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Low-temperature infrared absorption spectra are obtained for ethanol isolated in an argon matrix at
temperatures of 20—45 K range for ratios of the numbers of the molecules being studied to the num-
bers of matrix atoms of 1:1000 and 1:2000. A preliminary interpretation of the spectra is obtained on
the basis of the temperature variations in the spectra and published data. The structure of the ethanol
conformers, rotational constants, and internal rotation barriers of the methyl and hydroxyl groups are
calculated in the B3LYP/cc-pVQZ approximation. The harmonic and anharmonic IR spectra of the
gauche- and trans-conformers are calculated in the same approximation. The force fields of the two
conformers and the distributions of the potential energy of the normal vibrations are calculated and
compared for a general set of dependent coordinates. Anharmonicity effects are taken into account by
introducing spectroscopic masses for the hydrogen atoms when calculating the normal vibrations in

the harmonic approximation. © 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801995]

1. Introduction

Alcohol molecules are of interest to researchers because
of their ability to form various cluster structures through the
formation of intermolecular hydrogen bonds. Studies of these
structures can, in principle, make it possible to follow the tran-
sition from single molecules in a gaseous medium to liquid
media, as well as the change in the spectral characteristics
along this path."? The largest number of these studies con-
cerns the methanol molecule, as it is the simplest representa-
tive of the alcohols.® In this molecule, as in all the alcohols,
the hydroxyl group can undergo an internal rotation relative to
the C-O bond.*® The ethanol molecule has additional possi-
bilities beyond those of methanol. The CH3;CH,OH molecule
has two tops: symmetric methyl and asymmetric hydroxyl. In
addition, ethanol can exist in two conformations: trans-, where
the molecule has a Cg symmetry, and gauche, where there are
no elements of symmetry. These properties have led to great
interest in studying its properties; this interest became greater
once it was established’'” that the ethanol molecule exists in
dense, hot interstellar molecular gas clouds.

Progress in understanding the structure and a number of
physical properties of the ethanol molecule has depended to a
great extent on work in the detection and interpretation of
microwave spectra. The microwave spectra of CH;CH,OH
were first recorded in Refs. 11-13 and the values of its rota-
tional constants estimated in Refs. 12 and 13. The results of
these papers were only partially confirmed later.'"* However,
it shown for the first time in a study of the microwave
spectrum of CH3;CHDOH (Ref. 15) that the trans-conformer
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of ethanol has a symmetry plane and, therefore, belongs to the
C point group. The equation Seri =1,+ 1, — I, holds for
it. The rotational constants and components of the dipole
moment were calculated for the trans-conformer and two non-
equivalent gauche-conformers of the CH;CHDOH molecule.
The structural parameters of the ethanol trans-conformer
were calculated using some of the structural parameters
of the methanol molecule:'® /¢y (CHs)=1.0936 +0.0032A,
lon =0.9451 = 0.0024 A, Icy(CH;y) = 1.0936 =0.0050A, Icc
=1.5297 +0.0020A, Ico = 1.4247 = 0.0025A, Sycy(CH3) =
108°38 =42 Iycy (CH, ) = 1.09°5" £33/ 5ccn(CHy) = 110°18
+42'0con = 108°32' +29, (3cco<CH2) =107°20'£14'. The
values of the angle dcco were found to differ substantially
from the tetrahedral value, in accord with the data of Ref. 16.
Microwave spectra of a number of other isotopic
analogs of ethanol (CD;CH,0OH, CH;CD,0H, CD;CD,0H,
CD;CD,0D, CH;CH,0'®H, CH;C'*H,0H)  have  been
recorded and interpreted.'”%° In the meantime, the situation
with microwave spectra of the gauche-conformer of normal
ethanol remains unclear,'” because b-type transitions were
not found in the recorded spectra, while the Q-branch with
c-type transitions lay far beyond the range of the spectral
range that was studied. The authors of Ref. 15 emphasize the
untenability of Ref. 21, where it was stated that based on a
review of the data in Ref. 22, the stable trans- and gauche-
conformers have been detected. Evidently, the first reliable
experimental data on the microwave spectra of the gauche-
conformer of ethanol have been obtained by Kakar and
Seibt.?® For the rotational constants of the ground state they
found A* = 34272.84 MHz, B* =9188.03 MHz, and
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C* =8099.86 MHz, and for those of the first excited tor-
sional state, A~ = 35112.23 MHz, B~ = 9196.98 MHz, and
C = 8103.78 MHz. The interaction of the internal rotations
and the rotations of the ethanol molecule as a whole was
found to be large. Approximate methods were used to obtain
initial estimates of the internal rotation barrier (420.8 cm™")
and the difference in the energies of the symmetric and anti-
symmetric torsional state (3.2cm™ ") for the hydroxyl group
of the gauche-conformer. Richard Quade has made a signifi-
cant contribution to the interpretation of the microwave
spectra of ethanol. With one-dimensional models®* for the
interaction of the torsional motion and rotation of the mole-
cule as a whole,25 he has found that the internal rotation bar-
rier for the methyl group in the gauche-conformer
(1331cm™ ") is almost 15% greater than that for the trans-
conformer (1158cm ™). A potential function for the internal
rotation of the hydroxyl group of the form

1
V(o) = 3 Z Vu(1 — cos na),
n=1,3

has been found, where V; =57.0cm™",V, = 0.8cm™!, V3
=395.0cm~'. The improved values for the rotational
constants are: A = 34881.70MHz, B =9350.65MHz,
C=813520MHz for the trans-conformer and A"
=34015.81 MHz, B" =9188.64 MHz, C*"=8099.98 MHz,
A~ =34331.86MHz,B~ =9194.42 MHz, C=8100.85 MHz
for the gauche-conformer. The difference between the ener-
gies of the trans- and gauche-conformers was calculated
for the first time (41.2+ 5.Ocm*1), with the trans-conformer
being energetically preferable to the gauche-conformer. The
small energy gap between the conformers has made it possi-
ble to use microwave spectra of ethanol in gas clouds near
nascent stars to determine their temperatures.”~® In fact, the
intensity ratio of the lines associated with transitions from
trans- and gauche-conformers in these microwave spectra is
determined by the populations of the corresponding states,
which, in turn, depend on the temperature of the nearest star.
It was also noted that using a one dimensional model** for
analyzing the microwave spectra of ethanol does not yield
the customarily good agreement between the series of theo-
retically calculated and experimentally observed frequencies
of the lines and some spectral parameters of the ethanol mol-
ecule. It as shown that the interaction between the motion of
the two tops is substantial, as is the interaction between the
torsional motion of the hydroxyl group in the gauche-
conformer with the zero-point vibrations of the molecule.

