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IN the previous papers of this series1 Raman spectra of mixtures which are
capable of forming hydrogen bonds of the hetero-molecular type were dealt
with. The carbonyl compounds employed therein are known to exist as single
molecules in the pure state and the effect of solvents on their C : O frequencies give the necessary information regarding the formation of hydrogen
bonds. The problem becomes more complex in the case of liquids which are
already associated in the pure state. One such, (acetic acid), has been carefully examined and the results are reported in this paper.
The existence of association in carboxylic acids was recognised very
early in the development of physical chemistry and considerable amount of
work was done in the last century mainly intended to determine the association factors. Beckmann 2 carried out cryoscopic measurements and found
that the molecular weight of acetic acid in benzene corresponded to double
the ordinary formula CHa COOH or C~H40~_. Herz and Fischer 3 investigated the partition of acetic acid between water and various aromatic hydrocarbons and deduced that the acid associated in organic solvents to form
double molecules. Trautz and Moschel 4 from further molecular weight
determinations concluded that the carboxylic acids were all completely
associated to double molecules in benzene even in dilute solutions.
More recent work related to the mechanism of association which is
very prominent in this group of organic compounds known as carboxylic
acids. That it takes place through hydrogen bonds was first definitely
demonstrated in the case of formic acid vapour by Pauling and Brockway ~
employing the electron diffraction method and the dimer was represented
as below:

A second method which is more convenient and hence more frequently
employed is the study of infIa-red spectra. The greater part of the wo'k
in this direction mainly carried out by Gillette and Daniels, 6 Badger and
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Bauer, 7 Davie~ and Sutherland, s Buswell, Rodebush and Roy, 9 Bonner and
Hofstadter, 1~Herman and Hofstadter1~and Hofstadter~ related to the changes
undergone by the hydroxyl group as the result of hydrogen bond formation.
Walter Gordy 13 on the other hand made a study of the infra-red absorption
band attributable to the C = O linkage employing solutions in various solvents.
However, no comprehensive explanation of the changes taking place seems
to have been offered.
The Raman spectrum of acetic acid was investigated by a number of
workers. Its behaviour in aqueous solution was first studied by Krishnamurti. 14 He found that in a 95 per cent. solution of the acid in water a
faint broad line made its appearance at 1707 in addition to the prominent
C = O frequency at 1667 cm.-1 This new line was found to become relatively
brighter with further dilution and was the only C = O line observed at 75~
and lower concentrations. He attributed this change to the formation of
hydrated molecules of acetic acid. Later Leitman and Ukhodin 1" reported
their work on pure acetic acid (100K) and 60~, 40~ and 20~o solutions of
it in water. Their study related to the 623 cm.-1 frequency which was found
to change markedly in intensity. Koteswaram~6 recorded 1673, 1703, 1720,
1770 cm.-1 as the C = O frequencies. According to him in the pure acid the
1673 era.-x line is the strongest and is accompanied by the other three which
are very weak. From tbe microphotometric records he found that in a mixture
of 95~ acid and 5~ water the maximum at 1667 cm.-t decreased in intensity
and a fresh maximum with more or less the same intensity appeared at
1710 cm.-z The intensity of this band was found to increase with dilution
and the accompanying faint line at 1770 cm.-~ was found to persist at all
dilutions. He found no such changes in solutions of acetic acid in benzene
and carbon tetrachloride. Increase of temperature was found to produce
a small effect similar .to that of dilution with water on the C = O frequencies.
He therefore concluded that the changes observed in aqueous solutions are
not due to the existence of hydrated molecules as assumed by Krishnamurti
but due to the break down of the polymers to simpler molecules. His arguments were as below:
(1) If hydrated molecules exist they should give a lower C = O frequency than the pure acid. Actually a higher C = O frequency was observed
in aqueous solutions.
(2) Rise of temperature on the pure acid was found to produce
changes similar to those of dilution with wat_r. Since the effect of heating
could be only depolymerisation, there being no possibility of hydration,
similar conditions should prevail in aqueous solutions also,
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In support of argument (1) he cited a number of examples of anhydrous
and hydrated nitrates where some prominent lines were found to have lower
frequencies in the hydrates than in the anhydrou~ salts. 17 He further
pointed out that the C = O frequencies of acetone and methyl ethyl ketone
in aqueous solutions underwent lowering due to formation of hydrates as
represented below. 18

