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The structure of complexes of HCi with N,N-dimethylformamide 
based on polarization measurements in the Raman spectra 
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The Raman spectra of solutions of  HCI in DMF were studied and the degree of 
depolarization of spectral lines was measured. Complexes of three types, 2 D M F - H C I ,  
D M F - H C I ,  and DMF-2HCI ,  are formed depending on the ratio of the components. 
Examination of the structure of the contour of the v(C=O) line showed that the acid-base 
interactions in the complexes occur through the O atom of the DMF molecule. On the basis 
of polarization measurements it was established that two DMF molecules in the 2 D M F  �9 HC1 
complex are nonequivalent. 
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Solut ions o f  HCI  in D M F  are used as catalytic 
systems for a n u m b e r  o f  chemica l  react ions. l  The  effi- 
c iency of  cata lyt ic  systems of  such a type is de te rmined  
by compos i t ion  and s t ructure  o f  the D M F  complexes  
with HC1. Previously,  z t he  b inary  systems D M F - - a c i d  
have been cons ide red  as solut ions  in which  weak donor -  
acceptor  in terac t ions  play a significant  role. Later, com-  
plexes 2 D M F - H C I  and D M F "  HCI (1) with a strong 
quas i - symmet r i c  H - b o n d  as well  as ionic pairs o f  c o m -  
posit ion D M F -  2HCI  (2) have  been  found 3 in solutions 
of  HCI  in D M F  using the  Mul t ip le  At tenuated  Total  
Reflect ion ( M A T R )  IR spectroscopy.  

Me ,O--H--CI Me OH 
~, :1 "~N + / / N - -  C.,,. / ~ C \  

Me H Me H 
�9 ( C l H C I ) -  

1 2 

Complex  1 is a quas i - ion ic  pair formed due to a 
strong quas i - symmet r i c  H - b o n d  between the  O atom of  
the carbonyl g roup  and the  C1 atom. The format ion of  
complex  2 D M F "  HCI (3) upon  addi t ion o f  one  addi-  
t ional  D M F  m o l e c u l e  to c o m p l e x  1 does not  result in 
the cleavage o f  the  strong quas i - symmet r ic  H - b o n d  
be tween  D M F  and HCI.  The  two  D M F  molecules  in 3 
are nonequiva len t .  Previously,  4 the Raman spectra o f  
complexes  of  such  a type have been obtained for the first 
t ime and it was established that  the format ion  of  the 
complexes  is a c c o m p a n i e d  by considerable  changes in 
the f requencies  and intensi t ies  o f  a lmost  all lines o f  
D M F  molecu les  cons t i tu t ing  them.  In this work, Rarnan 
spectra of  so lu t ions  of  H C I  in D M F  were studied in a 
wider range o f  concen t ra t ions  o f  the componen t s  and 
polarization measuremen t s  in the  spectra were performed. 

Experimental 

The procedures for purifying the reagents and preparing 
the solutions have been described previously) 

The Raman spectra of solutions of  HCI in D M F  were 
recorded on a DFS-24 spectrophotometer equipped with a 
double monochromator and an improved registration system. 
The 488 nm line of an LG-106M argon ion laser was used as 
the source of excitation; the other  lines of the laser were 
suppressed by an interference filter. The polarization plane of 
linearly polarized laser light was rotated by 90 ~ with respect to 
the optical axis using a X/2 plate. In all experiments, the 
optical widths of the slits were 3 to 10 cm -t .  To determine the 
relative degrees of depolarization o f  the lines (0) equal to the 
ratios of the line intensities obtained in the transversely and 
longitudinally polarized light, the spectrum of each solution 
was recorded 3 to 5 times in the correspondingly polarized 
light. The reproducibility of the intensity values was 10 to 15%. 