A later analysis®?" of the microwave spectra of the
CDH,CH,OH molecule, which can exist in several nonequiva-
lent conformations associated with rotation of the partially
deuterated methyl group, made it possible to determine the in-
ertial coefficients D and E and the centrifugal tension coeffi-
cients A and Ak and also revealed additional problems with
the agreement between the theoretical and experimental results
for states with J > 3. An analysis of the microwave spectra of
ethanol in the spectral ranges where transitions between highly
excited states determine the rotational and torsional states of
the molecules® revealed that the current theoretical methods
for analyzing the torsional-rotational motion of molecules with
a large reserve of kinetic energy do not provide an adequate
representation of the experimental observations.>’ This can be
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explained’ by the absence of complete data on the potential
surfaces for the interaction of nonequivalent internal tops, diffi-
culties in the choice of an optimum coordinate system, and the
inadequacy of the analytic representation for the angular mo-
mentum operator describing the internal rotation for large
quantum numbers. As a result, studies of the microwave spec-
trum of ethanol are more or less empirical in character.?®>>
The authors recognize that the molecular parameters found by
minimizing the deviation between the theoretical predicted fit
and the experimental line frequencies may be far from the
actual characteristics of the molecules or even from widely
accepted theoretical estimates of these parameters. An analysis
of a large amount of new spectral data*® made it possible to
improve some of the values of the parameters. The lower level
of the gauche-conformer is split into symmetric (e;) and anti-
symmetric (o) states, of which the former is lower by (o01)
3.2752201 cm™'. The ground state of the trans-conformer (e),
on the other hand, is 39.4925075 cm ! lower than the symmet-
ric state of the gauche-conformer. The energy of the first
excited torsional state of the hydroxyl group in the ethanol
trans-conformer (0,) is 202.6cm ', and the corresponding
excited levels of the gauche-conformer, e, and o3, are sepa-
rated from ¢; and o; by 199.075 and 239.825 cm ™. No split-
ting owing to the torsional motion of the methyl group in low
torsional-rotational states has been observed experimentally.
Because of the symmetry of the methyl group, all its torsional
states (as in the case of the methanol molecule) collapse into
A- and E-types.

The cluster equilibrium of ethanol molecules in the gas-
eous and liquid phases is also of research interest.
Calculations using the quantum cluster equilibrium (QCE)
theory**** have shown that cyclical clusters, among which
the pentamer predominates, are predominant in the pure lig-
uid over a wide range of temperatures.> At the same time,
for temperatures that are not too low, QCE predicts that the
monomer is present. Later QCE calculations®® using density
functional theory and the wider basis B3LYP/6-311 G(p,d)
have not yielded the expected improved agreement between
a number of calculated and experimental parameters of liq-
uid ethanol. This suggests that QCE overestimates the frac-
tion of large clusters in the liquid phase, which leads to an
elevated density for the liquid. This also indicates that in
pure liquid ethanol, smaller cyclical clusters (trimers and tet-
ramers) should be present. The predominance of the latter
was predicted in Ref. 37. The characteristic time for break-
ing of the hydrogen bond (400-800 fs)*® is considerably
shorter than the characteristic time for the subsequent recom-
bination (10-20 ps), and this may be the reason for the lower
probability of formation of larger cyclical clusters, for which
the quantum-chemical calculations predict a larger binding
energy. A similar recombination time has been found for
the hydrogen bonds in CH;CH,OD. With laser excitation of
the O-D bond vibrations of the end acceptor molecules of
the oligomers, and a study of their dissociation and recombi-
nation kinetics, these authors provide convincing arguments
in favor of a step-by-step mechanism for breaking of the
hydrogen bonds. In it, over a characteristic time of 2-3 ps
the excitation energy of the vibrational state of the O-D bond
is redistributed over intramolecular degrees of freedom, and
transferred to solvent molecules; only afterward does it reach
and destroy the hydrogen bonds of the associates. A study of
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the deactivation kinetics of the vibrational energy of the C-O
bond in methanol and ethanol molecules has shown that this
process takes place in two steps.* In the first, the energy of
the C-O vibrations is transferred to high torsional states of
the hydroxyl group with a characteristic time that is the
same for both molecules (3.2 ps). Then the energy of the in-
termediate state is transferred to lower-frequency modes.
Here it turns out that the appearance of additional low-
energy degrees of freedom owing to the rotation of the
methyl group in the ethanol molecule greatly reduces the
characteristic time for this process (12 = 2 ps) compared to
that for methanol (28 = 1 ps). The conformational sensitivity
of photoelectron spectroscopy for the inner shells of the
ethanol molecule has been demonstrated by removing the
Is-electrons from the carbon atoms in the methylene and
methyl groups.41 It has been shown that, in the latter case, a
torsional rotation is excited in the gauche-conformer and this
leads to broadening of the low-frequency absorption band.
There have also been very extensive studies of the etha-
nol molecule by vibrational spectroscopy. The decreasing
separation of the Raman scattering lines owing to valence
vibrations of the hydroxyl group of the trans- (3645cm ")
and gauche-conformers (3635cm™") (until they merge com-
pletely at 430K) has been attributed*? to a higher rate of
inter-conformer transitions. IR studies of the mono- and
poly-crystalline phases of ethanol** show that the crystalline
cell includes two chains of four molecules and has C$;; sym-
metry. Durig er al.,** have studied the IR spectra of poly-
crystalline ethanol, focussing on the interpretation of
librational and translational modes. They have obtained IR
spectra of ethanol in the gaseous phase.*’ A qualitative inter-
pretation of the spectrum has been proposed and the differ-
ence in the energies of the trans- and gauche-conformers
(110-179cm™ ") has been estimated. A recent paper‘“’ deals
with determining the ry parameters for the geometry of the
trans- and gauche-conformers of ethanol, determining the
barriers of internal rotation, and the interpretation of the
vibrational spectra. IR spectra (300—4000cm ') in the gase-
ous phase and IR spectra of solutions of ethanol in liquid xe-
non have been obtained for temperature ranging from —50
to —100 °C. In addition extensive quantum chemical calcula-
tions have been carried out of the structure, force fields, and
harmonic spectra of ethanol in the MP2/6-31G(d) (57 basis
functions), MP2/acc-pVQZ (516 basis functions), and
B3LYP/6-31G(d)-B3LYP/acc-pVQZ. Using the values of
the rotational constants derived previously from the micro-
wave spectra, for the trans- and gauche-conformers these
authors have been able to calculate the r, parameters of the
molecular structure by fitting nonempirical calculations of
the parameters for optimal agreement between the experi-
mental and calculated rotational constants. An interpretation
of the vibrational spectra and of the potential energy distri-
bution has been proposed using the symmetries as internal
coordinates, although these are strictly applicable only for
the gauche-conformer. Unfortunately, the force fields are not
given in this paper and it is only pointed out that they are
close for the trans- and gauche-conformers. In addition, the
use of scaling factors can only distort the values of the force
constants which determine the frequencies of the harmonic
oscillations. A substantial amount of work on recording and
interpreting the IR spectra of alcohols in matrix isolation has
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been done by Perchard et al. They may have given the first
interpretation of the IR spectra of ethanol in 1968 (Ref. 47)
and, based on recording and processing of the spectra of nor-
mal ethanol and its 11 isotopic analogs, Barnes and
Hallam®® proceeded to interpret the spectrum of ethanol in
matrix isolation under the assumption that the trans-
conformers predominate in the sample. Barnes also noted*’
that the temperature dependence of the absorption bands of
the hydroxyl group of ethanol in a nitrogen matrix may be
caused by mutual gauche/trans conversion processes, but
other spectral ranges were not examined. Perchard obtained
IR spectra of ethanol in argon and nitrogen matrices.’® By
calculating the structure and IR spectra of the two conform-
ers in the B3LYP/6-311++G(2p, 2d) approximation and fol-
lowing the kinetics of the spectral transformations under
laser irradiation of the sample at frequencies corresponding
to the O-H and C-O bonds, he was able to come up with a
reliable experimental attribution of the absorption bands in
the vibrations of the gauche- and trans-conformers of etha-
nol. He also showed that an argon matrix stabilizes the trans-
conformer, while both conformers are present in a nitrogen
matrix and there are no inter-conformer transitions with laser
irradiation in the ranges indicated here. It should, however,
be noted that these calculations were done in the harmonic
approximation and that the theoretical description of the nor-
mal vibrations is approximate.

