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The liquid structure of acetic acid was studied experimentally and theoretically. Experimentally, the Raman
spectra of acetic acid at various temperatures between 287 and 348 K were measured in the +€3ji00 15

cm L. Theoretically, ab initio molecular orbital calculations were performed on the Raman activities of seven
cluster species of acetic acid molecules. The Raman spectruR{(i{jirepresentation) of crystalline acetic

acid at 287 K shows six distinct bands in the-130 cni?® region. These bands broaden on the melting of

the crystal, whereas their peak positions remain almost unchanged on melting. These spectral changes are
reproduced in the case where the liquid spectrum mainly arises from a variety of sizes of chain clusters as the
fragments of the crystalline networks. The=O stretching band becomes broadened toward higher
wavenumbers and exhibits an asymmetric shape with increasing temperature. The wavenumbers calculated
for the C=0 stretching vibrations suggest that the strongly hydrogen-bonekd @roups of the chain clusters

show the prominent €0 band and its asymmetric shape is due to the presence of weakly hydrogen-bonded
C=0 groups of the same cluster species. The spectral analyses in both the low wavenumber a&@ the C
stretching regions suggest that liquid acetic acid is mainly composed of the chain clusters, not the cyclic
dimer. Assignments of the low-frequency Raman bands observed in the vapor and crystalline states are discussed
on the basis of the calculated wavenumbers.

1. Introduction

Molecules with carboxylic groups show specific hydrogen-
bonding interactions with each other or with other hydrogen-
donating or -accepting molecules. To understand their unique *-_
ability to form associates through hydrogen bonds, the molecular
association of acetic acid has long been studied as a prototype
system of carboxylic compounds. Because acetic acid has fourgigure 1. Orientation of acetic acid molecules in the crystalline
hydrogen-donor sites (a hydroxyl hydrogen and three methyl network structure derived from refs-B.
hydrogens) and two acceptor sites (a hydroxyl oxygen and a
carboxyl oxygen) in a molecule, various kinds of associations
of acetic acid molecules can be expected in various situations.
In the vapor phase, acetic acid exists in a mixture of two species,
monomers and dimers, at temperaturels0 °C.12 The latter
dimer formed by hydrogen-bonding is known to have a planar
ring structure of Cpr symmetry from electron diffraction
studies®* This dimer is therefore called a cyclic dimer. Some
other carboxylic acids are also shown to form such cyclic dimers The liquid structure of acetic acid is also considered to be

in the gas phas.éf?ve . . __determined mainly by hydrogen-bonding interactions. Informa-

_ Inthe crystalline state, on the other hand, acetic acid exists o, on the liquid structure is, however, more limited than that
in infinite chains that mvplve G.H--.'O=(f and O-H---0=C on the gas and the crystalline network structures, which can be
hydrogen bonds, as depicted in Figuré 1 Although the C- derived from electron and X-ray diffraction measurements,
-0 distance of 3.429 Ais longer than those of the{H'_"O respectively. Bertagnolli and Hertz have performed neutron and
and N-H--O hydrogen bonds, Taylor and Kennérgrovided -y oy diffraction measurements on liquid acetic atid’ They
evidence for the existence of the-€l---O=C hydrogen bond {5 the remarkable constancy of the hydrogen bond iength
by analyzing neutron difiraction data._Such %B'ffo hydro- as the substance passes from the crystalline to the liquid‘étate.
gen _bond has_ bee_n known to contribute S|gn|f|cantly_to the Comparison of the simulated results based on the crystal-like
stability of acetic acid and other molecular crystdi€rystalline cyclic dimer structure and the chain structure existing in the

crystalline state suggested that the cyclic dimer structure yields

acetic acid has a melting point at 289.8 K. X-ray diffraction
data collected at 278 and 83 K have shown that the hydrogen
bond lengths do not vary with the temperature, whereas minor
changes occur in the packing of the hydrogen-bonded cHains.
Formic acid is also shown to form similar infinite chains in the
crystalline statd? but other carboxylic acids, such as propionic
and monofluoroacetic acids, exist in the cyclic dimers as in the
gas phasé3-15
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Low-frequency vibrational spectroscopy is very useful for
studies of local structures of solution systems because it directly
probes intermolecular vibrational bands. Far-infrared (far-IR)
and low-frequency Raman spectra of liquid acetic acid have
been observed by several groups including ourséf/es.
Waldstein and Blatz observed the low-frequency Raman spectra
of liquid acetic acid and suggested that the cyclic dimers are
predominant structures in the liquid sta®élheir analysis was
based on the normal coordinate calculations with empirical force
constant$? Nielsen and Luntf assigned the three distinctive
peaks of the Raman spectrum of the liquid to the three
fundamental modes of the cyclic dimer by means of depolar-
ization ratios, isotope effects, and the calculations with empirical
force fields?3-26 Their assignments, however, were based on
the assumption that all the bands observed in the liquid spectra
arise from the cyclic dimer. To the best of our knowledge, no
one has analyzed the low-frequency Raman spectra of acetic
acid on the basis of the calculations for the chain fragments of
crystalline networks.

In the present paper, the structure of liquid acetic acid is
reinvestigated experimentally and theoretically. To make com-
plete analyses of not only intermolecular but also intramolecular
vibrations, we examined the Raman spectra of acetic acid in a
wide wavenumber region of 33700 cnt. We also performed
ab initio molecular orbital (MO) calculations on the Raman
spectra of some different cluster species of acetic acid molecules.
The Raman band intensities of the cluster species were compared

Dimer 2

Dimer 4
with the observed spectra to clarify the structure of liquid acetic Figure 2. Optimized geometries of acetic acid cluster species treated

Pentamer

acid. A preliminary account of this study has been published
elsewheré! Details of the theoretical results including more

in this study.

advanced treatments and analyses of the spectra in a highmethyl hydrogen at the side of the<© group. The other two

wavenumber region are contained in this paper.