CHa~
CH3 ~ C = 0--~ H--O--H

(orCzH~,)
The above deductions of Koteswaram are unacceptable for the following
reasons: (1) If in aqueous solutions simple depolym~risation takes place,
and no hydrate formation, water should be serving only as a diluent. If
such should be the case similar depolymerisation should occur in benzene
and carbon tetrachloride solutions also. The experimental findings are very
different. Obviously water molecules plt~y a definite role in bringing about
the observed cbanges in C = O frequencies of the aqueous solutions. This
can be only through hydrate formation.
(2) If monomers of acetic acid are formed by the breakdown of the
dimers there is no reason why the unto-ordinated C = O groups of these
should not form hydrogen bonds with water when the C = O groups of acetone
could do so.
(3) It is not correct to draw analogies between nitrates and acetic
acid in regard to the effect of hydration. It is equally incorrect to do so
between acetone and acetic acid since there is an essential difference between the two carbonyl compounds. The former is unassociated when pure
and contains uneo-ordinated C---O groups whereas the latter is already
associated and contains C = O groups involved in hydrogen bond formation.
The effect of water on the two cannot be the same. Consequently the higher
C = O frequency of acetic acid in aqueous solutions as compared with that
of the pure substance is not inconsistent with the existence of hydrated molecules as will be shown in the comprehensive explanations given later on in
this paper.
(4) An examination of the microphotometric curves reproduced by
Koteswaram shows that the effect of temperature on the spectrum of
acetic acid is very small compared with that of dilution. The slight shift in
the C = O frequency at higher temperatures may be due to a change in the
nature of the dimers (ring to the open form) as explained later in this paper,
and not entirely due to depolymerisation.
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Our opinion is that water plays an important role and that hydration
and depolymerisation take place at the same time. Details relating to this
conclusion will be dealt with after describing our results on the Raman
spectrum of this substance in the pure state and in solutions in benzene,
carbon tetrachloride and in water at various dilutions. ,They are somewhat
different from previous records and seem to be more complete.
Pure glacial acetic acid from Kahlbaum was dried over fused sodium
acetate and distilled. The spectrum of this sample has yielded the following
frequencies.
440 (3) 600 (1) 620 (8) 872 (2) 893 (10) 1010 (1) 1270 (2) 1368 (5) 1443
(8b) 1670 (7) 1710 (1) 1745 (1) 2946 (10) 2996 (4).
The C = O frequencies now recorded are 1670, 1710 and 1745 cm.-1
The former is strong and the other two are very faint. These three are distinct lines recorded on the plate. The 1770 cm.-1 frequency recorded by
Koteswaram was not obtained. The 1745 cm.-1 line which could be attributed to the unco-ordinated C = O of the acid was very close ' on superimposition' to the C = O frequency of ethyl acetate. Further, the accuracy
of the measurement of this faint line was confirmed from the study of certain
solutions of the acid in which this line brightens up and can then be easily
measured. In a similar way accurate measurement of the other faint line at
1710 was ensured.
The Raman spectrum of acetic acid in benzene and carbon tetrachloride
has not shown any changes in the C = O frequencies of the acid. Obviously
the condition of the molecules of the,acid in these solutions is the same as in
the pure state.
The aqueous solutions of acetic acid were studied at four different
proportions of the acid and water, viz., 10:1, 1:1, 1:2, and 1:3 by volume.
In the first case it was found that the 1670 cm.-1 line had gone down in intensity compared with the free acid and that the 1710 cm.-1 had become more
intense. The 1745 cm.-1 line was not recorded. In all the other cases it
was found that the 1670 cm.-~ line (which is the most prominent one in the
pure acid) was practically missing, This was very faint in the 1:1 mixture.
The 1710 cm.-~ was very bright and the 1745 cm.-~ was not obtained at all.
These changes are represented in Fig. 1.

Discussion of the Results and their Interpretation.--The observed results
seem to be capable of satisfactory explanation and it is attempted below,
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'Acetic acid pure

I

Acetic, acid and water (tO l)

I

Do (I t)

I

i

(r2)

Da (t.J)

Aceticacld and phend (t.t)

, I

I

1670era.-1

1710cm. *

1745cm.-x

Fro. 1

In pure acetic acid the following four may represent the possible molecular
species involved :
CHa-C"\OH<---

()2C-Ct213

x---

I (Ring dimer)

CH3-C

H <

0

C-CHz

]I (Open dimer--ci~)
(a).O

CHz-C

~
H

1V (Monomer)

~

Ot~l
Ho2C-CH~

I I I (Open almer-trans)

Since all evidences indicate that association to form dimers is almost
complete in anhydrous acid, monomeric molecules of type IV should be very,
few or negligible. Owing to the readiness with which change from II to
I will be possible, appreciable amount of type i[ also will not exist. Consequently we are left with molecules of constitution I and III. The most prominent Raman line at 1670 cm.-1 is also characterised-by having the lowest
frequency. It may be attributed to the C = O linkages in the ring dimers (I)
in which due to the symmetrical ring form capable of resonance, the hydrogen
bonds are the strongest thus lowering the ordinary C = O frequency considerably. The 1745 and 1710 cm.-1 lines are attributable to the C = O groups
marked (a) and (•) in the open dimer (III). The frequency of the unco-ordinated C = O (a) agrees closely with the C = O of the allied compound ethyl
acetate (C--O, 1739) in which no association exists. Though C----O /~) is
involved in a hydrogen bond and consequently has a lower frequency than
C = O (a), the lowering in this case is not so much as when the ring structure