2. Experiment

Argon (Elme Messer, >99.995 purity) was used to pre-
pare the inert gas matrix. The liquid ethanol (>99.9 purity)
was initially purified further with removal of water molecules
by keeping the sample in molecular sieves (3A) for 48h.
Immediately prior to preparation of the mixture of gases for
deposition of the matrix, the alcohol was degassed by multiple
repetitions of a cycle of successive freezing, pumpdown, and
unfreezing of the sample in a standard vacuum system. The
samples for matrix isolation were fabricated by mixing etha-
nol vapor with argon under vacuum. The ratios of the num-
bers of alcohol molecules and argon atoms, 1:1000 and
1:2000, were determined using a standard manometer. The
gas mixture was sprayed onto a substrate (CslI) cooled to 20K
in a closed-cycle helium cryostat (Leybold-Heracus RW2).
The gas flow in the cryostat was controlled by a needle valve.
The rate of deposition was about 2 moles of gas mixture per
hour, which ensures formation of a partially crystallized argon
matrix. IR absorption spectra were recorded with a Bruker
IFS 113 FTIR spectrometer. Spectral data were acquired in
the range from 500 to 2000cm™' with a resolution of
0.5cm'. Each spectrum was recorded as the average of 128
scans in order to increase the signal-to-noise ratio. Spectra
were taken at different temperatures from 20 to 45K with a
step size ranging from 1 to 5 K.

3. Computational technique

The spectral-structural characteristics of the ethanol
monomers were calculated using the GAUSSIAN 03 program
package®' in the B3LYP /cc — pVQZ approximation. B3LYP
is a density functional theory (DFT) method for including
exchange effects and electron correlation effects. It is cur-
rently the most widely tested and used hybrid method; it
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combines five functionals, of which three are exchange func-
tionals (Becke + Slater + HF) and two (LYP+ VWNS5)
account for the electron correlation.’>>* The family of
Dunning basis™ sets of general form cc-pVXZ, where X =D,
T, Q, 5, 6, etc., successively approaches the complete set of
basis function and are also correlation consistent and valence
split. Our earlier studies have shown that the combination
B3LYP/cc-pVDZ already provides good reproduction of the
frequencies of the harmonic vibrations of a number of organic
molecules.>® Thus, our choice of this approximation (B3LYP/
cc-pVQZ) for the calculations was determined by the pub-
lished data and by our earlier studies.

The internal energy is calculated as a function of internal
rotation angle of the hydroxyl group with a step size of 20°,
taking the energy of the zero-point vibrations into account in
the harmonic approximation (ZPE). The dependence of the in-
ternal energy on the internal angle of rotation of the methyl
group for the gauche- and trans-conformers of ethanol was cal-
culated with a step size of 20°. The geometry of both conform-
ers was optimized with respect to all the internal coordinates.

Figure 1 shows an ethanol molecule in the trans-
configuration with the atoms numbered. The following natu-
ral coordinates were used to describe the vibrational motion
of both of the ethanol conformers,

Oco —lia;  Occ —lie; @ — ¢a13;
%= Paa; 02— 3145 Bi1— Qe Ba— P36
V= Paie; 00— @us; 01— @73 02— Preg; 03 — Preo;
X1 — Pr68s A2 — Pre95 X3 — P869s
T1 — Peras; T2 = Pajer-

The force fields and frequencies of the harmonic vibra-
tions were calculated for both ethanol conformers. It was
found that most of the force constants in the trans- and
gauche-conformers are essentially the same. The force con-
stants associated with the changes in the length or deformation
of the angle for the O-H group (0) are an exception, as are the
constants for the interactions of these coordinates with the
other natural coordinates. The IR and Raman spectra were cal-
culated in the anharmonic approximation for each of the opti-
mized structures, with possible shifts in the vibrational
frequencies owing to Fermi and Darling-Dennison resonances
taken into account. An alternative way of accounting for the
anharmonicity effects was carried out by replacing the true
mass of the hydrogen atoms by the *“spectroscopic” mass
(1.088 amu) in the configurations of the trans- and gauche-
conformers of ethanol optimized in the B3LYP/cc-pVQZ
approximation. Here the harmonic force fields calculated in
the same approximation were used. The vibrational spectra of

FIG. 1. The trans-conformer of the ethanol molecule with the atoms
numbered.

Pitsevich et al.

the trans- and gauche-conformers calculated in the harmonic
and anharmonic approximations are shown in Table 1.

The cubic and quartic force constants in normal coordi-
nates were calculated. Since the 21 normal vibrations of the
trans-conformer break up into 13A’ + 8A”, all the cubic and
quartic force constants, which contain derivatives of odd order
with respect to normal coordinates of type A”, go to zero, since
the potential energy must be invariant under the symmetry
operations. In the case of the gauche-conformer, all the anhar-
monic force constants can be nonzero. The set of anharmonic
force constants made it possible to construct’’ a matrix of the
anharmonicity constants L1 <i< 21;1 <j<i. If the
anharmonicity constants are given in inverse centimeters, then
the vibrational frequency corrected for the anharmonicity’® is
given by

1
Vi= 02+ 5 ) 0
J#

The vibrational frequencies perturbed by the Fermi reso-
nance were determined by diagonalizing a matrix whose diag-
onal elements are the fundamental vibrations, overtones, and
composite anharmonic frequencies unperturbed by the Fermi
resonance, while the nondiagonal elements are the corre-
sponding cubic force constants expressed in inverse centi-
meters.”’”” According to the calculations, the Fermi
resonances cause only a slight shift in the frequencies of some
of the fundamental vibrations in the trans-conformer, and the
composite vibrations and overtones can be omitted from the
analysis, since they receive no more than 2.5% of the intensity
of the low intensity fundamental vibrations (Table 1). At the
same time, in the gauche-conformer the calculations show
that the composite vibration at 1036.1 cm ™' composed of tor-
sional vibrations of the methyl group and pendulum vibrations
of C-H bonds in methylene and methyl groups takes up
39.4% of the intensity of the fundamental 1051.3cm ™' vibra-
tion, which is one of the most intense in the IR spectrum of
the gauche-conformer. Thus, because of the Fermi resonance
the composite 1036.1 cm ™' vibration has an intensity compa-
rable to the intensity of the fundamental vibrations and can
show up in the sample IR spectra.

4. Discussion of results

4.1. Structure of the trans- and gauche-conformers of ethyl
alcohol

Table 2 lists the energies of the ground state vibrations
and the heights of the barriers for the trans- and gauche-
conforms of ethanol, with and without the ZPE, in the har-
monic and anharmonic approximations for the rotation of the
hydroxyl and methyl tops.

According to the data obtained in the B3LYP/cc-pVQZ
approximation, in the harmonic approximation the trans-
conformer ZPE is roughly 5.33cm™' greater than for the
gauche-conformer. In the anharmonic approximation, the ZPE
of the gauche-conformer is 5.47 cm™"' greater than that of the
trans-conformer. Thus, with the correction for the zero-point
energy in the anharmonic approximation the calculated differ-
ence between the gauche- and trans-conformers (+35.38 cm ™ 1)
is in very good agreement with experiment (+39.49cm™ ). On
the whole, the calculation correctly reflects the relationship
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TABLE 1. Calculated vibrational frequencies in the harmonic and anharmonic approximations for the trans- and gauche-conformers of the ethanol molecule.