The Raman spectra were obtained for neat DMF (6ODMF = 
13 mot L - t )  and solutions with different content of HC1 in 
DMF: Clacl = 18.9% (sample 1 with the highest possible 
concentration of complex 3: C 3 = 4.1 mol L - l ,  C 1 = 
1.4 tool L - l ,  and CDMr: = 2 tool L - l ) ,  Crtcl = 33.3% (sample 
2 with the highest possible concentration of complex 1: C 1 = 
10• mol L - t  and C 3 = C 2 ----- 0.5+-0.5 mol L-I) ,  and 
C~Ic~ = 43.3% (sample 3 with the laJghest possible concentra- 
tion of complex 2: Cz -~ 4.8 tool L -1 and C l = 4.2 tool L-t). 
In samples 2 and 3, the whole D M F  is bound to form the 
complexes. The equilibrium concentrations of the complexes in 
samples 1--3 were calculated using the published data. 3 

Results and Discussion 

The  frequencies  and in tens i t ies  of  the lines in the  
Raman spectra and the data o f  polar izat ion measure -  
menus are presented in Table  1. T h e  ass ignment  o f  the  
frequencies  in the D M F  s p e c t r u m  is evident  f rom ex- 
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Table 1. Frequencies (v), relative intensities (/), and data on depolarization of the lines in the Raman spectra of  DMF and of 
solutions of HCI in DM F 

v/cm -I (/), Type of vibration v/cm -1 (/3 

DMF 18.9% HC1 33.3% HCI 43.3% HCI 

-- -- --  275 (0.3) v.w, d 
323 (1) w, d x(C--N) 320 (0.5) v.w, d --  - -  
356 w 7 (Me- -N- -Me)  356 w 356 w 356 w 
410 (4) m, d 6 (Me- -N- -Me)  410 (3.2) m, d 410 (5.6) m, d 412 (5.1) m, d 
660 (10.4) s, p 8 (O=C--N)  640 (1.9) m, d 639 (5.7) m, d 638(7.4) m, d 

660 (4.8) m, p 
866 (12) v.s .s .p vs(N--Me) 847 (1.9) m, p 848 (4.9) m, p 847 (5.3) m, p 

865 (6.5) s, p 
- -  - -  887 w, p 887 w, p 

1011 v.w 7(CH3)N 1012 v.w 1017 v.w --  
1094 (3.9) m, w.p 6 (NCH)+v(C=O)  1094 (1.8) m, w.p - -  - -  

1127 (2.4) m, w.p 1128 (5.1) m, w.p 1130 (5.7) m, w.p 
- -  - -  - -  1157 v.w 
- -  - -  1228 v.w 1228 v.w 
--  1312 (0.2) v.w, p 1306 (0.7) w, s.p 1307 (1.3) w, s.p 
1390 w v(C--N) 1386 w 1387 v.w 1385 v.w 
1407 v.s, w.p 6(C--H) 1409 s, w.p 1430 v.s,d 1430 v.s, d 
1440 s, d 8(NCH)+8(CH3)N+vs(N--Me)  1435 v.s, d 1430 v.s, d 1430 v.s, d 
1510 w, d 8 (NCH)+v(C- -N)  + vas(N--Me) 1482 w, d 1480 w, d 1482 w, d 
1659 m, p v(C=O) -- -- 
1672 m, d v(C=O) 1670 m.w.p  1690 m, w.p 1690 m, d 

-- -- 1715 v.w 1720 m, s.p 
1732 v.w 2 vs(N--Me) --  - -  - -  
2772 v.w 2777 v.w --  - -  
2810 m, p 2818 m, s.p 2820 m, s.p 2820 m, s.p 
2861 m, s.p v(C--H)  2865 w, s.p --  - -  
2883 m, p 2886 w, p --  --  
2930 v.s, s.p %(CH3)N 2946 v.s, s.p 2946 v.s, s.p 2948 v.s, s.p 
2957 m, d -- --  --  
2995 m, d Vas(CH3)N 2999 m, d 2992 m, d 3000 m, d 
--  3020 w, d 3020 m, d 3020 m, d 

Note. The following notations are used: v.w is very. weak, w is weak, m is medium, s is strong, v.s is very. strong, d is depolarized, 
w.p is weakly polarized, p is polarized, and s.p is strongly polarized line. The relative intensities were calculated per one DMF 
molecule in solutions; the intensity of the DMF line at 323 cm -1 was taken as unity. 

a m i n a t i o n  o f  t he  IR  and  R a m a n  spec t ra  of  D M F ,  
D M F - d 6 ,  D M F - d 7 ,  13C-DMF,  a n d  I S N - D M F  in the  
l iquid and  gaseous  s ta te  (see Ref.  5). 

