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The aim of the present research was a spectroscopic investigation of the structures of complexes of 

carboxylie acids with tertiary amines �9 As in preceding communications [1-5], major attention was directed 

to PrOblems associated with the transfer of a proton from the acid to the amine -- equilibrium between the 

molecular complex and the ion pair, the structures and spectroscopic features of each of these complexes, 

and the effect of intermolecular interactions on this equihbrium. The IR spectra of solutions of acetic and 
isobutyric acids in triethylamine and trioetylamine and of solutions of the acids and amines in various sol- 

vents were investigated. The investigations Were carried out with an IKS-14A spectrometer. The accuracy 

in the determination of the frequencies was limited by the widths of the bands and frequently by consider- 

able overlapping of them; as a rule, it was no less than 2-5 cm -i 

The band at ~1710 cm -I has the maximum intensity in the 1500-1800 cm -I region in the spectra of 

solutions of acetic and isobutyric acids in tertiary amines (Fig. i). The frequency of the maximum of this 

band for acetic acid is 1712 cm-1; this is characteristic for acid molecles that form a strong hydrogen 

bond with proton aceeptors [6]. The shoulder at 1750 cm -I is explained by Fermi resonance with a vC--C 
overtone at 870 cm -I [7]. The band for isobutyrie acid has the form of a poorly resolved doublet with com- 

ponents at 1700 and 1720 cm -i. This doublet is typical for a stable molecular complex of isobutyric acid 

with piperidine [2], pyridine [8], dimethyl sulfoxide [9], and trimethylphosphine oxide. The integral co- 

efficient of absorption of this band for both acids dissolved in triethylamine is (2.5 �9 0.3) �9 104 liter/mole 
�9 cm 2,, ioe., lower by a factor of 1.7 that for the dimer [I0, ii]. The decrease in the intensity of the vC = O 

band of the acids is again characteristic for stable molecular complexes of acids [6]. The band at ~1710 

cm -I can therefore be assigned to the acid-amine complex with an OH... N hydrogen bond. Consequently, 

most of the acid molecules in solution in a tertiary amine exist as a molecular complex with the amine. 

The spectra (Fig. i) also contain bands at 1560 and 1624 em -I in the interval characteristic for the 

vaCO 2 vibration of the earboxylate ion [12, 13]. The presence of these bands indicates that a small portion 

of the acid molecules exist in solution in the form of ionic complexes formed as a result of transfer of a 

proton from the acid to the amine �9 The bands at 1560 and 1624 cm -I can be interpreted on the basis of the 

following considerations: 

1. The transfer of a proton from the carboxyl group to the nitrogen atom of the tertiary amine will 

inevitably lead to the appearance of an unsymmetrical carboxylate ion in the ion pair because of the exis- 
tence of an NH+... O- hydrogen bond [14]. 

2. The formation of 2 : 1 complexes containing two molecules of acid occurs readily in systems con- 

taining acid and amine [3, 15, 16]. 

3. The addition of a second acid molecule to the unsymmetrical ion pair will lead to a decrease in 
the vaCO ~ frequency by ~40 cm -i [14] (the concept of the symmetrical and asymmetrical vibrations of the 
carboxylate ion with nonequivalently charged oxygen atoms is used arbitrarily here). When the acid con- 

centration in the amine decreases, the intensity of the band at 1624 cm -I increases at the expense of the 
band at 1560 cm -I. Raising the temperature will also lead to a change in the relative intensity of these 

bands in favor of the band at 1624 cm -i. This provides a possibility for assignment of the band at 1624 
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Fig. 1. Spectra of solutions 
of acetic (a) and isobutyric  
(b) acids i n t e r t i a ry  amines : 
1) in tr iethylamine;  2) and 3) 
in t r ioctylamine.  The acid 
concentrations were 0.5 (1, 2) 
and 0.15 mo le / l i t e r  (3), the 
t empera tures  were 20~ (1, 2, 
and 3) and 80 ~ (3'), and the 
l ayer  thicknesses  (d) were  
45.7 ~m (1 and 2) and 150 ~m 
(3) (T is the absorption). 