2. Materials and Methods

Spectroscopy grade acetic acid was purchased from Wako

Pure Chemical Company and used without further purification.
Sample solutions were sealeddn= 6 mm Pyrex glass tubes
after deaerating of carbon dioxide by repeating freezing and

methyl hydrogens are located symmetrically above and under
the carboxylic plane. A planar structure ©f symmetry was

assumed for each cluster species. Force calculations confirmed
convergence to the minima on the potential energy surface
because the wavenumbers of all the modes were real for the
optimized structures of the monomers and the cluster species.

evacuation. Crystalline samples were grown in tapered glass3: Results and Discussion

tubes in a commercial refrigerator. Silicon rubber heaters wound

on the sealed glass tube were used for temperature control. The

temperature of the sample was monitored by a thermocouple
placed~1 mm down from the laser point. The Raman spectra
were obtained with the 514.527 nm line from ar"Aon laser
(NEC). The Raman-scattered light at®°9®as analyzed by an
NR-1800 Raman spectrometer (JASCO) equipped with a triple
monochromator and a thermoelectrically cooled photomultiplier
tube (Hamamatsu Photonics R94®). The incident laser was
linearly polarized, and neither a polarizer nor a polarization

3.A. Calculated Structures and Hydrogen-Bonded Ener-
gies of Cluster SpeciesThe structures of the cluster species
treated in this study are shown in Figure 2. Two conformers
must be considered for acetic acid: the hydroxyl hydrogen and
the carbonyl oxygen on the same sidgrj and on the opposite
side @nti). The ab initio MO calculations predict thatyn
conformer of acetic acid is more stable trarti-conformer by

7.0 kcal/mol at the HF/6-3&+G** level. Such an energy
difference may arise from a weak internal hydrogen bond

scrambler was used to keep the throughput of the spectrometeP€tWeen the hydroxyl hydrogen and the carbonyl oxygen in the

as high as possible. Polarization dependency of the sensitivity

synform. Because theynconformers are observed in both the

of the spectrometer was separately examined with the Ramandas and crystalline phases as dominant structuresartie
bands of carbon tetrachloride and cyclohexane and was foungconformers are considered to be not so important in the liquid

to be <10%. The average power of the exciting light wa50
mW at the sample.

Ab initio MO calculations were performed with the Gaussian
94 program packagé on a DEC workstation (AlphaStation
500). All the calculations were carried out at the HartrEeck
(HF) level. The 6-31G** basis set was employed. The
6-31++G** basis set, which contains one set of diffuse
functions on all the atoms, was also employed, with the
exception of the pentamer.

At the HF level, the acetic acid molecules were optimized to
have aCs plane containing the heavy atoms and one of the

state. Hence only the cluster species ofshipconformers are
treated in this study.

Four dimer species are taken into account for the calculation,
all of which contain two intermolecular hydrogen bonds. Dimer
1 contains two G-H---O=C hydrogen bonds and has;
symmetry. This dimer is dominant in the gas phase at temper-
atures <150 °C34 and is called the cyclic dimer as already
mentioned. In dimer 2, one of the-tH---O=C hydrogen bonds
in dimer 1 is replaced by a-€H---O=C hydrogen bond. This
dimer can be regarded as the dimer unit of the chain struc-
ture in the crystal shown in Figure 1. Dimer 3 contains one
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TABLE 1: Incremental Hydrogen-Bonding Energies of TABLE 2: Calculated Geometrical Parameters of Acetic
Acetic Acid Aggregates Acid Monomer and Dimer Species at the HF/6-3%++G**
hydrogen-bonding energy /kcal mél Level
method aggregate without corr. after ZPVE parameter monomer dimer 1 dimér 2 dimer & dimer 4

HF/6-31G** dimer 1 —15.50 —13.96 r(C=0) 1.189 1203 1.195 1.197 1.196 1.187 1.192
dimer 2 —8.79 —7.69 r(C-0) 1.331 1.308 1.318 1.324 1.323 1.333 1.331
dimer 3 —7.36 —6.37 r(O—H) 0.949 0.962 0.958 0.949 0.952 0.956 0.948
dimer 4 —3.36 —2.73 r(C-C) 1.501 1.500 1.503 1.498 1.500 1.502 1.499
trimer —9.02 —8.04 r(C—H)d 1.079 1.079 1.080 1.079 1.079 1.079 1.079
tetramer —9.20 —8.22 r(C—H)e 1.084 1.084 1.084 1.084 1.084 1.084 1.084
pentamer —9.24 —8.26 r(O---0)f 2.793 2.860 2.818

HF/6-31++G** dimer 1 —13.86 —12.31 r(O---0)¢ 2.999
dimer 2 —7.82 —6.75 r(C---O)" 3.500 3.634
dimer 3 —6.24 —5.27 a(O—-C=0) 122.16 123.28 123.23 121.20 122.70 122.39 121.69
dimer 4 —-2.71 —2.14 a(C—C=0) 125.68 123.66 124.44 125.86 124.80 125.44 125.89
trimer —8.10 —7.09 a(C—0O—H) 108.93 111.28 111.08 109.23 110.30 111.34 108.86

tetramer —8.27 ~r.28 2|n units of angstrom (bond length) and degree (bond ang@jyst

. . entry is the acetic acid molecule whose OH is the H-bond dotieirst
O—H:---0=C hydrogen bond and one additional intermolecular entry is the acetic acid molecule whose=0 is the H-bond acceptor.