T h e  changes  obse rved  in t h e  R a m a n  spectra  of  
samples  1--3 as c o m p a r e d  to t he  s p e c t r u m  of  pure  D M F  
ind ica te  a s t rong in t e r ac t i on  b e t w e e n  the  HCI  and  D M F  
molecu les .  Thus ,  t h r e e  in tense  s ingle t  l ines at 660, 866, 
and  1094 cm - l  are p resen t  in t he  spec t rum of  individual  
D M F .  In  the  s p e c t r u m  of  sample  1, the  satell i te l ines at 
640, 847, and  1127 c m  - l  c o r r e s p o n d i n g  to the  vibra t ions  
o f  gene ra t ed  c o m p l e x e s  appea r  close to t he  above lines. 
In the  spec t rum o f  s ample  2, t he  D M F  lines at  660, 866, 
and  1094 cm -1 d isappear ,  whi le  t he  in tens i t ies  of  the  
l ines o f  complexes  at  640, 847,  and  1127 c m  -~ increase  
substant ia l ly .  The  relat ive in tens i t i e s  o f  the  l ines com-  
m o n  to samples  2 a n d  3 differ substant ia l ly .  In  addi t ion,  
new l ines  ( a m o n g  w h i c h  the  l ine  at  1720 cm - I  is the  
mos t  in tense)  as wel l  as the  b a c k g r o u n d  sca t ter ing  in the  
1800 to 2600 cm - l  region a p p e a r  in  the  spec t rum of  
sample  3. These  facts  ind ica te  t h a t  samples  2 and  3 
con t a in  two di f ferent  c o m p l e x e s  (1 a n d  2). 

Analysis of  the  degree of  depolar iza t ion  (P) o f  spectral  
lines conf i rms the  conclus ion  drawn in Ref. 3 tha t  the  
HC1 molecule  is bound  to the  O a tom of  the  D M F  
molecule.  Changes  in the  p values for the  l ines corre-  
sponding to the  vibrat ions o f  the  N a tom and the  C a toms  
of  the  methy l  groups are insignif icant .  Thus ,  the  D M F  
line at 866 cm - I  cor responding  to the  v s ( N - - M e  ) vibra-  
t ion  remains  polar ized also in the  spectra  of  so lu t ions  of  
HC1 in D M F .  Its shift  to 847 c m  -1 is due to weaken ing  of  
the  N - - M e  bonds  upon  complexa t ion .  For  this  l ine,  the  
change  in the  p value does no t  exceed 0.1. The  m a i n  
cont r ibu t ion  to the  lines at 1094 and  1130 cm - t  comes  
f rom the  8 ( N C H )  vibrat ions;  for these  lines, the  9 values 
are nearly the  same (~0.7). 5 The  s trongly polar ized l ines at 
2812, 2861, and  1930 cm - I  (p < 0.3) cor responding  to 
the  s t re tching vibrat ions o f  the  C H  and  M e  groups  of  the  
D M F  molecule  (see Table  1) behave  analogously.  Thus ,  
complexa t ion  has  little effect on  the  symmet ry  of  the  
M e 2 N H  f ragment  of  the  D M F  molecule .  

The  O values  for  the  l ines  c o r r e s p o n d i n g  to  v ib ra t ions  
o f  the  O a tom are c h a n g e d  m o r e  subs tant ia l ly .  T h e  l ine 
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Fig. 1. Contours of the v(C=O) lines in the Raman spectra of neat DMF (a) and in complexes of DMF with HCI: 3 (b), I (c), and 
2 (d) obtained in longitudinally (l) and transversely (2) polarized light. 

at 660 cm -1 corresponding to the in-plane deformation 
8(NCO) vibrations of  the O atom and polarized in the 
D M F  spectrum (9 = 0.45) is shifted up to 638 cm - l  
and is completely depolarized in the spectra of samples 
1, 2, and 3. 

Analysis of the data of polarization measurements of 
the v(C=O) line provides important  information on the 
formation of complexes between HCI and DMF. In 
pure DMF,  this line is composed of two components 
with frequencies of  1659 and 1672 cm - l .  According to 
the published data, 6 we assigned the polarized line at 
1659 cm - I  (p < 0.3) to vibrations of the chain dimers 
and to the synphase vibrations of  cyclic dimers with 
close frequencies; the depolarized line at 1672 cm -~ 
was assigned to the antiphase vibrations of cyclic dimers 
(Fig. I, a). 