cm -1 to v a CO 2 in the ion pair  formed by the carboxylate ion with the 
t r ia lkylammonium cation and of the band at 1560 cm -1 to Va CO 2 inthe acid 
anion in the 2 : 1 complex. One oxygen atom of the anion in this complex in- 
t e rac t s  with the NH group of the cation, while the other forms a hydrogen 
bond with the hydroxyl group of the second molecule of acid. In the l imit -  
ing case of minimal disturbance (a solution of R4N" CH3CO 2 in CC14), 
v a C O  2 of the acetate ion is 1575 cm -1 [17]. Symmetr ical  charging 
will lead to a dec rease  in vaCO2; v a C O  2 value in a solution of CH 3- 
COOH in D20 containing an equivalent amount of KOH is 1560 em -1, 
i . e . ,  it coincides with v a C O  2 in the 2 : 1 complex. However, an in- 
c r ease  in the frequency in the ion pair  is due to the unsymmetr ica l  
disturbance of the carboxylate ion on react ion ~4th the R3NH + cation. 
The terminal  C = O group of the second acid molecules  gives a v C  = O 
band at ~1710 cm -1, which is super imposed on the vC = O band of the 
molecular  complex of the acid with the amine [2]. 

Additional data on the presence  of equilibria in the described 
sys tems  can be obtained from the spec t ra  at ~1200 cm -1, where there  
is a charac te r i s t ic  band of a carboxyl group that is sensit ive to in ter -  
molecular  interaction. The f requency of ~he v C--O band [or, more  
accurately,  vC--O with the part icipation of 6 OH (see [18])] for the 
acetic acid dimer  is 1291 cm -I (solution in C2C14). When the solution 
is heated, a band at 1180 em -1, which is intensifed at the expense of 
the band at 1291 cm -I and consequently belongs to the monomer ,  
appears .  The frequency of the corresponding band for the isobutyric 
acid d imer  is 1239 cm -1, while the frequency of the monomer  is 1180 
cm -1. When the complex of isobutyric acid with s trong proton accep-  
tors  is formed, this band occupies an intermediate  position between 
the monomer  and dimer ,  and the frequency of the vC--O band in- 
c reases ,  approaching the frequency of the dimer  (1210, 1212, and 1225 
cm -1, respectively),  in the order  pyridine, dimethyl sulfoxide, and 
tr imethylphosphine oxide as the hydrogen bond becomes s t ronger .  A 
band appears in this same region at 1215 em -1 in the spec t rum of a 
solution of isobutyr ic  acid in t r ie thylamine.  Similarly, the frequen- 
cies in the spec t ra  of solutions of acetic acid in pyridine (1265 em -1) 
and t r ioctylamine (doublet at 1263 and 1252 cm -1) are  extremely close.  
This makes it possible to speak of the existence of a molecular  com-  
plex in solutions of these acids in t e r t i a ry  amines.  

Thus equilibrium between two types of complexes of the acids with the amines -- a molecular  com-  
plex with an OH. . .  N hydrogen bond and 1 : 1 and 2 : 1 ionic complexes -- exists in solutions of the acids in 
amines.  When the tempera ture  is ra ised,  the intensity of the bands of the ionic complexes decreases ,  and 
the vC = O band of the molecular  complex increases ,  such that the equilibrium is shifted to favor the la t ter .  
This means that the ionic complexis  energetical ly more  favorable than the molecular  complex. A compar i -  
son of the spec t ra  of solutions of the acids in various amines shows that for both acids the equilibrium is 
shifted to favor the molecular  complex on passing from t r ioctylamine to t r iethylamine,  in conformity with 
the dec rease  in their  p ro ton-acceptor  capacity [19]. Acetic acid in solution in t r ie thylamine is present  
almost  entirely as a complex with a hydrogen bond. This vcas noted in [20], but De Tar  and Novak did not 
discuss  the possibil i ty of an equilibrium between the molecular  complex and the ion pair .  On the other 
hand, the opposite point of view, f i rs t  formulated in [22], according to which the complex of acetic acid 
with t r ie thylamine has an ionic s t ructure ,  has been widely propagated (cf. [21]). In addition, in [22] no mention is 
made of the possibil i ty of the simultaneous existence of two types of complexes,  whereas the resul ts  of 
the present  study definitively indicate that both secondary [2, 4] and te r t i a ry  amines react  with carboxylic 
acids to give two types of complexes that  are  in equilibrium with one another.  

