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Complexes with strong symmetric hydrogen bonds and their 
soivation in the trifluoroacetic acid--N,N-dimethylformamide 

system studied by IR spectroscopy 
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Complex formation in the trifluoroacetic acid (TFA)--DMF system containing TFA from 
0 to 100 mol.% was studied by IR multiple attenuated total reflectance (MATR) spectroscopy 
at 30 ~ The formation of uncharged I : I TFA--DMF complexes with a quasi-ion structure 
and partial proton transfer to the O atom of the DMF molecule (quasi-ion pairs) were 
observed in the TFA--DMF system with the TFA content from 0 to 90 tool%. Depending on 
the ratio of the components, the quasi-ion pairs are solvated by the I.)MF or TFA molecules. 
The solvation of the quasi-ion pairs slightly changes the parameters of the central strong H 
bond. When the acid concentration reaches 80 tool.%, the proton adds to the DMF molecule 
to form the ion pair {DMF)H+-(A.. .H. .A) - .  whose anion contains a strong s.~mmetric 
H bond. 

Key words: JR spectra: acid-base intehacrion, hydrogen bond; solutions, solvation; 
trifluoroacetic acid, N.N-dimethylformamide. 

Ions,  quas i - ion  pairs ,  o r  molecu la r  complexes  t - 4  can 
be formed in n o n a q u e o u s  so lu t ions  of  acids with a base 
excess. For  s t rong ac ids  ( H C I ,  H2SO 4. me thanesu l fon ic  
acid (MSA)) ,  the  deg ree  o f  comple teness  o f  ac id-base  
in te rac t ion  is d e t e r m i n e d  by the nature of  the  organic  
base. Disolvates o f  a p r o t o n  form in a lcohol  solut ions,  
be ing  s imilar  to a n a l o g o u s  H 5 0 2 "  ions in aqueous  sys- 
t ems  t as (ar as the s t r u c t u r e  and  IR spectral  parameters .  
These  sotvates are c h a r a c t e r i z e d  by a s t rong symmetr ic  
cen t ra l  H bond.  T h e  I R s pec t r a  of  all systems con ta in ing  
the  p ro ton  disolvates  w i th  these  H bonds  exhibi t  intense 
c o n t i n u o u s  a b s o r p t i o n  ( C A )  I in the region from ~800 to 
3500 cm - I .  A c c o r d i n g  to ca lcula t ions ,  the spectra  of  
these  ions in the C A  reg ion  exhibit  m a n y  (40- -300)  
bands  of  c o m b i n e d  v i b r a t i o n s  and  over tones ,  the major -  
ity o f  which  (up to 6 0 % )  are  comparab le  in intensi ty to 
the bands  of  f u n d a m e n t a l  v ibrat ions ,  t The  most  in tense  
o f  these bands  t ha t  f o rm  the  CA spec t rum can be 
de tec ted  as indiv idual  m a x i m a  against the background  of  
the  CA. In tense  C A  is also observed  in the  IR spectra  o f  
negat ively charged p r o t o n  d isolvates  formed by the s t rong 
symmet r i c  H b o n d  a n d  o f  u n c h a r g e d  complexes  with the 
quas i - ion  s t ructure ,  z T h e  m e c h a n i s m  of  CA appearance  
has  been cons ide red  in the  review. ! The  s t rong quasi-  
symmet r i c  H b o n d  w i t h  an  incomple te  t rans i t ion  of  a 
p ro ton  to the h e t e r o a t o m  o f  the base molecule  is ob-  
served in the  q u a s i - i o n  pairs .  5"6 The fo rmat ion  of  mo-  
lecular  a c i d - - b a s e  c o m p l e x e s  whose spectra  do  not ex- 
hibi t  CA was obse rved  for  the  M S A - - e t h y l  aceta te  and  
M S A - - p r o p y l e n e c a r b o n a t e  s y s t e m s )  

Quas i - i on  pairs have been observed  to date  in m a n y  
aprotic  ac id-base  systems. The  HCt c o m p l e x e s  with 
D M F  have been character ized 4 - 6  most  c o m p l e t e l y  by 
I R spect roscopy,  Raman spect roscopy,  a n d  X-ra.~ s t ruc-  
tural analysis.  In an excess of  the  acid,  a p r o t o n  can  
comple te ly  transfer  to the base molecu le  (i.e., p r o t o n a -  
t ion of  the  base) with the s imu l t aneous  f o r m a t i o n  of  the  
negat ively charged proton disolvate.  4,5,7 

AH '- B ~ A...H...B (0--50 m o l %  HA), 

A,..H...B + HA ~ BH+-(A.. .H.. .A) - (>50 mol.% HA). ( l )  

] h i s  work is aimed at s tudying the a c i d - b a s e  in te rac -  
t ion of  D M  F with the weaker t r i f luoroacet ic  ac id  8 (TFA) .  