No., v (harmonic), 7 (anharmonic), Levels (neglecting Spectroscopic
symmetry cm ! cm! Fermi resonances) mass 1, km/mole Distribution of vibrational potential energy

Trans-conformer

LA 235.1 215.1 207.3 459 40.7%7, + 52.5%,
2.4 279.4 200.1 256.4 70.0 62.2%1; + 22.3%,
3A 418.9 414.1 408.6 10.6 27.1%y + 7.9%0+8%03, + 8%, + 8.4%
+8.4%0ty + 4.4%¢p + 4.4% B, + 4.4%p,
4. A" 823.4 815.1 785.9 0.11 17.9%6, + 17.9%63 + 16.9%p, + 16.9%p, + 16.9%p,
+12.1%7; + 3.8%y, + 3.87, + 3.7%01 + 3.7%0t
5.4 897.9 879.9 880.4 12.1 20.0%8,+17.5%Qco+16.3%Qcc+8.6%6
+8.6%03+4.9% 3, +4.9% > +4.6% 3
6. A’ 1030.6 1000.9 1011.6 64.6 21.5%0cc + 17.5%0 + 11.6%Qco + 10.6%0,
+7.3%6, + 7.3%85 + 4.4%0; + 4.4%0 + 4.4%
T A 1101.9 1078.5 1075.2 243 19.9%Qco + 17.8%03, + 8.4%03, + 8.4%33 + 7.3%0+
6.5% + 4.5%0cc + 3.6%¢; + 3.6%0 + 2.6%7,
8.A" 1181.6 1152.8 1149.8 1152.9 3.7 18.5%0t1 + 18.5%0t + 14.2%3, + 14.2%05 + 6.5%,
+6.5%, +5.7%B, + 5.7%p, +4.7%, + 3.8%7,
9. A' 1268.9 1229.5 1231.4 70.9 26.9%0 + 8.9%3, + 8.9%, + 7.8%051 + 5.9%0, + 5.9%35
+5.6%01 + 5.6%0t + 4.7%0co + 4.1%, + 4.1%3,
10. A” 1302.0 1267.9 1267.9 1257.0 0.01 17.1%B, + 17.1%, + 1430, + 14.3%0t; + 8.9%0,
+8.9%05 +4.2%y, +4.2%7, + 6.2%1, + 3.0%7,
1A 1408.3 1373.4 1362.3 22 15.4%8, + 15.0%, + 15.0%, + 12.9%8, + 12.9%8; + 1.4%
73+ 4.7%B, + 4.7%P, + 4.5%; + 4.5%,
12. 4 1454.1 1446.9 1449.9 1416.9 112 12.3%B, + 12.3%p, + 12.1%o0; + 12.1%05 + 12.0%0
+8.3%0cc + 6.9%7, +6.9%), + 4.1%8 + 4.1%365
13. A’ 1483.8 1459.6 14273 57 28.9%7, + 28.9%7, + 21.1%7; + 8.2%05, + 8.2%03
14. A’ 1500.9 1484.1 14452 2.64 29.3%7; + 12.2%7, + 12.2%7%, +9.7%¢ + 8.8%6,
+ 8.8%03 + 4.8%p, + 4.8%p,
15. A’ 1529.6 1475.1 1475.9 1.24 32.4% + 10.2%7; + 9.5%1 + 9.5%0, + 5.9%,

+ 5.9%p, +4.1%y, +4.1%y, + 3.5%0,
Gauche-conformer

1. 257.6 233.6 234.8 8.4 23.8%1, 4 60.6%1,
. 272.2 212.5 259.9 104.4 65.2%7, + 13.9%1,
3. 420.9 415.5 412.5 11.9 21.3%y +20.9%7; + 11.8%0; +7.6%f, + 7.2%03
+5.9%p, + 5.5%0, + 3.8%Qcc + 3.8%c; + 3.6%0,
4. 806.5 804.2 775.9 2.9 17.2%06, + 16.8%03 + 16.7%f, + 15.8%p,
+11.9%71, + 4.5%0; + 4.0%0 + 3.7%y, + 3.4%,
5. 883.2 866.6 868.4 11.1 20.2%9, + 18.6%Qcc + 15.8%Qco + 9.8%03
+7.2%0; + 5.1%p, + 4.6% )5 + 4.0%0 + 3.1%p,
6. 1058.9 1035.0 1033.8 6.7 21.6%Qcc + 12.7%065 + 12.6%Qco + 11.7%0,
+10.0%0 + 9.5%c; + 5.1%7y + 4.7%;, + 3.3%03
7. 1069.2 1051.3 1045.3 1057.3 73.2 18.3%0 + 16.3%Qco + 11.9%0, + 10.3%0,
+10.2%0; + 7.1%0; + 6.8%0cc + 3.3%,
18 + 21 1036.1 1042.1 46.9 (5?0';112 + 55)1;1) + (23.8%1; 4 60.6%715)
8. 1134.5 1114.7 1111.6 1112.5 4.3 16.2%03 + 13.6%0, + 12.9%0; + 9.4%Qco
+8.1%% + 7.1%y + 6.1%0 + 6.1%%, + 6.0%T,
17+ 21 1120.4 1117.7 0.6
9. 1281.3 1247.8 1246.0 11.8 16.6%f, + 13.3%0 + 12.3%f5, + 10.8%03 + 8.5%0
14420 1320.0 1322.7 0.8
10. 1373.7 1328.9 1335.9 4.4 24.0%0 + 20.5%0 + 18.3%p; + 7.5%y3 + 5.8%0,
+3.3%0 + 3.2%7) + 2.6%Qco + 2.4%), + 2.2%},
11. 1404.1 1376.3 1375.2 1361.6 4.8 16.0%j, + 13.4%0, + 12.1%03 + 11.3%y;
+ 11.0%06, + 8.8%;y, + 7.0%0; + 6.3%0 + 3.7%f,
12. 1418.3 1389.9 1388.3 1380.7 40.6 15.0%05 + 12.7%p, + 10.2%p, + 9.6%y, + 7.8%0
+8.3%0 + 7.1%Qcc + 6.9%y, + 6.3%0, + 6.3%05
15+19 1453.8 1455.6 0.5
13. 1488.5 1469.5 1468.5 1435.3 6.7 27.5%y, + 26.7%jy, + 20.0%71, + 8.7%0, + 6.7%03
14. 1493.8 1476.9 1475.5 143.8.9 1.7 27.6%jy3 + 18.6% ¢ + 9.5%y, + 8.6%;, + 8.6%0,
+7.7%p, + 6.9%33 + 3.3%p, + 3.2%6,
15. 1518.4 1477.0 1468.4 0.7 30.9%¢ + 13.5%y3 + 9.7%02 4+ 9.6%01 + 9.5%p;

+7.9%p, + 6.7%) + 5.8%; + 5.2%0

between the internal rotation barriers (Table 2), but in the case parameters of the ethanol molecule (rotational constants A, B,
of the hydroxyl group the barriers are somewhat excessive and and C, and the centrifugal tension constants A;, Ak, A,
in the case of the methyl group, somewhat low. Some structural 0j, 0x) are listed in Table 3.
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TABLE 2. Relative energies of the ground states and barriers to internal rotation of the hydroxyl and methyl groups of trans- and gauche-conformers of the
ethanol molecule.

Energy of ground states, cm ' Barriers to rotation of hydroxyl group, cm ™' Barriers to rotation of methyl group, cm ™

Computational technique Trans Gauche Trans G-T/G-T Trans Gauche
Without ZPE 0 +29.91 357.6 365.6/422.0 1096.72 1163.23
ZPE (harm.) 0 +24.58 357.6 362.8/421.4
ZPE (anharm.) 0 +35.38 338.8 365.6/422.0
Exp. (Ref. 32) 0 +34.49 391.1 347.4/371.7 1173.8 1331.0

TABLE 3. Some structural parameters and the centrifugal tension constants of the trans- and gauche-conformers of the ethanol molecule.