The relat ive percentages of 1 : 1 and 2 : 1 complexes under comparable  conditions depend substantially 
on the proton-donor  capacity of the acid: while the 2 : 1 complex is formed only in the presence  of excess 
acid in the case of the s trong acids C3FTCOOH and CC13COOH [14], in the case of monohaloacetic acids 
the equilibrium can be shifted completely to favor 1 : 1 complexes only in the presence  of a th ree - fo ld  

1322 



r 

7- �9 

i 2 

i I , , i , , =  

1700 150# y, cm-Z 1700 I#00 ~ cm -~ 

Fig. 2 Fig. 3 

Fig.  2. Spec t ra  of equ imola r  solut ions of i sobu ty r i c  acid  and t r i -  
e thy lamine  (0.5 m o l e / l i t e r  of each) in C2C14 containing: 0 (1), 0.5 
(2), and 1.5 m o l e / l i t e r  (3) of methanol  (d = 45.7#m).  

Fig.  3. Spec t ra  of equ imola r  solut ions of ace t ic  acid  and t r i -  
e thy lamine  (0.4 m o l e / l i t e r  of each) in C2C14 (1), (CH3)2SO (2), 
CH3CN (3), and CHC13 (4) (d = 45.7pm).  

excess  of amine  [23]. For  weaker  proton donors  such as ace t ic  and i sobu ty r i c  ac ids ,  the 2 : 1 complex  
does not vanish  even in a solut ion of these  acids  in the amine .  This may be explained by the d i f fe rence  in 
the ene rg ie s  of addi t ion of an acid  molecu le  to the amine  and to the 1 : 1 complex,  which depends on the 
s t r eng th  of the acid .  A d e c r e a s e  in the p ro ton -donor  capac i ty  of the acids  in the examined s e r i e s  will  lead  
to a d e c r e a s e  in the energy  of t h e i r  bonds with the amine ,  while a s imul taneous  i n c r e a s e  in the e l e c t r o n -  
donor capac i ty  of the anion in th is  s e r i e s  will  lead  to a ce r t a in  i n c r e a s e  in the s t rength  of the OH..  o O hy-  
drogen bond in the 2 : 1 complex .  

The effect of the solvent  on the m o l e c u l a r  complex- ion  p a i r  equi l ib r ium pos i t ion  i s  shown in F i g s .  2 
and 3. It is  seen  f rom Fig.  2 that  the equi l ib r ium pos i t ion  in a solut ion in C2C1 a containing equ imola r  
amounts  of i sobu ty r i c  acid  and t r i e t h y l a m i n e  does not d i f fer  qual i ta t ive ly  f rom that  in a solut ion of the acid  
in the amine .  The i n c r e a s e  in the in tens i ty  of the band at 1560 cm -1 i s  explained by the m o r e  favorab le  
condit ions for  the fo rmat ion  of a 2 : 1 complex  as compared  with the solut ion in the amine.  The addition of 
an equivalent  amount of methanol  to the solut ion will  lead  to a d e c r e a s e  in the in tens i ty  of the pC = O band 
and to an i n c r e a s e  in ~aCO~; th is  ind ica tes  a shift  in the equi l ib r ium to f a v o r  the ionic  fo rm.  When the 
amount of methanol  is  i nc r ea sed ,  the equ i l ib r ium continues to be shif ted,  and the band of the i sobu ty ra t e  
ion r e m a i n s  the only one in the spec t rum of a solut ion in pu re  methanol .  The effect of methanol  on the 
equ i l ib r ium pos i t ion  is  easy  to explain s t a r t i ng  f rom the concepts  of local  i n t e r m o l e c u l a r  in te rac t ion .  The 
fo rmat ion  of a CH3OH...  O = C hydrogen bond with the carbonyl  group of the acid in the a c i d - a m i n e  m o l e -  
cu la r  complex  causes  an addi t ional  shif t  of the e l ec t ron  cloud of the carboxyl  group toward  the oxygen atom 
of the C = O group,  which, as in the ca se  of 2 : 1 complexes ,  f ac i l i t a t es  t r a n s f e r  of a proton along the- 
O H . . .  N hydrogen bond. The s a m e  shift  in the equ i l ib r ium is obse rved  for  the a c i d - s e c o n d a r y  amine  s y s -  
t em under  the inf luence of hydroxy l -con ta in ing  proton donors  [4]. The effect of ch loroform on the equi l i -  
b r ium pos i t ion  is  r e a l i z e d  via  this  s a m e  mechan i sm,  although, because  of i t s  lower  p ro ton -donor  capac i ty  
as compared  with methanol ,  the shift  of the equi l ib r ium to favor the ion p a i r  is  not as pronounced as in 
CH3OH (Fig. 3; a s i m i l a r  pa t t e rn  is  a lso  obse rved  for  i sobu ty r i c  acid) .  Oae 's  at tention is  d i r ec t ed  to the 
s u c c e s s i v e  d e c r e a s e  in ,aCO2 on pas s ing  f rom the f ree  ion p a i r  in solut ion in the amine  or  C2C14 (1624 
cm -1) to the ion p a i r  pa r t i c i pa t i ng  in the hydrogen bond with ch lo ro fo rm (1609 cm-1), with methanol  (1573 
cm-1), and with a second molecu le  of acid  (the 2 : 1 complex) (1560 cm-~). This d e c r e a s e  r e f l ec t s  the 
g radua l  equal izat ion of the C--O bonds in the acid  anion as the charge  on the second oxygen atom i n c r e a s e s .  
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Fig. 4 .  Spectra of solutions 
of isobutyric acid (c = 0.5 
mole / l i te r )  in t r ie thylamine 
in the presence  of 0 (1), 0.5 
(2), 1.0 (3), and 10 mole 
/ l i t e r  (4) of diethylamine (d 
= 45.7 pro). 