Experimental 

Reagents. DMF Cpuriss" grade) with HzO content <0.01% 
and TFA Cpurum"  grade, Fluka) were used. The salt 
CF3COONa was prepared by TFA neutralization with sodium 
bicarbonate followed by evaporation on a rotary, evaporator and 
washing the precipitate with ethanol. 

Procedure of measurements. IR MAFR spectra were re- 
corded on a UR-20 spectrophotometer at 30 "C. An M NPVO-3 
attachment (designed at the Institute of Chemical Physics of the 
Russian Academy of Sciences) was used (a germanium working 
prism, incident angle 30 ~ four or eight reflections for filling one 
or two cavities of the cell). Tile effective thicknesses at v = 
2000 cm -I were 1.77 and 3.30 ~am, respectively. 9 
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Table 1. Stoichiometric composition and density (9) of TFA Transmission (%) 
solutions in DMF at 30 :C 0 

(tool.%) m o l  L - I  / g  cn1 -3  80 / 
I I I I I I I [ 

100.00 12.98 0.00 1.480 1000 1400 1800 2600 v/cm -~ 
92.13 12.29 1.05 t477  
81.39 I !.02 2.52 1.441 
74.89 U). 14 3.40 1.405 
66.52 9.20 4.63 1.360 
63.20 852 4.96 1.334 
59.23 7.96. 548 1.308 
54.90 7.34 6.03 1.278 
50.37 6.73 6.63 1.252 
42.55 5.60 7.56 I. 190 
39.82 5.2a 7.92 1.176 
33.21 437 8.79 1.141 
24.14 3.15 9.90 1.084 
23.83 3.10 9.91 1.078 
I 1.49 1.49 11.48 1.010 
0 0 12.91 0.948 

Experimental data. IR spectra of TFA solutions in DMF 
with different concentrations of the components in the O--100% 
composition range and soJutions of CF3COONa in TFA 
(Table I) were recorded in the frequency region of 900-- 
3800 cm -I .  The concentration dependences of the optical den- 
sities 4D) of the bands of the components and complexes ~hat 
formed and CA were examined. The O bands were measured 
relative to the basic lines, and CA was measured relative to the 
absorption of the empty cell. 

The solutions for the study were prepared by the weighing 
method. The densities of the solutions tsee Table I) were 
measured for the calculation of molar concentrations 

Resul t s  and Discuss ion  

The spectra  of  ind iv idua l  D M F  s,t~ and T F A  tt  con -  
ta in  several in tense  b a n d s  (Fig. I) and no CA. The  
changes  in the  spectra  on  go ing  to solut ions o f  b o t h  TEA 
and  MSA 7 in D M F  in the  interval  of  acid c o n c e n t r a -  
t ions  o f  0 - - 5 0  mol .% are s imilar .  The intensi ty  o f  the 
D M  F b a n d s  decreases  s t rong ly .  New broad bands  and  an  
in tense  CA (see Fig. 1) appear .  The  conc lus ions  abou t  
the  c o m p o s i t i o n  o f  t he  D M F  complex  with T F A  are 
based on  the  analysis  o f  the  c o n c e n t r a t i o n  d e p e n d e n c e s  
o f  the  abso rbances  of  the  D M F  bands  at 1255 cm -I  
(Vas(N--CH3)) ,  1383 c m  - I  ( v ( C - - N ) ) ,  and 1660 cm -1 
( v ( C = O ) )  and  the  b a n d s  o f  the acid at 1770 cm -1 
( v ( C = O ) )  and  3200 c m  - t  ( v ( O - - H ) ) .  With a base ex- 
cess, the b a n d  a t t r ibu ted  to v ( O H )  vibrat ions o f  the acid 
molecu les  at 3200 c m  - I  is a l m o s t  absent ,  i.e., the solu-  
t ions  do not  con t a in  ac id  molecu le s  that  are not  b o u n d  
in complexes  with D M F .  T h e  absorpt ion of  b o t h  free 
and  b o u n d  in c o m p l e x e s  T F A  molecules  appea r s  at 
1770 cm -1 in the spec t r a  o f  the  solutions.  The  absor -  
bance  at this  f r equency  c h a n g e s  propor t iona l ly  to  the 
acid c o n c e n t r a t i o n  to a ra t io  o f  the  components o f  1 : 1. 