Only one broad weakly polarized line at 1670 cm -I 
with an intense high-frequency diffuse wing (Fig. 1, b) 
is observed in the spectrum of  sample 1. The degree of 
depolarization of  this line is the same across its whole 
width: 191659 = 91672 = 0.55 while that of the wing 
(191690) is equal to 0.50. The absence of polarized and 
depolarized components  of the line at 1670 cm - l  indi- 
cates that the structure of D M F  dimers is disrupted, 
while the absence of  polarized component  at the wing of 
this line near 1690 cm -1 shows that the solution con- 
tains no D M F  monomers.  6 Hence,  in sample 1 D M F  is 
nearly completely bound to form complex 3, in which 
for each HCI molecule there are two D M F  molecules 
(according to the estimates obtained previously, 3 the 
content of  free D M F  in this sample is -2  mol L- l ) .  

One broad line at 1690 cm - l  with p = 0.75 (Fig. 1, 
c) is present in the spectrum of  sample 2. The line at 
1670 cm - t  completely disappears,  which is in agree- 
ment with its assignment to complex 3, and a weak 
intense wing of  the 1690 cm - I  line appears in the region 
of  1715 cm - t .  A nearly complete ly  depolarized line at 
1690 cm - I  (p = 0.9) and a strongly polarized line at 
1720 cm - l  (p < 0.4) (Fig. 1, d) with nearly equal in- 
tensities are observed in the spectrum of sample 3. 

The above data  indicate that  complexes of  thi'ee 
types (3, 1, and 2) characterized by the lines at 1670, 
1690 and 1720 cm -1, respectively, are present in the 
H C I - - D M F  system. The concentrations of  the com- 
plexes depend on the ratio of  the components. Note that 

only the background absorption is different in the IR 
spectra of complexes 1 and 3. 3 

The fact that the lines at 1690 and 638 cm - l  are 
depolarized and the small changes in the 9 values de- 
pending on the HCI concentra t ion for the lines at 866 
(847) and 1094 (1130) cm - i  make it possible to con- 
elude that the interaction between the HCI and D M F  
molecules occurs through the O atom. This is also 
evidenced by the absence of  D M F  dimers in sample 1 
and the fact that sample 2 is crystall ized at room tem- 
perature (the melting point  of  a H C I - - D M F  solution of 
composit ion 1 : 1 is 37 ~ 7). If  the interaction oc- 
curred through the N atom, complexes 1 (of which 
sample 2 consists) would have a dimeric structure simi- 
lar to that of  liquid DMF.  

Let us consider the structure o f  the complexes formed 
in more detail. The fact that the frequency of  the line at 
1690 cm -1 is close to that of  the v (C=O)  of  the D M F  
monomers 6 (1687 cm - t )  de te rmined  from the spectra 
of diluted solutions of  D M F  in CC14 is accidental. 
Actually, the v(C=O) line of  D M F  monomers  is strongly 
polarized, whereas the line at 1690 cm - l  in the spec- 
trum of  sample 3 is depolar ized and is very. weakly 
polarized in the spectrum of  sample 2. It is likely that 
the line at 1690 cm - l  corresponds to the more complex 
multipart icle vibrations of  complex  1 rather than to the 
v(C=O).  We failed to explain the presence of  this line in 
the Raman spectrum of  sample 2 in the framework of 
concepts of  the complexes most ly  formed due to elec- 
trostatic interaction with small  contr ibut ion of  the do- 
nor-acceptor  component .  For  instance, s the v(C=O)  
frequency in the spectra of  the L i C I O 4 - - D M F  system is 
lower than the v (C=O)  frequency of  the D M F  mono-  
mers (1670 em - l  vs. 1687 cm - t ,  respectively). 6 The 
decrease in the v (C=O)  frequency is due to the electro- 
static interaction between the Li* cation and the O atom 
of the D M F  molecule  resulting in the shift of  the 
electron density of  the C = O  bond  toward the O atom 
and weakening of  the bond. 