A portion of the acid molecules in a solution of an equimolar mix-  
ture  of the acid and amine in acetonitr i le form a hydrogen bond with the 
solvent molecules,  as one can judge from the presence  of a band a t  
1728 cm -1, which is markedly  overlapped with the band of the acid- 
amine molecular  complex at 1712 cm -1. The increase  in the intensity 
of the ~aCO2 bands as compared with the situation in an inert  solvent 
indicates that in acetonitr i le the equilibrium is shifted to favor ionic 
fo rms .  In dimethyl sulfoxide (DMSO) solution, the ~C = O bands of the 
ac id-amine complexes and of the acid-solvent  complexes coincide in 
frequency because of the high pro ton-acceptor  capacity of DMSO. For 
this reason,  no appreciable amount of 2 : 1 complexes is formed in 
DMSO (Fig. 3). The inc rease  in the intensity of the ~aCO2 band as com- 
pared with a solution of the acid in t r ie thylamine means that the equili- 
br ium is shifted to favor the ionic form in solution in (CH3)2SO as in 
CH3CN. 

It is appropriate to direct  our attention to the different behavior 
of the complexes of carboxylic acids with secondary and t e r t i a ry  amines 
in dipole solvents that are  not proton donors.  While the complex ~ ion 
pair  equilibrium position in CH3CN and (CH3)2SO for the t e r t i a ry  amines 
considered above is shifted to the right, the equilibrium position for 
the isobutyr ic  acid-diisobutylamine complex in these solvents is p r a c -  

t ically the same as that for solution in an inert  solvent [4]. It is difficult to give an exhaustive explanation 
for this,  and one can only assume that the C = O group of the molecular  complex of the acid with the t e r -  
t ia ry  amine is more  susceptible to disturbance on the par t  of the dipole molecules of the solvent than in the 
case of the complex with a secondary  amine, in which the carbonyl group part icipates  in the hydrogen bond 
with the NH group of the amine [2]. 

Let us make a comparat ive est imate  of the capacity of secondary and t e r t i a ry  amines to act as proton 
acceptors  during the formation of an ion pair  in an inert  solvent.  It is c lear  f rom the resul ts  in [2, 3] that 
isobutyric  acid on react ing with piperidine forms predominantly ion pairs  at room tempera ture .  The same 
pat tern  is also observed for isobutyric  aeid-diethylamine and isobutyric  acid-dibutylamine sys tems .  How- 
ever ,  in solutions in t e r t i a ry  amines isobutyric  acid exists mainly in the form of a molecular  complex. 
The charac te r  of the react ion of the acid with amines is graphical ly i l lustrated by the spec t ra  of solutions 
of isobutyr ic  acid in t r ie thylamine containing different amounts of diethylamine (Fig. 4). Intense bands at 
1620 cm - i  (SNH~) and 1560 cm -I (~aCO2) of the C3H7CO 2 �9 H+N(C2Hs)2 ion pair  appear in the presence  of 
equimolar  rat ios of the acid and diethylamine, while the band at 1710 cm -t  f rom the molecular  complex of 
the acid with t r ie thylamine is markedly  weakened. When the amount of (C2Hs)2NH in solution increases ,  
the spec t rum rapidly becomes indistinguishable f rom the spect rum of a solution of the acid in pure di- 
ethylamine. This indicates the energetic advantage of the interaction of isobutyric  acid with diethylamine 
as compared with t r ie thylamine.  In fact, in the case of the isobutyr ic  acid-piperidine sys tem it was found 
that the formation of an ion pai r  f rom free molecules is accompanied by the l iberation of a substantially 
higher  energy than in the formation of the molecular  complex with a hydrogen bond [3]. In addition, ali-  
phatic secondary amines form a s t ronger  hydrogen bond with a s tandard proton donor than te r t i a ry  amines 
[19]. The existence of a second NH. . .  O = C hydrogen bond in the acid-amine molecular  complex is ap- 
parent ly  the factor  that st imulates the formation of an ion pair  in the case of a secondary amine. This 
bond will lead to an inc rease  in the electron density on the nitrogen atom and to a decrease  in electron den- 
sity on the OH group; this also facili tates t r ans fe r  of a proton along the OH. . .  N bond to form an ion pair .  