1 1 1 1

Structural constants Trans- (calculated), cm™ Trans- (experiment), cm™— Gauche- (calculated), cm™ Gauche- (experiment), cm ™~

A 1.17639 1.16386 (Ref. 25) 1.15499 1.13912 (Ref. 25)

B 0.31217 0.3104 (Ref. 25) 0.30548 0.30655 (Ref. 25)
C 0.27177 0.27136 (Ref. 25) 0.27019 0.27019 (Ref. 25)
Ay 8220.23 Hz 8537.36 Hz (Ref. 60) 8935.86 Hz 8870.76 Hz (Ref. 28)
Ak —19758.362Hz —28778.5 Hz (Ref. 60) —35224.5Hz —18735.4Hz (Ref. 28)
Ak 22307.198 Hz 25246.0 Hz (Ref. 60) 25163.1Hz 29150.0 Hz (Ref. 28)
0; 1569.72 Hz 1737.66 Hz (Ref. 60) 1786.42Hz

O 9048.56 Hz 6681.4 Hz (Ref. 60) 13451.6 Hz

It should be noted that the calculations are basically in
very good agreement with experimental data according to the

1:1000 and 1:2000. A comparison of these spectra can, on
one hand, reveal the bands owing to the formation of associ-

spectral constants which determine the characteristics of the
microwave spectra. Some of the calculated and experimental
parameters of the ethanol molecule are listed in Table 4.

It can be seen in Table 4 that the B3LYP/cc-pVQZ approx-
imation reproduces the length of the chemical bonds and the
valence angles with high accuracy. This is to be expected,
given the very good agreement of the data in Table 3. The
difference between the calculated and experimental values of
the CCOH dihedral angle is, however, substantial.

ates, which is more probable for the first sample, and, on the
other, the bands owing to buildup of impurities, which are
more probable for the second sample because the substance
has been condensed for a longer time on the window.®' The
absorption bands owing to valence vibrations of C-H bonds
are identified in Ref. 62. The spectra taken over the interval
6001500 cm " are shown in Fig. 2.

On comparing the IR absorption spectra with different
ethanol concentrations, we were able to assign the bands at

722, 733, and 1473 cm~ ! in the spectrum with a concentra-
tion ratio of 1:2000 to impurities in the sample. In addition,
CO, is present as an impurity in both samples and the
absorption bands at 662, 663.5, 2339.5, and 2345 cm ™! were

4.2. FTIR spectra of ethyl alcohol in an argon matrix

As noted above, the absorption spectra of ethanol in ar-
gon matrices were recorded for concentration ratios of

TABLE 4. Geometric parameters of trans- (f) and gauche- (g) conformers of the ethanol molecule.

Parameter Calculated Exp. (Ref. 46) Parameter Calculated Exp. (Ref. 46) Parameter Calculated Exp. (Ref. 46)
ro_m, A 0.961(¢) 0.962(1) dcon, deg 108.75(¢) 107.5() O, deg 108.50(1) 108.8(1)
0.962(g) 0.963(g) 108.40(g) 107.0(g) 108.30(1) 108.8(1)
108.17(g) 108.4(g)
108.52(g) 108.8(g)
107.63(g) 107.9(g)
ro_c, A 1.427(1) 1.428(1) dcco, deg 108.00(r) 107.6(z) oo, deg 110.54(z) 110.7(¢)
1.425(g) 1.430(g) 112.93(g) 112.5(g) 110.48(r) 110.7(r)
111.041(g) 110.8(g)
110.58(g) 110.2(g)
110.78(g) 110.7(g)
re_c, A 1.515(¢) 1.512(¢) 6T deg 107.56(r) 108.5() Tccon. deg 180.00(1) 180.0(1)
1.521(g) 1.523(g) 107.18(g) 107.7(g) —61.67(g) —56.9(3)
& A 1.097(¢) 1.099(z) 05, deg 110.01(z) 109.6(2)
1.090(g) 1.093(g) 110.26(g) 110.2(g)
1.097(g) 1.100(g) 110.26(g) 110.5(g)
r&h A 1.091(z) 1.095(1) oSk deg 110.63(¢) 109.8(¢)
1.090(7) 1.094(7) 110.70(g) 110.4(g)
1.092(g) 1.096(g) 105.20(s) 105.2(s)
1.093(g) 1.097(g)
1.090(g) 1.094(g)
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FIG. 2. FTIR spectra of the ethanol molecule in the range 600-1500cm ™",
with experimentally recorded spectra for molecular ratios of 1:2000 (a) and
1:1000 (b). The theoretically calculated spectrum is shown as curve c.
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attributed to it. The peak wave numbers and relative inten-
sities of the bands are listed in Table 5.

The existence of IR and Raman scattering spectra of
ethanol in matrix isolation, in a xenon solution, and in the
gaseous phase is extremely important for the attribution of
bands to vibrations of the molecule. As noted above, this
makes it possible to reveal bands caused by impurities and
aggregate formation. In addition, the multiplet structure of
several of the absorption bands in argon and nitrogen matri-
ces is often caused by a “site” effect. This effect does not, as
a rule, show up in supercooled solutions of the inert gases.®'
Since the theoretical calculations have been done for isolated
molecules, it is correct to compare the results with the fre-
quencies for the gaseous phase. Shifts in the vibrational fre-
quencies in matrices relative to those observed in the
gaseous phase are attributed to matrix effects,®® which are of
the same nature as the frequency shifts of molecules in

TABLE 5. Frequencies and intensities of the experimentally observed absorption bands and scattering lines in IR and Raman scattering spectra of ethanol

from the present work and published data.