For  complex 1, the structure with a strong quasi- 
symmetr ic  H-bond  between the  O and CI atoms, 
MeaNC(H)O. . .H. . .C1 , has been  proposed, 3 which is 
confirmed by an intense cont inuous  absorption in the IR 
spectra. The interaction in complexes with strong quasi- 
symmetric H-bonds  has a donor -accep tor  character 9 
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and is related to a covalent interaction. The vibrations of  
the central proton in these complexes strongly interact 
with normal vibrations of  the molecules participating in 
the formation of the H-bond;  1~ as a result, the structure 
of normal vibrations becomes considerably perturbed. 
This particularly affects the vibrations with participation 
of the O atom, since this atom is directly bound to the 
central proton of  the strong H-bond. Thus. it can be 
assumed that complex 1 is formed due to the strong 
H-bond and the line at 1690 cm -'1 can be assigned to a 
vibration involving other atoms of complex 1 in addition 
to the C and O atoms of the D M F  molecule. 

Unlike the lines of the D M F  monomers, 6 the intense 
high-frequency wing in the spectrum of sample 1 is 
weakly polarized, broad, and, hence, it cannot be a line 
of the D M F  monomers.  The presence of this wing 
indicates that two D M F  molecules in complex 3 (which 
can be considered as complex 1 solvated with one 
DMF molecule) are nonequivalent. In this case, the 
1670 cm -~ frequency corresponds to the D M F  mol- 
ecules constituted 3 and different from those involved in 
the formation of the strong H-bond,  while the wing in 
the region of  1690 cm -I  corresponds to the DMF mol-  
ecule participating in this bond with HCI. It is likely 
that in the process of formation of complex 3 the D M F  
molecule is coordinated to complex 1 at the site of the 
central proton of  the strong quasi-symmetric O...H...CI 
hydrogen bond. This is in agreement with the decrease 
in the v(C=O) frequency to 1670 cm -1 in the spectrum 
of sample 1 as compared to that of  the D M F  monomer 
(1687 cm- l ) .  

The drastic difference in the p values for the lines at 
1690 and 1720 cm - t  indicates that they correspond to 
vibrations of  different D M F  atoms in complexes 1 and 
2, respectively. In the case of  protonation of  DMF and 
the formation of complex 2, a considerable contribution 
to the 1720 cm - I  frequency should come from the 
v(N+=C) vibrations. For this line, this assignment cor- 
responds to a ~ value lesser than 0.4 since the multiple 
bond vibrations are to a certain extent independent of  
those of the rest of  the molecule and, hence, are rather 
symmetrical. 

The absence of  the line at 323 cm -I  in the Raman 
spectra of  samples 2 and 3 makes it possible to assign it 
to the torsional x (C--N)  vibrations, which disappear as 
the order of  the central C - - N  bond in the complexes 
increases. This line is depolarized, which corresponds to 
the out-of-plane character of  such type vibrations. 

The line at 3020 cm -1 in the Raman spectrum of  
sample 3 can be assigned to either the v(C--H)  or the 
v(O--H).  Since this line has a large intensity also in the 
spectrum of  sample 2, the first assignment is preferable. 
In this case, the formation of  the complexes (see Table 1) 

causes the v (C- -H )  frequency to increase by 159 cm -I .  
The 5 (C- -H)  frequency also increases (by 23 cm - I ,  see 
Table 1). This points to the strengthening of  the C- -H 
bond in the HCI complexes with DMF.  Direct observa- 
tion of the v (O - -H )  line in the spectrum of sample 3 
failed because of  the relatively low concentrat ion of 
protonated D M F ,  superposition of the intense lines of 
methyl groups on this line, and its large width. 

Thus, new data on complexat ion of HC1 with DMF 
were obtained on the basis of  polarization measurements 
in the Raman spectra. It was established that the acid- 
base interaction occurs through the O atom of  the D M F  
molecule. Complexes 1, 2, and 3 are formed depending 
on the ratio of  the components .  The two D M F  mol- 
ecules in complex 3 have spectra differing in the fre- 
quencies and degrees of  depolarizat ion of the lines and, 
hence, are nonequivalent.  The order  of the central C- -N 
bond increases upon the formation of complex 1. In 
excess HCI, the D M F  molecule is protonated with the 
formation of the N+=C bond in complex 2. These 
conclusions follow from examination of the contour of 
the v(C=O) line of  the D M F  molecule  as well as from 
the data of polarization measurements  for other spectral 
lines. 
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