Transmission (%) 

40 

80 5 
I I t I I 1 t I 

1000 1400 1800 2600 vf'cm -I 

Fig. 1. IR MATR spectra: 1, empty' cell; 2, DMF; and .?-5. 
solutions of trifluoroacetic acid in DMF with concentrations of 
50.37 (3), 66.52 (4), and 100 tool.% TFA (0"3. 

The absorpt ivi ty  of  the acid molecules  b o u n d  in the 
complexes  (150 L tool -I  cm - I )  is much  lower  t h a n  that  
of  100% T F A  (275 L mol -I  c m - I ) .  These  da ta  ind ica te  
that  with a base excess the acid is comple te ly  b o u n d  in 
I :  I complexes  with DN1F molecules  (1). The  fo rma t ion  
of  complex  I is a ccompan ied  by substant ia l  c h a n g e s  in 
the spec t rum of the D M F  molecules .  The  b a n d s  at 1093 
( 8 ( N C H ) ) ,  1255, 1438, 1500, and  1660 cm -~ are absent  
from the spec t rum of the complexes .  New bands ,  wh ich  
are shif ted relative to these bands  by 2 0 - - 3 0  c m  - I ,  wi th  
lower absorpt ivi ty  appear.  We es t imated the  c o n t e n t  o f  
D M F  molecules  that are not  bound  in the c o m p l e x e s  as 
<0.5 mol L - I  from the absorbance  of  the h i g h e s t - i n t e n -  
sity band  at 1660 cm --z in the spec t rum o f  the  1 : 1 
solut ion.  

Tile c o n c e n t r a t i o n  d e p e n d e n c e  of  the a b s o r b a n c e  of  
the D M F  band  at 1383 cm - t  is described by the  equa t i on  

D ~ ~.DMF/CD,,,,I[. 4. r.lt'Ci ' 

D / C I  = CDMFICDMF/CI  _a e..ll, (2) 

which was ob ta ined  under  the assumpt ion  tha t  e a c h  acid 
molecule  is b o u n d  to one  D M F  molecule  (Fig.  2). The  
absorpt ivi ty  a t  this band is s u m m a t e d  of  the  absorp t iv i -  
ties of  complexes  I and D M F  molecules  free o f  these 

complexes ,  C I = C'a)TF A, C D M  F = . C a D M F -  CO-rFA, 
where CODMF and C-OTFA are the analytic c o n c e n t r a t i o n s  
of  the c o m p o n e n t s ,  and I is the effective t h i cknes s  o f  the 
absorb ing  layer at 1383 cm - I .  The  coeff ic ients  eD~,IF and  
e I are equal  to 175 and 117 L tool -~ cm - l ,  respect ively.  
In pure D M F  ei383 = 184 L m o l  - I  cm - l .  

The  spec t rum of  complex  I conta ins  C A  f r o m  900 to 
2700 cm -~, and  against this  background  several  b road  
maxima at 930, 1010, 1320, and  1950 cm -z a n d  a diffuse 
wing at 1500--  1600 c m -  t appear.  These  specif ic  features  
of  the spec t rum indicate 4,7 a quas i - ionic  s t ruc tu r e  o f  the 
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IO/L  tool -I /31383 
CZ 
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2 4 6 Ct),4F/C l 

Fig. 2. Graphical representation of the solution of Eq. (2"J tbr 
the frequency of 1383 cm -! 

I : I D M F - - T F A  complexes .  The spectrum of  com-  
plexes 1 is presented in Fig. 3. 