1, rel. Trans Ar Trans N, Trans Xe Trans IR, Trans Raman,  Gauche N, Gauche Gauche IR, Gauche Raman,
v,cm”! units (Ref. 50) (Ref. 50) (Ref. 46)  gas (Ref. 46) gas (Ref. 46) (Ref. 50) Xe [46]  gas (Ref. 46) gas (Ref. 46)
202.6 195.8
243.1
244 .4 274.0
416.5 419.0 418.0 422.0 419.0 420.0 422.0
651.0 0.01
812.0 0.005  811.8 797.0 801.0 811.3 800.0 803.0
812.1
886.5 0.1 886.4 887.6 887.0 892.0 883.0 884.6 879.0 879.0 883.0
888.0 0.02 889.4 885.2
1016.0 0.03 1016.4102  1027.7 1025.0 1027.0 1026.0
1025.6 0.6 5.0
1054.0 0.01 1055.0 1058.0 1055.0
1057.5 0.03 1058.1
1060.0 0.01 1063.0 1066.0
1064.4
1076.6108  0.02 1076.9108
3.0 0.02 3.5
1088.0 0.01 3.5
1092.0 0.2 1091.7 1090.7 1086.0 1090.0 1093.0
1115.0 0.003 1125.8 1116.0 1117.0 1117.0
1145.0 0.005 1139.9
1161.0 0.01 1161.0 1159.6 1156.0 1166.0
1239.0 0.6 1239.5 1256.3 1238.0 1241.0 1245.0
1244.0 0.02 1248.0 1249.0 1245.0
1252.0 0.02
1252.0 0.02 1274.8 1272.0 1275.0 1260.6
1337.3 1339.0 1342.0 1340.0
1369.0 0.02
1372.0 0.02 1371.5 1371.4 1367.0 1367.0 1372.2 1373.0 1373.0 1370.0
1389.1 1388.0 1394.0 1395.0
1412.0 0.01 1411.7
1415.0 0.01 1416.3 1446.0 1450.0 1430.0
1444.7 0.03 1445 1445.8 1453.0 1455.0
1461.0 0.02 1463.5 1451.8 1460.0 1460.0 1460.0
1456.1
1462.7 0.02 1463.3 1456.0 1464.0 1465.0
1487.5 0.015 1487.0 1483.0 1480.0 1460.0 1485.3
1490.0 0.02 1490.2 1501.0 1500.0 1492.0 1493.0
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nonpolar solvents. It should also be recalled that both con-
formers are present in the gaseous phase at room tempera-
ture, with more than 60% of the molecules as gauche-
conformers owing to configurational degeneracy.*® A num-
ber of absorption bands of ethanol in Ar and N, (1:1800) at
9K have a multiplet structure owing to the “site” effect.’
The spectra obtained here have a similar multiplet structure
for both concentrations (1:1000 and 1:2000) at 20 K. The
lack of a concentration dependence for the intensity of the
components is typical of the “site” effect,’® and this proposi-
tion is also supported by the absence of a multiplet structure
in the corresponding bands in a low-temperature spectrum of
ethanol in Xe.** The components related to this effect are
placed in a single cell of Table 5. However, an argon matrix
stabilizes the trans-conformer,so while N, allows both con-
formers to be present. In the latter case it has been shown
experimentally®® that reversible interconversion of gauche-
and trans-conformers can take place during laser irradiation
at the frequencies of the valence vibrations of O-H and C-O
bonds. In our spectra it is mainly the vibrations of the trans-
conformer which appear. It is also possible to state unequiv-
ocally that a small number of gauche-conformers is also
present in the test sample. This is indicated by the presence
of three bands in the region of the valence O-H vibrations of
the free hydroxyl group, as well as the presence of the bands
at 1244, 1060, and 1057.5 cm ™", which, according to our cal-
culations and Refs. 46 and 50, are the most intense absorp-
tion bands in the spectrum of the gauche-conformer of
ethanol and are caused by valence vibrations of the C-C-O
skeleton of the molecule.

4.3. Interpretation of the FTIR spectra of ethyl alcohol in argon
isolation

We now examine the low-frequency vibrations of etha-
nol in more detail. The molecule contains two internal tops,
with which these vibrations are associated. The harmonic
approximation is less suitable for describing them. As the lit-
erature shows, the anharmonic approximation is capable, in
principle, of providing an adequate estimate of the frequen-
cies of the fundamental torsional vibrations. In the harmonic
approximation the frequencies of the fundamental torsional
vibrations of the hydroxyl and methyl groups for the trans-
and gauche-conformers were 279.4; 235.1 and 272.2;
257.6cm ™, respectively. Taking the anharmonicity into
account yields 200.1; 215.1 and 212.5; 233.6 cm™ . Our cal-
culations show that the torsional vibrations of the hydroxyl
and methyl groups are strongly shifted, especially for the
trans-conformer. The most complete picture of the frequen-
cies of the torsional vibrations of ethanol can be obtained
using data from microwave spectra.’” The frequency of the
fundamental torsional vibration of the hydroxyl group in the
trans-conformer is 202.6cm~! and in the methyl,
244.4cm™"'. The attribution of the corresponding vibrations
to the gauche-conformer is not so obvious, since the ground
state is split into two sublevels separated by only
3.275cm™'. The lower level corresponds to a linear combi-
nation of two gauche-isomers that is symmetric with respect
to the C-C-O plane (e;) and the upper level, to an antisym-
metric combination (o). Perhaps the transition from the e,
state, which corresponds to a frequency of 243 cm ™' for the
vibration of the hydroxyl group, should be regarded as the
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more “fundamental,” but sometimes the transition from o,
for which the frequency is 195.8 cm ™', is combined with
this. The 274cm™' band*® recorded in an IR spectrum
of ethanol in the gaseous phase has been attributed to the
fundamental torsional vibration of the methyl group in the
gauche-conformer. The excited states for the trans- and
gauche-conformers are formally described by a pair of quan-
tum numbers, vy = 1,vcy, =0 and  vou = 0,vcH, = 1,
but the interrelation of the torsional states of the OH and
CHj; groups is expressed through the delocalization of the
wave functions of the excited states. An adequate description
of the torsional motion of the two tops is possible only with
a two-dimensional model.>® However, the calculations show
that the motion of the hydroxyl group is essentially unper-
turbed by the motion of the methyl group. The motion of the
latter is perturbed by the motion of the hydroxyl group,
although the variations in the frequencies are small. This
most likely is an indication that the interaction of these two
vibrations is not as great as predicted by our calculations and
by calculations in the MP2/cc-pVTZ approximation.®*

According to the calculations in the harmonic approxi-
mation MP2/6-31G(d), the interaction among the vibrations
is negligible (the contributions to the potential energy distri-
bution (PED) for the trans- and gauche-conformers
are 82%ton + 15%tcn,; 81%tcH, + 16%ton and 89%1tcn,;
91%1oy. Calculations employing the spectroscopic mass of
the hydrogen atom for the hydroxyl and methyl groups yield
the following values for the fundamental frequencies of the
vibrations: 207.3; 256.4cm ™! (trans-conformer) and 234.8;
259.9cm ™! (gauche-conformer). It can be said that neither
the harmonic nor the anharmonic approximations give a sat-
isfactory description of the large-amplitude intramolecular
motions that are undoubtedly involved in torsional vibrations
for low and medium potential barriers. However, the
B3LYP/cc-pVQZ approximation with the anharmonicity
effects taken into account has yielded values for the frequen-
cies of the torsional vibrations of the hydroxyl and methyl
groups in the correct order that agree with experiment, both
for both the gauche- and the trans-conformers (Table 6). The
deformation vibrations of the molecular skeleton (C-C-O)
appear to have slightly higher frequencies. The anharmonic
frequencies of these vibrations in the trans- and gauche-
conformers are essentially the same (414.0 and 415.5 cm )
and agree very well with the experimental value of
416.5cm™ "

We now proceed to the interpretation of the medium fre-
quency spectral range. The four deformation vibrations of
C-H bonds in the methyl group are classified as scissoring,
wagging, twisting and rocking motions, which we shall des-
ignate, respectively, by 0502, 53:;7 Ot 5CTh 65 The  fre-
quencies of these vibrations usually fall off in the order
listed here. The calculations show that the rocking vibrations
of C-H bonds in the methylene group are strongly shifted
with the analogous vibrations of the C-H bonds in the methyl
group and form a low-intensity band at 812.0cm™'. The cal-
culated frequency of this vibration in the trans-conformer
(815.1cm ™) is closer to the experimental value than the fre-
quency of the analogous vibration in the gauche-conformer
(804.2cm™ ). The calculated intensity of the 825.1cm™!
vibration is also very small. The calculations show that the
5SCCH2 vibration is also mixed with the deformation scissors
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TABLE 6. Comparison of calculated and observed vibrational frequencies of the ethanol molecule.