e,.., ~ 
R- C,,k.,O . H /  

In conclusion, we add that the region above 1800 cm -t ,  in which the frequencies of the XH valence 
vibrations lie, proves  to be of little use for the study of the equilibrium between the molecular  complex 
and ion pair .  The spec t ra  of the same acid that forms a molecular  complex (for example, complexes of 
isobutyric  acid with pyridine, t r ie thylamine,  dimethyl sulfoxide, and tr imethylphosphine oxide) and an ion 
pai r  (complexes of isobutyrie ac id  with piperidine and dibutylamine) do not differ quantitatively in this 
region. 

1324 



L I T E R A T U R E  C I T E D  

1. G . V .  Gusakova, G. 8. Denisov, A. L. Smolyanskii, and V. M. Shraiber, Dokl. Akad. Nauk 8S8R, 
193, 1065 (1970). 

2. G . V .  Gusakova, G. S. Denisov, and A. L~ Smolyanskii, Zh. Prikl .  Spektroskopii, 16, 320 (1972). 
3. G .V .  Gusakova, G. S. Denisov, and A. L. Smolyanskii, Zh. Prikl .  Spektroskopii, 16, 503 (1972). 
4. G . S .  Denisov, G. V. Gusakova, and A. L. Smolyanskii (Smolyansky), Spectr. Lett., _4, 237 (1971). 
5. G .V .  Gusakova, G. S. Denisov, and A. L. Smolyanskii, Material from FIMIS [in Russian], Kazan' 

(1971), p. 237. 
6. D. Hadzi and N. Kobilarov, J. Chem. Soc. A, 439 (1966). 
7. M. Haurie and A. Novak, J. Chim. Phys., 64, 679 (1967). 
8. G . V .  Gusakova, G. S. Denisov, and A. L. Smolyanskii, Zh. Prikl.  Spektroskopii, 14, 860 (1971). 
9. G .V .  Gusakova and A. L. Smolyanskii, Optika i Spektroskopiya, 32, 509 (1972). 

10. A . L .  Smolyanskii, Optika i Spektroskopiya, 13, 475 (1962). 
11. J. Bellanato and J. R. Barce15, Spectr. Acta, 16, 1333 (1960). 
12. L. Bellamy, Infrared Spectra of Complex Molecules [Russian translation], Inostr. Lit., Moscow 

(1963). 
13. A . I .  Grigor~ev, Zh. Neorgan. Khim., 8, 802 (1963). 
14. G .V .  Gusakova, G. 8. Denisov, and A. L. 8molyanskii, Optika i Spektroskopiya, 32, 922 (1972). 
15. S. Bruckenstein and D. F. Untereker, J. Amer. Chem. Soc., 91, 5741 (1969). 
16. A . A .  Lipovskii and M. G. Kuzina, Zh. Neorgan. Khim., 12, 236 (1967). 
17. M . G .  Kuzina and A. A. Lipovskii, in: Chemistry of Transuranium and Fission Elements [in 

Russian], Nauka, Leningrad (1967), p. 68. 
18. K. Fukushima and B. J. Zwolinski, J. Chem. Phys.i 50, 737 (1969). 
19. 8. F. Bureiko and G. S. Denisov, Summaries of Papers Presented at the 17th Conference on Spec- 

troscopy [in Russian], Minsk (1971). 
20. D. F. De Tar and R. W. Novak, J. Amer. Chem. Soc., 92, 1361 (1970). 
21. I. Denesh, Titration in Nonaqueous Media [Russian translation], Mir (1971). 
22. G . M .  Barrow and E. A. Yerger, J. Amer. Chem. Soe., 76, 5211 (1954). 
23. G . V .  Gusakova, G. S. Denisov, and A. L. Smolyanskii, Summaries of Papers Presented at the 17th 

Conference on Spectroscopy [in Russian], Minsk (1971). 

1325 