T h e  concen t r a t i on  dependence  of  the CA in the 
T F A - - D M F  system indica tes  the solvation o f  c o m -  
plexes  1 with q u a s i - i o n i c  structure by the base mol-  
ecu les  (at an excess o f  the base) to form lsot~. As in o ther  
sys tems,  4,7 for f r equenc ie s  exceeding 1600 cm - I ,  the 
C A  intensi ty  is p ropo r t i ona l  to the acid concent ra t ion  
for a ratio of  the c o m p o n e n t s  of  at most I : 1. At lower 
f r equenc ies  no p ropor t iona l i ty  is observed. The  propor-  
t iona l i ty  coeff ic ients  for the majority of  f requencies  
dec rease  with an increase  in the acid concent ra t ion .  
Fo r  s o m e  f requencies  (for example,  1330 c m - l ) ,  the 
d e p e n d e n c e s  are l i nea r  when the c o m p o n e n t  ratio 
changes  to 2 : I. Fo r  o t h e r  frequencies  (900, 940, 1200, 

e/'L tool  - t  cm -I 
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" /  

1000 1500 1500 2500 v/'cm -l 

Fig. 3. Continuous absorption spectra (~:) of complexes 1 (1) 
and 2 (~.  

Table 2. Coefficients of continuous absorption of complexes of 
trifiuoroacetic acid with DMF 1 and 2 

V (s ~'l s C** 

: c m  -* L too l  -~ c m -  

900 9l 68 154 154 
940 92 79 187 187 
I020 85 171 263 263 
1093 -- 277 329 329 
1tl0 332 363 420 420 
1200 458 340 541 540 
1220 331 295 488 488 
1330 181 159 187 234 
1383 240 122 145 226 
1600 228 228 218 360 
1650 -- 248 268 -- 
17(}5 -- 108 232 553 
1770 83 72 84 l l5 
I900 98 86 93 t24 
1940 92 96 84 121 
2000 72 69 76 103 
2150 45 45 51 85 
2470 73 80 96 164 
2700 52 52 92 125 
3200 20 8 79 -- 

Note. The accuracy of the determination of r, is ~10%. 
* The data of spiraled complex !. 
** The coefficients were obtained from the spectrum of a TFA 
solution with the concentration of 1.4 tool L -~ DMF. 

and 1220 c m - l ) ,  the propor t ional i ty  is v io la ted  in more  
dilute solutions. These data indicate that c o m p l e x  1 can 
be spira led by more than one  D M F  m o l e c u l e .  As in 
solutions o f  o ther  acids, 4,v in a D M F  so lu t ion  the 
solvation o f  1 enhances  the absorptivity at the  f r e q u e n -  
cies indicated. The (q)soLv values presented in "Fable 2 
were obtained from the l inear  regions o f  the  D , . - -  
C0TFA plots. The spectra o f  the D M F  m o l e c u l e s  par-  

t ic ipatmg in the format ion  o f  the quas i - i on i c  s t ruc-  
ture and those of  the D M F  molecules  so lva t ing  c o m -  
plex 1 are different. 

The highest concen t ra t ion  of  complex I is ach ieved  
at an equimolar  ratio o f  the complexes.  This  c o m p o s i -  
tion is characterized by maxima of  the c o n c e n t r a t i o n  
dependences o f  the CA for several f requencies  (1330, 
1600, 1900, 1940, 2000, 2150, and 2470 c m - l ) .  For  o ther  
frequencies (940, 1020, 1200, 1705, and 2700 c m - 1 ) ,  the 
highest intensity is achieved in more concen t r a t ed  solu-  
tions of  the acid. In our  op in ion ,  this can be related to 
the further interaction o f  complex 1 with the  T F A  
molecules. Under  the assumption that in the c o m p o s i -  
tion interval from 50 to 66.7 tool.% acid the c o m p o n e n t s  
are bound in the I : I and 2 : 1 complexes (2),  we may 
write 

CODMF = C I + C2., 

C-'aTF,.~, = C ! + 2C z. 
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The changes in the optical densities of the CA 
correspond to the equation 

& / C t  = e ' lg * ~"z(.!C2/CP. (4) 

All experimental data are described by linear equa- 
tion (4). The obtained coefficients ~v z are presented in 
Fig. 3. The ~:"~ values calculated from Eq. (3) and the 
spectrum of the I : I solution coincide. 

In the HCI- -DMF and MSA--DMF systems, the 
interaction of  complex I with the second TFA molecule 
substantially changes the structure of the complexes 4.7 
(see Eq. (I)), which is reflected in the difference of the 
spectra of the HA" DMF and (2HA')- DMF complexes 
in these systems. For the T F A - - D M F  system, the spec- 
tra of complexes I and Z (see Fig. 3) differ only in 
intensities. In our opinion, this indicates that complex 1 
is solvated by the acid molecules with the retention of 
the quasi-ionic character of the central H bond. Two 
TFA molecules in complex 2 are not equivalent. The 
solvation of complex I with the acid molecules increases 
the absorptivity of the CA (see Fig. 3, Table 2). 