hydrogen bond between the acidic hydrogen and the oxygendH is in the plane of the heavy atonfs is out of the plane of the
atom of the OH group. This structure is suggested to be formed heavy atoms! Intermolecular @O distance for the &H:::O=C
in aqueous solutions on the basis of several experimentalhydrogen bond? Intermolecular ©-O distance for the ©H:-0—C
facts?®-31 Dimer 4 is a cyclic complex with two EH-+0=C hydrogen bond" Intermolecular G-O distance for the €H:--O=C

hyd bond
hydrogen bonds and h&s, symmetry. Various kinds of cluster > 0 0
species of acetic acid molecules can be formed in combinationOlistance for the ©H--O—C hydrogen bond decreases with

with these four dimer species. Trimer, tetramer, and pentamer,mcr(_:‘asmg extent of aggregation, whereas the @ distance
all of which structures are calculated as the chain fragments offor the C—H---O=C hydrogen bond increases. In other words

the hydrogen-bonded networks of the crystal (Figure 1). the O—H-+-O=C interaction becomes stronger and the ¢

Table 1 shows the incremental hydrogen-bonding energies..0=C interaction becomes weaker as the chain length is
of the optimized geometries of the cluster species. Correctedextended. The increase in the cooperative interactions shown
energies for zero-point vibrational energies (ZPVE) are also jn Table 1 is therefore the sum of two divergent compon&hts.
shown in Table 1. Dimer 1 is the most stable among the four For all the hydrogen bonds, HF/6-8%G** predicts a longer
dimer species, as expected. As for the chain fragments of thejntermolecular distance than HF/6-31G**. This result is in
crystalline networks, the hydrogen-bonding energy increasesaccord with the fact that the hydrogen-bonding energy at the

with increasing aggregate size. Turi and Dannenberg have showrHF/6-31++G** level is lower than that at the HF/6-31G** level
that this stabilization is due to the increase in the cooperative for all the aggregates shown in Table 1.

interactions between acetic acid molecules with increasing 55 opserved Low-Frequency Raman Spectrafigure 3A

i 1,33 i _ i T . . .
aggregatior?’-*> They also _es_tmated _the hydrogen bond!ng shows the low-frequency spectra of scattered light inteniig) (
energy expected for the 'T:'n'te chain by an asymptotical ¢, etic acid taken at different temperatures around the melting
approach. At the HF/6-31G** level, this value was estimated point (289.8 K). The spectra taken at both 287 and 288 K are

to be —9.85 kcal/mol without corrections, ané8.4 kcal/mol g6 g crystalline acetic acid, the spectrum at 289 K is due to
after correction for ZPVE!33 This difference indicates that, 1 ivture of solid and liquid acetic acid, and the spectrum at

even for the pentamer, the calculated hydrogen-bonding energy, g6 « is due to liquid acetic acid. Although the range of the
is smaller than that for the infinite chain. For all the aggregates, temperature difference is very smalkg K), the features
HF/6-31++G** predicts a lower hydrogen-bonding energy than observed in thel(7) spectra show marked changes with

HF/6-31G™*. increasing temperature. In the crystalline spectra taken at both
The optimized geometrical parameters of the monomer and 287 and 288 K, there are six distinct bands: three strong Raman
the dimer species at the HF/6-81G** level are collected in peaks at 50, 124, and 181 cintwo weak peaks at 78 and 90
Table 2. Dimer 1 has the shortestO bond Iength, the |0ngest Cm*l, and a shoulder at 41 crh The features of these two
C=0 and G-H bond lengths, and the shortest-@ distance  spectra are almost the same, although the intensity at the low-
for the O—H---O=C hydrogen bond. This result indicates that frequency tail &80 Crn—l) of the Ray|e|gh scattering Signa] is
the O-H---O=C hydrogen-bonding interaction of dimer 1 is slightly larger in the spectrum at 288 K. The intensity of the
the strongest, as far as the dimer species are concerned. DimeRayleigh wing component of the mixture of solid and liquid
2 has a shorter €O distance for the €H---O=C hydrogen  acetic acid at 289 K increases in comparison with the crystalline
bond than dimer 4. This result means that theHG--O=C spectra, whereas the peak intensities of the three strong Raman
interaction of dimer 2 is stronger than that of dimer 4. ThetC ~ pands decrease eminently. In the liquid spectrum at 296 K, the
bond lengths of all the dimer species remain almost constantRayleigh wing component dramatically increases to make it
even in the presence of hydrogen-bonding interactions. difficult to distinguish the Raman bands from the Rayleigh
Table 3 shows the optimized structures of the chain fragments background. Such a large enhancement of the intensity at the
characteristic of hydrogen-bonding interactions. To simplify the tail of Rayleigh scattering on melting has been observed in other
analyses of the optimized parameters of the chain clusters, themolecular crystal§? This phenomenon has been considered to
averaged values for the constituent acetic acid molecules arearise from the increase in the density fluctuation with increasing
shown in this table. The trends of the geometrical change with temperaturé® The problems caused by the very strong Rayleigh
increasing cluster size have been also found by Turi and line can be partly overcome using the so-calRéd) representa-
Dannenberd® The most interesting to note is that the-@ tion as follows?0.21,34.36:39
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TABLE 3: Averaged Geometrical Parameter$ Characteristic of Hydrogen-Bonding Interactions in Chain Clusters of

Acetic Acid
method aggregate r(C=0) r(C—0) r(O—H) r(O---0)P r(C---0)°

HF/6-31G** dimer 2 1.195 1.320 0.953 2.855 3.461
trimer 1.197 1.316 0.955 2.825 3.517
tetramer 1.199 1.314 0.957 2.812 3.535
pentamer 1.199 1.312 0.958 2.805 3.547

HF/6-31++G** dimer 2 1.196 1.321 0.954 2.860 3.500
trimer 1.199 1.317 0.956 2.829 3.557
tetramer 1.200 1.315 0.957 2.816 3.577

2|n units of angstrom (bond length) and degree (bond anglejermolecular @-O distance for the ©H---O=C hydrogen bonc Intermolecular

C---O distance for the €H---O=C hydrogen bond.