Experiment Calculated
v, em! I, km/mole v,em! 1, km/mole Potential energy distribution
195.8 (Ref. 46) Gauche 212.5 59.0 65.2%7, 4+ 13.9%1,
202.6 (Ref. 46) Trans 200.1 78.0 62.2%71, + 22.3%1,
243.1 (Ref. 46) Gauche 212.5 59.0 65.2%71, 4+ 13.9%71,
244 .4 (Ref. 46) Trans 215.1 68.7 40.7%7t, + 52.5%1,
274.0 (Ref. 46) Gauche 233.6 14.0 23.8%1, 4 60.6%1,
416.5 (Ref. 50) Trans 414.0 10.0 27.1%y + 7.9%0 + 8%, + 8%, + 8.4%u;
+ 8.4%0; + 4.4%¢ + 4.4%p, + 4.4%p,
651.0 0.01 Dimer
812.0 0.005 Trans 815.1 0.15 17.9%0, + 17.9%03 + 16.9%p, + 16.9%p, + 12.1%1,
+3.8%y, +3.8%, + 3.7%0 + 3.7%0r,
886.5 0.1 Trans 879.9 12.0 20.0%06, + 17.5%Qco + 16.3%0cc + 8.6%0,
888.0 0.02 +8.6%03 +4.9%p, +4.9%, + 4.6%;
1016.0 0.03 Trans 1000.9 65.6 21.5%Qcc + 17.5%0 + 11.6%Qco + 10.6%0;
1025.6 0.6 +7.3%0, + 7.3%03 + 4.4%0,1 + 4.4%0 + 4.4%y
1054.0 0.01 Dimer
1057.5 0.03
1060.0 0.01 Gauche 1035.0 6.0 21.6%0cc + 12.7%5; + 12.6%Qco + 11.7%0,
+10.0%0 + 9.5%0; + 5.1%7 + 4. 7%y, + 3.3%03
(65 + 05%) + (23.8%1; + 60.6%1,)
Gauche 1036.1 47.7
1076.6 0.02 Gauche 1051.3 72.2 18.3%Q0co + 16.3%0co + 11.9%0, + 10.3%0,
1083.0 0.02 +10.2%0+, 7.1%0; + 6.8%Qcc + 3.3%y,
1088.0 0.01 Trans 1078.5 23.9 19.9%Qco + 17.8%0, + 8.4%0, + 8.4%03 + 7.3%0
1092.0 0.2 +6.5%7) + 4.5%Qcc + 3.6%0; + 3.6%0 + 2.6%jy,
1115.0 0.003 Gauche 1114.7 4.5 16.2%05 + 13.6%01 + 12.9%0%; + 9.4%Qco + 8.1%u;
+71%y + 6.1%0 + 6.1%y, + 6.0%1,
1161.0 0.01 Trans 1152.8 3.5 18.5%0; + 18.5%0 + 14.2%0, + 14.2%05 + 6.5%,
+6.5%y, +5.7%p, + 5.7%p, + 4.7%7> + 3.8%7,
1239.0 0.6 Trans 1229.5 70.9 26.9%0 + 8.9%p, + 8.9%f, + 7.8%01 + 5.9%0, + 5.9%05
+5.6%0 + 5.6%0 +4.7%0co + 4.1%y, + 4.1%y,
1244.0 0.01 Dimer
1252.0 0.02 Gauche 1247.8 11.9 16.6%p, + 13.3%0 4 12.3%f5, + 10.8%03 + 8.5%0»
1255.0 0.02 +6.2%y, +5.8%jy; + 4.8%0; + 4.8%12 + 4.5%T
1369.0 0.02 Trans 13734 2.1 15.4%061 + 15.0%y, + 15.0%y, + 12.9%6, + 12.9%05
1372.0 0.02 +11.4%;y3 +4.7%p, +4.7%p, + 4.5%01 + 4.5%0
1412.0 0.01 Trans 1446.9 11.2 12.3%p; 4+ 12.3%, + 12.1%0; + 12.1%05 + 12.0%0
1415.0 0.01 +8.3%Qcc + 6.9%;y, + 6.9%y, +4.1%0, +4.1%05
1444.7 0.03 Trans 1459.6 5.7 28.9%y, +28.9%j, + 21.1%7t; + 8.2%0; + 8.2%05
1461.0 0.02 Trans 1475.1 2.8 32.4%¢@ + 10.2%y3 + 9.5%0; + 9.5%0 + 5.9%; + 5.9%p,
1462.7 +5.9%p, +41%y; +4.1%y, + 3.5%0,
Gauche 1476.9 1.7 27.6%y3 + 18.6%¢ 4+ 9.5%; + 8.6%;, + 8.6%;y, + 8.6%0;
+7.7%p, + 6.9%03 + 3.3%p, + 3.2%0,
Gauche 1477.0 0.7 30.9%¢ + 13.5%y3 + 9.7%02 + 9.6%0; +9.5%f; + 5.9%p,
+7.9%p, + 6.7%y, + 5.8%y, + 5.2%0,
1487.5 0.015 Trans 1484.0 1.5 29.3%y5 + 12.2%y, + 12.2%y, + 9.7%¢ + 8.8%0,
1490.0 0.02 +8.8%03 + 4.8%p, + 4.8%p,

vibrations of the C-Hg and C-Hg bonds in the methyl groups
in opposite phase. As a result, in both conformers a pair of
vibrations develop with a low frequency compared to the
other deformation vibrations of the C-H bonds. In the har-
monic approximation, the vibration with a dominant contri-
bution of 5SCCH2 to the PED (more than 65%) lies higher for
both conformers. However, when the anharmonicity is taken
into account, the frequencies of these vibrations become
essentially the same (1477.0 and 1476.9 cm ') in the
gauche-conformer, while the 1484.1cm™" vibration with a
dominant contribution from the methyl group (more than
55%) lies higher in the trans-conformer. The calculated

frequency of the second vibration, in which the contribution
of 5SCCH2 reaches 67%, was 1475.1cm™". Since the anhar-
monic approximation has yielded a correct order of the
sequence of the torsional vibrations of the hydroxyl and
methyl groups in the trans- and gauche-conformers, we are
inclined to attribute the 1487.5; 1490.0cm ! doublet to the
1484.1cm ™" vibration and the 1461; 1462.7cm ™" doublet to
the 1475.1; 1476.9 and 1477.0cm ™! vibrations in the trans-
and gauche-conformers even though these bands are
assigned oppositely elsewhere.*®#5-3°

According to Table 5 the next vibration in terms of fre-
quency for both conformers 1is the antisymmetric
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deformation vibration of the C-H bonds in the methyl group,
which is conveniently designated as 5aCSH3 (E) (the subscript
indicates the symmetry with respect to the C-C-O plane and
the symbol in parentheses, the type of symmetry with respect
to the local Csy group). Thus, the 1447.7 cm ™! band is attrib-
uted to this vibration in the trans-conformer (1459.6cm™"),
in full agreement with published data.****° The calcula-
tions show that the 6$" vibration lies even lower. The fre-
quencies of this vibration (1446.9 and 1389.9 cm !,
respectively) differ substantially between the trans- and
gauche-conformers. This is because of a contribution to the
PED from deformation vibrations of the hydroxyl group,
don. Because of a difference in its orientation relative to the
C-C-O atoms, the reduced mass and force constant of these
normal modes vary. The 1412.0; 1415 cm ™! band doublet is
assigned to this vibration in the trans-conformer, in accord
with Refs. 46 and 50. The 1415cm ™' band is mistakenly
attributed to 5gjﬁ in Ref. 48.

It is worth noting that the 1389.1 cm ™' band is attributed
to 5vcvzlg2 in Ref. 46, in outstanding agreement with our calcu-
lations. The next band doublet (1369.0 and 1372.0cm™") is
undoubtedly caused by characteristic fully symmetric defor-
mations of the C-H bonds in the methyl group (5™ (A,)).
The calculated frequencies of this vibration in the trans- and
gauche-conformers are similar (1373.4 and 1376.3 cm )
and are in outstanding agreement with experiment.

