ob -  
s e r v e d  in F ig .  3 [n t e r m s  of an i n c r e a s e  in the n u m b e r  of 1 : 1 c o m p l e x e s  wi th  h y d r o g e n  bonding;  [t i n d i -  
c a t e s  an i n c r e a s e  in the n u m b e r  of 2 : 1  c o m p l e x e s .  

The doub le t  at  1700 and 1720 c m  -1 s e r v e s  as  an a n a l y t i c a l  band fo r  d e t e r m i n i n g  the c o n c e n t r a t i o n  of 
2 : 1 c o m p l e x e s .  The n u m b e r  of t h e s e  i s  p r o p o r t i o n a l  to the  i n t e n s i t y  of the double t  bands  a f t e r  d e d u c t i n g  
the c o n t r i b u t i o n  m a d e  by  the ~C = O a b s o r p t i o n  of the IBA m o l e c u l e s  a s s o c i a t e d  with  p t p e r i d i n e  by h y d r o -  
gen bonding.  The  i n t e g r a l  a b s o r p t i o n  coe f f i c i en t  of the ~C = O double t ,  both  fo r  the 2 : 1 c o m p l e x e s  and fo r  
the I B A - p i p e r i d t n e  c o m p l e x e s  with hyd rogen  bonding,  can be  taken  as  4 �9 l0  t l i t e r / m o l e  �9 c m  2, b e a r i n g  in 
mind  that  it t s  3.6, 4.0, and 4.3 �9 l0  t l i t e r / m o l e  �9 c m  2 f o r  the I B A - d i o x a n  and I B A - p y r i d t n e  c o m p l e x e s  and 
the ac id  d i m e r  r e s p e c t i v e l y  [6, 10]. In the I B A - p y r i d i n e  c o m p l e x  (with s t r o n g  hyd rogen  bonding) the ~C 
= O band is  a l so  a double t  at 1700 and 1720 c m  - t ,  wh i l e  in the d t m e r  the c a r b o n y l  g roup  i t s e l f  p a r t i c i p a t e s  
in h y d r o g e n  bonding,  which is ev iden t l y  the r e a s o n  fo r  the f u r t h e r  i n c r e a s e  in i t s  a b s o r p t i o n  c oe f f i c i en t .  
E x p e r i m e n t a l  m e a s u r e m e n t  of the a b s o r p t i o n  c o e f f i c i e n t  of the double t  i nvo lves  a c o n s i d e r a b l e  e r r o r  but  
g ives ,  on a v e r a g e ,  a va lue  c l o s e  to 4 .  l0  t l i t e r / m o l e  �9 c m  2. 

In d e t e r m i n i n g  the c o n c e n t r a t i o n  of 2 : 1 c o m p l e x e s  f r o m  the ~C = O band,  a t t en t ion  m u s t  be  pa id  to 
the  p o s s i b i l i t y  of the e x i s t e n c e  of ac id  d t m e r s ,  the ~C = O band of which is s i t ua t ed  at 1707 c m  - i .  The  
n u m b e r  of d i m e r s  can be  c a l c u l a t e d  if the d i m e r [ z a t i o n  c o n s t a n t  Kg of the ac id  i s  known and the n u m b e r  of 
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monomers  has been measured f rom the vOH band at 3540 cm -1. Such a calculation was ca r r i ed  out for  the 
sys tems whose spec t ra  are shown in Fig. 3, using the values of Kg and the integral absorption coefficient 
of the ~OH band of the monomers  obtained in [10]. It was found that even in the most dilute solution, con- 
raining 0.025 mole / l i t e r  each of IBA and piperidine, not more than 0.5~ of the acid molecules are associated 
into d imers .  At the same time, the proportion of IBA molecules taking part  in hydrogen bonding with 1 �9 1 
complexes,  i . e . ,  the number of 2 : 1 complexes,  is ~20%. When the solution is heated, however, the vC 
= O band of the dimers  appears between the components of the doublet, and the ~C = O band of the acid mono- 
mers  at 1757 cm -1 and the intensity of the ~aCO~" and 6NH~- bands diminish (Fig. 3c). 

Thus, in solutions containing [sobutyrie acid and piperidine, an equilibrium is established between the 
free molecules of acid and amine, the d imers  of the acid, two types of 1 : 1 a c i d - a m i n e  complex (a molecu- 
lar  complex with hydrogen bonding and an ion pair) and, finally, 2 : 1 complexes arising when a hydrogen 
bond is formed between an acid molecule and a 1 : 1 complex. The position of the equilibrium depends on 
the concentration of acid and amine in solution, the temperature,  and the nature of the solvent. 
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