Iv)

R(V)

""""I""1"“I""I""
0 50 100 150 200 250 300

Raman shift /em™

Figure 3. Raman spectra of acetic acid in the-430 cnt? region in

I(7) (A) and R(¥) (B) representations at different temperatures: solid
trace, 287 K; dotted trace, 288 K; thick-dotted trace, 289 K; thick-
solid trace, 296 K.

The measured scattered light intensi@y) under the thermal
equilibrium is given by the following formul&

1) O (v, — 77 'B®) () @

i)

Bp) =1- exp(— = @)

where, is the excitation wavenumbe?;is the wavenumber
of the scattered lighk, h, andc denote the Boltzmann and the
Planck constants, and the velocity of light, respectivalys

the vibrational temperature of the samp&7) is the sum of
the square of the polarizability derivatives with respect to the
normal coordinate; anB is the Boltzmann factor. As shown in
egs 1 and 2, the measured intendify) is dependent on the
temperature and the scattered wavenumber. This dependen

R(V)

ol 3 - - . —
0 100 200 300 400
Raman shift /cm™
Figure 4. Curve fitting analysis using Gaussian components_@)
spectrum of liquid acetic acid in the #4800 cnt! region: dotted trace,
observed; solid curve, fitted spectrum with six Gaussian components

(thick-dotted curves) and a flat background (broken line). The numbers
in the figure indicate peak positions of the Gaussian components.

R(v) is defined as follows:
R = 1(m)(#, — 7) 7B 3

It is noted in egs 1 and 3 that th&v) representation provides
the corrected Raman intensity that is directly proportional to
the intrinsic Raman scattering activi§v).36 This representation
has the practical advantage of essentially removing the intensity
of the exciting laser line and extracting from the measured
Raman spectrum a quantity that is related to the vibrational
density of stated?21.34.363% Temperature dependence of k@)
spectra of acetic acid is shown in Figure 3B. Liquid acetic acid
at 296 K exhibits two peaks and one shoulder in B&@)
spectrum, although they are hardly identified in 1@ spectrum

in Figure 3A.

The twoR(¥) spectra of crystalline acetic acid in Figure 3B
are essentially the same. On the other hand, the peak intensities
observed in the spectrum of the mixture of solid and liquid acetic
acid are much smaller than those in the crystalline spectra. In
the liquid spectrum, all the bands broaden and the intensity in
the low wavenumber region around 50 chincreases, although
the positional changes of the two prominent bands at 50 and
124 cm! are very small on the melting of the crystal. X-ray
and neutron scattering measurements have suggested that the
hydrogen-bonded atomic distances are preserved during melt-
ing.’® The constancy of the peak position in Figure 3B appears
to be in agreement with the X-ray and neutron scattering
observations. The band at 181 chseems to shift slightly to a

Ccwer wavenumber on the melting. Figure 4 shows the curve

highly affects the low-frequency Raman spectra of noncrystalline fitting analysis for theR(v) spectrum of liquid acetic acid at
states, such as the enhancement of the Rayleigh wing compo296 K. The fit to the liquid spectrum shown in Figure 4 is based
nent. To remove these undesirable effects, the reduced functionon a model composed of six Gaussian line shapes and a flat
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Figure 5. TheR(¥) spectra of liquid acetic acid in the 800 cnt? Raman shift /cm

region at the temperatures of 296, 303, 313, 323, 333, 343, and 348 K.Figure 6. The R(#) spectra in the 8300 cni? region calculated for
The intensity of each spectrum is normalized by reference to the peak (A) dimer 1, (B) dimer 2, (C) dimer 3, and (D) dimer 4 at the HF/6-
intensity of the band at 50 cmh 31G** level.

background. Inclusion of two Gaussian components at 75 and The reported low-frequency Raman spectra of the cyclic
92 cmtis needed to satisfactorily reproduce the liquid spectrum dimer in the gas phase at 2C showed two broad bands at
in the 506-200 cnr?* region?! It should be noted in Figure 4 106 and 155 cm, the former of which was larger in intensity
that the fitting analysis shows the presence of the hidden than the lattef94! On the other hand, the ab inito MO
component with a peak at185 cmi'?, the integrated intensity  calculations for dimer 1 provide four Raman active vibrations
of which is comparable to that of the discernible component at in the 0-400 cnt? region. As shown in Figure 6A, the two
165 cm’. This result suggests that the positional change of bands at 84.1 and 118.5 cfnare comparably strong and the
the 181 cmi* band is also small on the melting. It may therefore other two bands at 153.7 and 159.5¢rare weak. This result
be said that the band positions observed in the crystalline may suggest that the broad band at 106 twbserved in the
spectrum remain almost unchanged on the melting of the crystal.vapor state is composed of the two bands, which are assigned
Figure 5 shows the temperature dependence ofRfi¢ to the CH; torsion and the out-of-plain ring bent modes, and
spectra of liquid acetic acid in the £800 cnt? region. The the 155 cm! band is also divided in the two bands, which are
intensity of each spectrum is normalized to the peak intensity the hydrogen-bond stretching and the in-plane ring deformation
of the band at 50 cni. The intensities of the bands at 120 and modes. With the help of the normal coordinate calculations with
170 cnt! relative to the band at 50 crhincrease and show  empirical force constants; 26 Nielsen and Lund assigned the
small shifts to lower wavenumbers as the temperature grows.three peaks at 55, 115, and 165¢nn the liquid spectrum to
The widths of bands become broader with increasing the the three fundamental modes of the cyclic dimer, in-plane ring
temperature, making it difficult to analyze the temperature deformation, out-of-plane bent, and hydrogen-bond stretching
dependence of the six Gaussian components individually. vibrations, respectivel§ The ab initio MO calculation for dimer