Analogous attributions have been proposed in Refs. 46,
48, and 50. A 1252.0; 1255.0cm™! doublet is observed in
the lower frequency range. This doublet did not appear in a
low-temperature IR spectrum of the trans-conformer of etha-
nol in an argon matrix in Ref. 50. At the same time, bands of
trans-ethanol in a nitrogen matrix were observed in that pa-
per at 1274.8 and 1256.3 cm™'. The first band is attributed to

5gvH2 and the second to doy in the trans-conformer. Perchard

attributes the bands at 1337.3 and 1260.6cm ™! in the IR
spectrum of ethanol in an N2 matrix to 5tCWH2 + 55?; + don

and 5tCWH2 + doy vibrations, respectively, of the gauche-
conformer of ethanol. Barnes*® recorded a band at
1250.8 cm ™" in the low-temperature IR spectrum of ethanol
in an argon matrix and attributed it to 5tCWH2. Durig*® associ-
ates the 1272.0cm™' band with 5[CWH2 vibrations in the trans-
conformer of ethanol in a low-temperature xenon solution.
According to the calculations, the ™ (A;) vibrations of the
trans-conformer are actually followed by (5[CWH2 (1267.9cm™ 1)
with a contribution of up to 63% to the PED. Here there is
no contribution whatever from deformation vibrations of the
hydroxyl group. Next and lower, at a frequency of 1229.5
cm ™', there is a vibration with a predominant contribution of
27% from Joy. The remaining contribution here is from
wagging vibrations of the C-H bonds of the methylene and
methyl groups. In the gauche-conformer the calculated
vibrational frequencies in this spectral interval are 1328.9
and 1247.8cm™'. The two vibrational modes are close in
form and have somewhat different contributions from
don and 5ICWH2, while the first also has a significant contribu-
tion from 0512,

Based on these data and noting the fact that the vibrations
at 1267.9cm ™! have a very low intensity according to the cal-
culations (Table 5) while the vibrations at 1247.8 cm ™' have a
relatively high intensity, we relate the 1252.0; 1255.0cm ™"
band doublet to the vibrations at 1247.8cm ™' in the gauche-
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conformer of ethanol. In fact, the twisting vibrations of the
C-H bonds in the CH, group of the trans-conformer do not
cause any change in the dipole moment of the molecule, either
in magnitude or direction, so the vibrations at 1267.9 cm !
are essentially inactive in the IR spectrum. At the same time,
the vibrations at 1247.8 cm ™' in the gauche-conformer owing
to the contribution of dop turn out to be extremely active in
the IR spectrum. We are inclined to attribute the low intensity
band at 1244.0cm ™', whose intensity is somewhat higher in
the sample with concentrations of 1:1000, to the dimer. The
next absorption band at 1239.0cm ™' is the most intense in the
IR spectrum of ethanol should undoubtedly be attributed to
the 1229.5cm™' (doy) vibration of the trans-conformer,
whose intensity was calculated to be the highest in the IR
spectrum. The low-intensity 1161.0cm ™' band was noticed in
Ref. 50 but not counted among the fundamental bands in
Ref. 48. According to Ref. 50, this band is caused by rocking
vibrations of the C-H bonds in the methyl and methylene
groups of the trans-conformer. A band at 1156.0cm ™" in a xe-
non solution has been attributed to this vibration of the trans-
conformer.*® According to the calculations, the deformation
vibrations of the hydroxyl group in the trans-conformer are
followed by vibrations at 1152.8cm™' with equal contribu-
tions from 5?01313 and 5rcolgﬁ The analogous vibrations in the
gauche-conformer have a frequency of 1114.7 cm™ ' and an
additional doy contribution. We associate these vibrations
with the 1156.0 and 1115cm ™" bands. The remaining bands
in the IR spectrum of ethanol are related primarily to valence
vibrations of the molecular skeleton. The 1092.0;
1088.8cm ™' band doublet is caused by vibrations at
1078.5cm ™" in the trans-conformer. Here the main contribu-
tion to the PED is from valence vibrations of the C-O bond
and, slightly less, from counterphase valence vibrations of the
C-C bond. There is also a dpy contribution. A similar attribu-
tion was proposed before.*¢:45-5°

Similar vibrations in the gauche-conformer at a frequency
of 1051.3 cm™ " and a substantially larger doy contribution evi-
dently cause the 1076.6; 1083.0 cm ™! band doublet in the IR
spectrum of ethanol. According to the calculations, these
vibrations are the most intense in the IR spectrum of the
gauche-conformer and, since less intense bands of the gauche-
conformer were also observed in this spectrum of the sample,
its appearance in the spectrum is entirely to be expected.
Another antiphase vibrational mode of the C-O and C-C bonds
in the trans- and gauche-conformers, but now with predomi-
nance of the C-C bond contribution to the PED, according to
the calculations, has frequencies of 1000.9 and 1035.0 cm”
respectively. In both cases there is an additional doy contribu-
tion; in the first case it is twice as large as in the second.
Because of this, the calculated intensity of the vibrations at
1000.9 cm ™" in the trans-conformer seems very high, so it can
be reliably attributed to the second most intense absorption
band in the IR spectrum of ethanol at 1025.6; 1016.0 cm ™.
Vibrations at 1035.0cm ™' together with composite vibrations
at 1036.1 cm™!, enhanced by a Fermi resonance, produce the
low-intensity band at 1060.0cm ™', The in-phase vibrations of
the C-O and C-C bonds in the trans- and gauche-conformers
have similar shapes and frequencies: 879.9 and 866.6cm ™.
According to the calculations, it should show up with a me-
dium intensity in the IR spectrum, so it can be reliably associ-
ated with the medium-intensity 888.0; 886.5 cm~ ! doublet
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band. These attributions are fully consistent with earlier
work.***** We attribute the 1057.5; 1054.0cm ™" doublet and
the band at 651.0cm ™" to vibrations of the ethanol dimer. The
complete interpretation of the IR spectrum of the ethanol
molecule in an argon matrix is given in Table 6.

5. Conclusion

Low-temperature FTIR spectra of ethanol isolated in an
argon matrix have been obtained for a range of temperatures
in the 2045 K range with concentration ratios of 1:1000 and
1:2000. A comparative analysis of these spectra and compari-
sons with published low-temperature spectra of ethanol have
made it possible to determine the bands responsible for absorp-
tion by impurities and associates. Calculations of the structure
of the gauche- and trans-conformers of ethanol in the B3LYP/
cc-pVQZ approximation have made it possible to reproduce
the difference in the energies of the conformers and a number
of structural and geometric parameters of the molecules in
close agreement with experimental data. For the first time,
anharmonic calculations of the IR spectra of the trans- and
gauche-conformers of CH3;CH,OH in the B3LYP/cc-pVQZ
approximation have yielded an improved interpretation of the
IR spectra and made it possible to account for the effect of
Fermi resonances on their formation. It has been shown that in
an argon matrix ethanol is predominantly in the trans-
configuration, although the most intense absorption lines of the
gauche-conformer were still observed in the spectra of the
samples. Good agreement between the calculated and experi-
mental values of the frequencies was obtained, as well as
almost complete agreement regarding their sequence order,
without scaling of the harmonic force fields. It was found that
torsional vibrations of the methyl and hydroxyl groups are sub-
ject to anharmonicity to the greatest extent. We note that the
calculations using harmonic force fields and the spectroscopic
masses for the hydrogen atoms yielded fully competitive
results (Table 1) while consuming considerably less time.
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