Raman El~ecl and ltydrogen B o n d s - - I l l

235

is formed. The very low intensities of these two lines indicate that the proportion of the molecules representing the open structure (III) is very small
though significant. That the intensities of these lines are just the same can be
easily explained from the fact that a molecule of this dimer contains one
unco-ordinated C = O (a) and one linearly co-ordinated C = O (fl). It may also
be inferred that the monomeric molecular type IV is non-existent. But
since the lines are weak and strict comparison of intensities is not possible
the last deduction may not be quite correct and there may be a very small
proportion of the molecules of this species also.
In aqueous solution the water molecules initiate their attack by co-ordination with the free C = O (,z) group of the open dimers forming hydrates as
in V and consequently the equilibrium shifts progressively to the right from
I to III.
H--0--H

CH3-C(~ 0
NOH <--

O~,C-C H8
HO/

(v)
The disappearance of the 1670 cm. -1 line on progressive dilution with
water indicates increasing breakdown of the ring dimers. Further, the simultaneous disappearance of the 1745 cm. -1 line is also significant since it shows
that the unco-ordinated C = O (a) does not exist owing to the formation of
hydrate. In structure V both the C = O groups are involved in hydrogen
bonds of the linear type and consequently have approximately the same frequency corresponding to 1710 cm.-1 This explains the rise in intensity of
this line. In the above scheme hydration of open dimers of type III through
the free hydroxyl group is not excluded and quite probably takes place leading
to opening up of the ring form. But this does not affect the interpretation
as far as the C = O groups are concerned.
When sufficient amount of water is added breakdown of the dimers due
to the attack of water becomes complete as shown below.
H--O--H

"~

cH _c{~

H--O--It

\O~I 4,--

0%
,C-C fI a
HO/
9

J'
H--0--H

r

CHa--C-~'0
\OH
~,
H--O--H

(vI)
(vii)
Further hydration at other centres as mentioned above is also possible.
However, even structures VI and VII have linearly co-ordinated C = O groups
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and consequently give a frequency corresponding to 1710cm. -~ and this
line persists prominently. Thus the effect of hydrogen bonds in pure acetic
acid and in its aqueous solution is to lower the C = O frequencies considerably below that of the unco-ordinated C-=O.
The comprehensive and yet simple interpretation of the phenomenon
given above takes into account the vital role of water molecules in forming
hydrates and breaking down the dimers. This is due to the well-known
capacity of water to form hydrogen bonds. In support of our ideas we have
employed some other solvents which are capable of forming hydrogen bonds.
In Parts I and II of this series data were presented to indicate that phenol
exhibits marked capacity to form these bonds with carbonyl compounds.
Hence the Raman spectrum of a mixture of acetic acid and phenol (1 : 1) has
now been taken (Fig. 1). It is found that the 1670 cm.-1 line has become
very faint, that the 1710 cm.-~ line has increased considerably in intensity
and that the 1745 cm. -~ line has disappeared. The similarity with acetic
acid-water mixture is obvious and the changes in the present case may be
represented similarly as below:

HOC6H~
C tt~-C40
-+ HoO>C_CH3
"OH .e--

-->

O
C Hz-C<OH <_.

O~C-C H3
I{O/

(~)

(vnI)
HOC6Hs

CH3-c<OH
(Ix)
The brightening up of the 1710 cm.-I line corresponds to the large formation
of the linearly co-ordinated structures VIII and IX. The persistence of the
1670 cm.-I line, however, shows that there still exists a fair proportion of the
ring dimers. The absence of the 1745 cm.-I line is due to the fact that there
are no unco-ordinated C--O groups. In the mixture possibly all the three
molecular species I, VIII and IX are present, type VIII being the maximum.
In the discussion contained in the above para it is implied that water and
phenol produce almost the same reduction of the C =O frequency due to
hydrogen bond formation. This seems to be justified fl'om other available
data,
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Summary
Previous work on the Raman spectrum of acetic acid and of its ~olutions is critically reviewed and certain conclusions criticised. The Raman
spectra of the acid in the pure state as well as in aqueous ~solutions at different dilutions have been reinvestigated and the results described. A comprehensive interpretation of the observations is offered. It is shown that the
breaking up of the ring dimers of the acid is brought about by the formation of hydrated molecules, and that the formation of fresh hydrogen bonds
between the acid and water molecules is the cause of this breakdown of the
ring type into the open dimers and finally into hydrates of the monomeric
form of the acid molecules. These ideas are supported by a study of the
Raman ~peetrum of a mixture of acetic acid with a good acceptor solvent,
phenol. Changes similar to those obtained in aqueous solutions are produced in the C ==-O frequencies of the phenol mixture also.
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