3.C. Comparison between Calculated and Observed Low- l, hOWeVer, prediCtS that the wavenumber of the in-plane ring
Frequency Raman Spectra.The R(¥) spectra in the 8300 deformation mode is the highest among the intermolecular
cm~ region calculated for the dimer species using HF/6-31G** modes.
are shown in Figure 6. Table 4 summarizes calculated vibrational ~For all the dimer species in Table 4, the out-of-plane motion
wavenumbers and the assignment of these species in-tB@d0 of oxygen atoms produces the strongest Raman intensities
cm1region. The band positions observed in crystalline, liquid, among the intermolecular modes. Dimer 1 has the highest
and gaseous acetic atid! are collected in Table 5. We also  wavenumber of the strongest Raman active mode among the
calculated theR(v) spectra for the cluster species with the calculated dimer species, whereas dimer 4 has the lowest one.
exception of the pentamer at the HF/643LG** level, and This result is in accord with the fact that the—®---O=C
found that the inclusions of diffuse functions do not seriously hydrogen-bonding interaction of dimer 1 is the strongest and
affect their peak positions and intensity patterns. In the Gaussianthe C-H---O=C interaction of dimer 4 is the weakest among
program, the Raman activityA(), in units of A* amu?) is other intermolecular bonds in Table 2. The freesQdbfsions
defined as proportional to the sum of the square of the of dimers 2 and 3 are calculated to be lower in wavenumber
polarizability derivatives. Thus we obtaind¥(v) spectra by than the hydrogen-bonded Gkbrsions of dimers 2 and 4, but
plotting A(v) against the calculated wavenumber. Torii and higher than the CHtorsions of dimer 1. This result may arise
Tasumi have shown that the features observed iR{hespectra from the situation that the €H---O=C hydrogen bonds hinder
of hydrogen-bonded amides are well reproduced at the HF the CHtorsional motions and the strong-®i---O=C hydrogen
level 3738 The calculated low wavenumbers are not multiplied bond of dimer 1 weakens an internal hydrogen bond between
by a scale factor because a reliable value of a scale factor forthe methyl hydrogen in the carboxylic plane and the carbonyl
intermolecular vibrations has not been established. oxygen.
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TABLE 4: Calculated Low Wavenumbers (cm™2) of Acetic Acid Dimer Species at the HF/6-31G** Level

dimer 1 dimer 2 dimer 4 assignmient
50.2 (0.009 38.1 (0.00) 13.1(0.02) 19.4 (0.00) 0.0.p. ring bent
73.2 (0.00) 25.8 (0.17) 52.7 (0.11) 30.8 (0.00) 0.0.p. ring def.
84.1(0.24) 102.5 (0.05) 101.8 (0.09) (free) gxoIr.
92.1 (0.00) 110.1 (0.02) (free) Ghobr.
128.5 (0.10) 129.0 (0.12) (H-bonded) etdr.
140.6 (0.00) (H-bonded) GHor.
118.5 (0.24) 89.3 (0.54) 79.2 (0.51) 38.2 (1.06) 0.0.p. ring bent
89.7 (0.05) 67.6 (0.00) €H-:-O stretch
75.7 (0.04) C-H---O stretch
153.7 (0.04) 133.8(0.01) 107.6 (0.03) —@®---O stretch
153.8 (0.00) O—H---0O stretch
159.5 (0.08) 110.9 (0.05) 52.6 (0.09) 57.8(0.11) i.p. ring def.
170.5(0.12) i.p. ring def.

a0.0.p. and i.p. are the abbreviations of out-of-plane and in-plane, respectiiélg. unit of Raman activity in the parentheses fsalnu .

TABLE 5: Low-Frequency Raman Bands Observed inR(v)

Spectra of Gas, Liquid, and Crystalline Acetic Acid

TABLE 6: Calculated Raman Active Low Wavenumbers
(cm™1) of Acetic Acid Trimer, Tetramer, and Pentamer at

(in cm™Y) the HF/6-31G** Level?
gas liquid solid assignment trimer tetramer pentamer
106 (s 50 (s) 41 (w) out-of-plane 15.3 (0.5%) 15.1 (0.27) 4.3(0.17)
155 (w) 120 (s) 50 (s) 19.0 (0.36) 19.2 (0.52) 15.1 (0.39)
170 (w) 78 (W) 36.6 (0.13) 37.4(0.16) 19.3(0.41)
90 (W) 88.6 (0.46) 88.3(0.10) 38.3(0.23)
124 (s) 91.0 (0.55) 89.0 (0.47) 88.9 (0.23)
181 (s) 92.9 (0.88) 90.2 (0.60)
94.3 (1.04
*Reference 3%s = strong; w= weak. in-plane 161.8(0.10)  166.5(0.27) 97(.1 (o.)12)
161.5 (0.11)
A 168.1 (0.37)
CHa torsion 119.6 (0.11) 121.6 (0.14) 120.5 (0.22)
'73 0.30 aVibrational modes Raman intensities of which are higher than 0.10
£ are shown in this table. The unit of Raman activity in the parentheses
& 0- is A* amu.
ol B
N spectrum of the pentamer is shown to be in reasonable
£ 0.50 agreement with that in the spectrum of crystalline acetic acid,
ke except for the positions of the weak bands calculated in the
g 04 100-140 cn1! region. Although these weak bands are calcu-
© C lated to be higher in wavenumber than the strongest Raman
50.58— active modes for the chain clusters, small bands at 78 and 90
o cm™! are observed on the lower wavenumber side of the
strongest Raman band in the crystalline spectrum.
0 As shown in Table 6, the strong Raman bands-@0 cnt?!
D and the bands in the region of 280 cnt? of the chain clusters
= arise from the out-of-plain rotational motions of component
E molecules. The bands at165 cnt? is attributable to the in-
plain ring deformation and stretching vibrations. Although
T L T T further higher wavenumber shifts are expected, these assign-
0 100 200 300

in (D) for comparison.