The changes in the spectra of the concentrated acid 
solutions (>80 tool.% TFA) indicate an equilibrium 
between the species with the quasi-ionic and ionic struc- 
tures: 

(A,..H..,I3I,HA ~ BH*.(A...H...A)-. (5) 
2 

The spectra of solutions with DMF concentration 
_<~2.5 mo lL  -I  contain a band with a maximum at 
1720 cm- : .  It is assigned 4"5,7 to the protonated DMF 
molecules. At v > 1300 cm -I ,  the CA coefficients in 
these solutions are noticeably higher than those for 
complexes 2,. If equilibrium (5) is entirely shifted to the 
right, the CA spectrum corresponds to that of the proton 
disulvate (A.. .H..A)-.  The (A.. .H..A)-disolvates formed 
by the anions of several acids (H2SO 4, MSA, CH3COOH) 
have:' similar values of the CA coefficients at 2000 cm -I 
in the interval of 100--130 L tool -t  cm -I. The spectra of 
the solutions with equal concentrations (1.4 tool L-:)  of 
DMF and CF3COONa in TFA were compared. The 
spectra of the salt system indicate the formation of proton 
disolvates by the equilibrium (~2000 = 100 L tool -I cm -I)  

NaA+ HA ~ (A . . .H .A ) - 'Na  ". (6) 

Almost the same CA coefficient was obtained for a 
solution of DMF in TFA (c2000 = 103 Lmol  -! cm-I) .  
The CA spectra of these solutions with equal concentra- 
tions of the salt and DMF coincide. The formation of 
the (A...H...A)- anions by reactions (5) and (6) is 
accompanied by a decrease in tl~e concentration of the 

free TFA molecules. In the DMF-containing system, 
two TFA molecules are required for the formation of the 
proton disobate, whereas only one TFA molecule is 
needed in the salt system. This agrees with the decrease 
in the absorbances of the band of the v(C=O) vibrations 
of the TFA molecule at 1770 cm -j  in tile corresponding 
spectra. 

The concentrations of the BH*'(A. . .H. . .A)-  com- 
plexes at different DMF concentrations were estimated 
from the band at 1720 cm -1 attributed to vibrations of 
the protonated DMF molecule. 'When the DMF content 
>2.5 tool L - i ,  this band is absent from the spectra, i.e., 
equilibrium (5) is completely shifted to the left. In more 
concentrated acid solutions, the protonated DMF form 
BH + appears, and equilibrium (5) is completely shifted 
to the right at DMF concentrations <1.4 mol L -j.  

Thus, the following scheme of acid-base interactions 
was determined for the TFA (HA)- -DMF (B) system: 

B + HA ~ B...H...A. (7) 

B. . .H . . :A  ~-B ~ ( B . . . H . . . A ) - B  
(0--50 mol.% HA), (8} 

B. . .H . . .A  i.-HA ~ ( B . . . H . . . A ) - H A  
(50--90 mol.% HA), (9) 

(8 . .H . . .A) -HA ~ BH § 
(8f)--IO0 tool.% HA). (10) 

With a base excess in the system, as in solutions of 
HCI 4 and MSA T in DMF, complex I with quasi-ionic 
structure is formed (stage (7)), which is solvated by the 
base molecules (stage (8)). In the interval o t 'TFA- -DMF 
composit ions from 1 : I to ~4 : 1, complex ! is solvated 
by the TFA molecule (stage (9)). This equilibrium was 
not observed in solutions of HCI and MSA. The proto- 
nation of DMF accompanied by the formation of the 
(A.. .H.. .A)- anion with a strong symmetric H bond 
(stage (10)) occurs at a considerable excess of the acid 
in the solution, Equilibrium (10) is completely shifted 
to the right at TFA concentrations >90 tool.%. In 
solutions of HCI and MSA, the BH +.(A. . .H. . .A)-  ion 
pairs form even at a minor HA excess (reaction (1)). In 
TFA solutions in DMF, the solvation of the B...H...A 
quasi-ion pairs by DMF or acid molecules was found 
from changes in the intensity of the CA spectrum. 
Solvation slightly changes the parameters of the central 
H bond. 
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