Figure 7 shows th&(¥) spectra in the €300 cnt?! region

Raman shift /em™

Figure 7. The R(») spectra in the €300 cn1? region calculated for
(A) trimer, (B) tetramer, and (C) pentamer at the HF/6-31G** level.
The observedR(v) spectrum of crystalline acetic acid at 287 K is shown

ments can be applied to the crystalline spectrum straightfor-
wardly. The three peaks in the crystalline spectrum at 41, 50,
and 124 cm! are ascribed to the out-of-plane motions and the
peak at 181 cmt is to the in-plain ring motion. The calculated
bands at~90 and 165 cm! shift to higher wavenumbers as
the aggregate size grows. Increase in the hydrogen-bonding
interaction with increasing aggregation makes the force constants

calculated for the chain clusters at the HF/6-31G** level. The larger, resulting in higher wavenumber shifts. This behavior is
observed spectrum of the crystalline acetic acid at 287 K is also consistent with the fact that the hydrogen-bonding energies for
shown at the bottom. The calculated wavenumbers of the Ramarthe chain clusters are smaller than that for the infinite chain, as

active vibrations of the chain clusters in the 800 cnt? region

suggested inSubsection 3.AStacking of the infinite two-

are collected in Table 6. Ab initio calculation provides dimensional chains along the out-of-plane axis through weak

intermolecular vibrational wavenumbers 2020% lower than

C—H---O hydrogen bonds may also cause a significant effect

the observed wavenumbers. All the calculated spectra in Figureon the peak positions of the observed crystalline spectrum. These
7 are decomposed into roughly four groups: strong or medium interactions may increase the hydrogen-bonding energy and lead

intensity bands in the 2640 cnm ! region, strong bands at90
cm1, weak bands in the 166140 cnt! region, and medium
intensity bands at:165 cntl. The intensity pattern in the

to the shifts of the peak positions to higher wavenumpers.
In Figure 7, the peak positions and the relative intensities in
the spectra of the chain clusters show only slight changes with
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increasing aggregation, except that the intensity of the strong
band at~90 cnt! relative to that of the band at20 cnr?
apparently increases as the aggregate size grows. Although no
band is seen at165 cnT! in the spectrum of dimer 2 (Figure
6B), the intensity pattern calculated for dimer 2, which is the

dimer unit of the chain structure, is also similar to those for the A
other chain clusters. If a variety of sizes of the chain clusters | A J
are generated on the melting of the crystal, the weighted

summation of the components therefore makes the spectrum
quite broad with similar peak positions to those of the crystalline
spectrum. This behavior is in agreement with the experimental

observation that the melting of the crystal leads to the broaden- B
ing of theR(¥) spectrum, but does not affect the peak positions
so much. Depolarization ratios of the out-of plane vibrations in i JL;

L L B AR | L B

Table 6 are calculated to be 0.75 (depolarized) and those of the J T RPN
in-plane vibrations are calculated to €.75 (polarized). This 500 1000 1500 2000 2500_1 3000 3500
result is consistent with the polarized Raman observation that Raman shift /cm

the 50 and 124 cmt bands in the liquid are depolarized and Figure 8. The (%) spectra of (A) liquid and (B) solid acetic acid in
the 181 cm band is polarized® Because the spectral features the 306-3700 cnt® region. The intensity of each spectrum is
calculated for either dimer 1 or dimer 4 do not coincide with Normalized by reference to the peak intensity of thetCstretching
the observed spectrum, it is hard to consider that the liquid band at~2950 cn™.

spectrum mainly arises from either of these dimer species. If

dimer 1 is dominant in the liquid as in the gas phase, the bands

at 106 and 155 cmi observed in the gas phase should
correspond to the 120 and 170 thbands in the liquid,
respectively (Table 5). This assumption is inconceivable be-
cause, on going from the gaseous state to the liquid state, itis =
unlikely that the G-H---O=C interaction of dimer 1 becomes vl
stronger and the intermolecular vibrational bands shift to higher
wavenumbers. The spectral shape for dimer 3 is not much
different from those for the chain clusters, which seems to
indicate that dimer 3 also contributes to tR@’) spectrum of

liquid acetic acid. The side-on dimer structures, such as dimer T T e
3, ha_ve also be(_en gugges_ted as preqomlngnt species in agueous  14qy 1650 1700 1750 1800
solutions?8-3 If liquid acetic acid consists primarily of the side- , -1
on dimer structures, the spectral shape of liquid acetic acid Raman shift /cm

should be unchanged with the presence of water. However, theFigure 9. TheR(v) spectra of acetic acid in the=€D stretching region

_ . : . . (1600-1840 cnTY). The solid and dotted traces are recorded in the
R() spectra of acetic acieater binary solutions cannot be liquid and solid states, respectively. The intensity of each spectrum is

reproduced by linear combinations of the pure water spectrum pormajized by reference to the peak intensity of the strorgOC

Iv)

and the spectrum of liquid acetic adte! Actually, the R(v) stretching band at-1665 cnt.
spectrum of the acetic acidvater (1:1) mixture is well ) )
reproduced by the spectrum of dime#'31 This result indicates 3.D. Raman Spectra in Intramolecular Mode Region.

that the side-on dimer structure is not dominant in the liquid Figure 8 shows the Raman spectra of crystalline and liquid acetic
state. As a consequence, comparison of the calculated andiCid in the intramolecular vibrational region (368700 cn?).
observed low frequency Raman spectra suggests that the quuidThe feaFures of the crystalline spectrum are similar to those of
spectrum in the low wavenumber region is mainly due to the th€ liquid spectrum. The two prominent peaks~#00 and

- H ) - .
chain clusters as the fragments of the crystalline networks. The;29d50 cm= are ?S(flf'r?ed tg.the. apdbC : stretchlnlg
present results do not directly support the dominance of the . ands, respgctlve y. The medium '“ter.‘s“y ang-a665 cnt
cyclic dimers in the liquid, contrary to the previous low is safely attributable to the=€0 stretching band because there

wavenumber studie-202223Because the intensity pattern is is no other Raman active vibrations due to acetic acid in the
; 1o .

almost unchanged with increasing temperature up to 348 K tlheeo,?\,;g zogciginri?éoébzl?ri;ﬁh?nShrZWi);hTt ?sn::?erz%(:lmgggr?f

(Figure 5), a marked structural change in the liquid does not P g region. y

occur within the range of the temperature examined in this study. Lhai[a er]ligglgl?g;rtcl);nt Ot Zeh?g]zt? \Ill\lg\? etr?ulr!r?g g: (sltgtBe;émi«i

The liquid spectrum shown in Figure 4 seems to be crystalline spectrum and 1666 cin the liquid spectrum) and
reproduced by taking account of the components in the phecomes broadened on the higher wavenumber side exhibiting
crystalline spectrum plus one additional Gaussian componentan obviously asymmetric shape. Such a high wavenumber
at 165 cm™. It is also seen that the Gaussian component at component was found not to arise mainly from the Raman
185 cntt is much broader than the others. The observed liquid noncoincidence effe#t from polarized Raman studies. The
spectrum, however, cannot be reproduced properly without small band at~1755 cnt! is seen in both the spectfa.
adding two or more such Gaussian components in the regionTemperature dependence of tR&) spectra of liquid acetic
150-300 cnt. The broadness of the observed spectrum cannot acid in the G=0O stretching region is shown in Figure 10. In
completely exclude the contribution of other structural isomers the Raman intensity analyses at different temperatures, the best
as minor components. method to evaluate the relative Raman intensities is the use of
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that for the monomer. As for the chain clusters (dimer 2, trimer,
tetramer, and pentamer), the calculated@stretching Raman
active vibrations are classified into three groups: strongly
hydrogen-bonded-€0 groups in the 19461960 cnt! region,
weakly hydrogen-bonded=80 groups in the 19752000 cnt?,

and free G=0 groups at-2012 cnt™. These three groups show
strong, strong or medium, and weak Raman intensities, respec-
tively. This result appears to be in agreement with the liquid
spectra in Figure 10; namely, the prominent band observed at
1666 cnr! arises from the strongly hydrogen-bondee=C
groups of the chain clusters, and the asymmetric shape around
... 1710 cnt?t and the small band at 1758 cfnarise from the
1600 1650 1700 1750 1800 weakly hydrogen-bonded and end=O groups of the chain

Raman shift /Cm—1 clusters, respectively.
) _ o S ) The C=0 band arising from the cyclic dimer is observed at
Figure 10. TheR(») spectra of liquid acetic acid in the=€D stretching

1j 40 Thi
region (16006-1840 cnt?) at different temperatures. The intensity of 3-h68t]il’:5 cm n the tgé%eobus 3taielgt6%¢' ﬂThlfhre?UIt _S(‘,juggestts
each spectrum is normalized by reference to the intensity of a band of atthe prominen anda ¢ in the liquid 1S no

benzene at 992 cr. Thick-solid trace, 296 K: dotted trace, 303 K;  due to dimer 1 because the—®i---O=C interaction is
thick-dotted trace, 313 K; detdashed trace, 323 K; dot-dot-dashed considered not to become stronger and tkeGCband not to

trace, 333 K; broken trace, 343 K; solid trace, 348 K. shift to a lower wavenumber on going from the gas to liquid
TABLE 7: Calculated Wavenumbers (cn %) of C—0 phases. As for dimers 2, 3, and 4, theG modes are calculated

: = L ]
Stretching Modes of Acetic Acid Monomer and Cluster to be 56—1.00 cnT* higher in wavenumber th_an the §trqngest
Species at the HF/6-31G* Level Raman active €0 mode of the pentamer. This result indicates
that the strong €0 band in the liquid arises from none of

R(V)

aggregate (free) €O str. (H-bond) €O str these dimer species, because the prominer©®and in the
monomer 2038.8 (5.35) liquid spectrum is observed to be similar in peak position to
dimer 1 11:855'26((05'(?(%) that in the crystalline spectrum. If the=€© bands arising from
dimer 2 2014.4 (1.46) 1989.5 (8.29) dimers 1, 3, and 4 mainly contribute to the intensity of the
dimer 3 2045.2 (4.48) 2002.3 (6.13) asymmetric band, the structural change from the chain fragments
dimer 4 2016.4 (11.03) to other cluster species should be considered in the liquid
_ 2027.5 (0.00) because the integrated intensity of the asymmetric band is larger
trimer 2013.2 (4.45) 1;3?‘202(?85) than that of the prominent band at 348 K. However, as
tetramer 2011.9 (2.61) 19['15.(7 '(9.1)4) mentioned inSubsection 3.Ctemperature dependence of the
1970.1 (0.44) low-frequency Raman spectra suggests that the marked structural
1998.9 (5.58) change in the liquid does not occur up to 348 K. Thus, their
pentamer 2011.8 (3.57) 1940.9 (11.83) contributions to the asymmetric band can be thought to be small.
1956.5 (0.07) In other words, the high-temperature components must have

1977.5 (2.60)
1999.6 (4.10)

aWavenumbers are not multiplied by a scaling factdFhe unit of
Raman activity in the parentheses ié &nu .

intermolecular configuration similar to the low-temperature one.

From the results already mentioned, we assign the streng C
O band at 1666 cri in the liquid spectrum to the strongly
hydrogen-bonded €0 groups of the chain clusters and the
asymmetric shape around 1710 ¢nto the weakly hydrogen-
bonded G=0O groups of the same cluster species. The relative
intensity change in Figure 10 is therefore considered to reflect
the decrease in the number of the long-chain clusters and the
increase in the small-chain clusters with increasing temperature.
The weak band at 1758 cthmay be attributed to the end=€

an internal intensity reference. By adding a small amount of

benzene to liquid acetic acid (benzene mole fractior 0.06),

we get a very strong Raman band of benzene at 992 a®

an internal intensity reference in Figure 10. A small amount of

benzene had no effect on the Raman spectra of liquid acetic

.ac;'d "?tth'sf ttehmperatu_re rz:nk?e 829?41% gg.glgure 10, the q O groups of the chain clusters. This band is also observed around
Intensity ot the prominent band a ecreases an 1758 cntlin the spectrum of acetic aciccarbon tetrachloride

that of the a;ymmetric component increases as the temperature ;. ire with acetic acid mole fraction of 0% A similar weak
grows. The integrated intensity of the asymme.trlc COMPONeNt 14 has been observed in the Raman spectra of liquid acetone
becomes appar_ently I_arger than that of the prominerD®and and acetonecarbon tetrachloride mixture and ascribed to a
at 348 K T_he Intensity of the 1758 crhband also becomes . combination of two intramolecular modé&s.To provide a
larger with increasing temperature. Such spectra! changes WIthdefinitive conclusion on this point, however, measurements at
the temperatures should reflect the nature of the liquid structure | o temperatures are essential, '
of acetic acid. '
Vibrational wavenumbers and Raman intensities of the C 4. Conclusions
O stretching modes calculated for the monomer and the cluster
species at the HF/6-31G** level are listed in Table 7. The  The local structure of liquid acetic acid was studied on the
wavenumbers listed are not multiplied by a scale factor. Ng et basis of the temperature dependence of the Raman spectra and
al. suggested that the 1758 thband is due to the end=€0 ab initio MO calculations on some cluster species. The melting
groups of a linear dimer and linear polymers, and the asymmetric of the crystal leads to a broadening of the low-frequency Raman
shape around 1710 crhin the liquid is mainly due to the  spectrum, whereas it does not affect their peak positions. This
monomer specie®¥:*4 However, the free (end) €0 groups constancy of the spectral positions is in accord with the similar
calculated for the chain clusters have wavenumbers lower thanobservation in X-ray and neutron scattering measurements.
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These spectral changes are well understood in the case that the (19) Waldstein, P.; Blatz, L. AJ. Phys. Cheml967, 71, 2271.

AL i i ; i i (20) Faurskov Nielsen, O.; Lund, P.-8. Chem. Physl983 78, 652.

liquid spectrum mainly arises from a variety of sizes of chain (21) Kosugi, K.. Nakabayashi, T.. Nishi. Nchem. Phys. Lett1998

clusters produced on the melting of the crystal. With increasing 591 53,

temperature, the €0 stretching band becomes broadened  (22) Stanevich, A. EOpt. Spectroscl964 16, 243.

toward higher wavenumbers and exhibits an asymmetric shape. g%)lggkobsen, R.J.; Mikawa, Y.; Brasch, J. 8ppectrochim. Acta967,

The wavenumbers calc;ulated for the=_O stretchlng modes 24) Mi'yazawa, T.. Pitzer, K. SJ. Am. Chem. Sod959 81 74.

suggest that the prominent=® band is attrlbutable to the (25) Kishida, S.; Nakamoto, KI. Chem. Phys1964 41, 1558.

strongly hydrogen-bonded=€0 groups of the chain clusters (26) Fukushima, K.; Zwolinski, B. 1. Chem. Phys1969 50, 737.

and the asymmetric shape to the weakly hydrogen-bonded C r(127) FFECE MF& Jti;b T'\TAUCXS& W, SChlngeéé Hk Bt-r:] (;'"'PP-tM- W.; G

: -Jonnson, B. G.; RODD, M. A} eeseman, J. R.; Keltn, [.; Petersson, G.

O groups of the same cluster species. T_he speptral analyses i - Montgomery, J. A.. Raghavachari, K.: Al-Laham, M. A.. Zakrzewski,

the low wavenumber and the=€D stretching regions suggest v. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

that the chain clusters as the fragments of the crystalline Nanayakkara, A.;dChallacombe, IM-:lPengs,C-GY-;Ayala, P.Y.; Chen, W,;
i P ; i4 Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

networks are the predom_lnant structures of Ilq_wd acetic acid. Fox, D. J: Binkley, J. S.: Defrees, D. .. Baker, J.: Stewart, J. J. P.: Head-

The spectral changes with the temperature increase do NOlgordon, M. Gonzalez, C.; Pople, J. /&Baussian 94 Gaussian, Inc.:

directly support the dominance of the cyclic dimer structure in Pittsburgh, PA, 1995.

the liquid.
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