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IR spectroscopy of ethanol in nitrogen cryomatrices with different concentration ratios

A. Aldiyarov, M. Aryutkina, A. Drobyshev,a) and V. Kurnosov
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Fiz. Nizk. Temp. 37, 659-669 (June 2011)

Thin films of cryovacuum condensates of ethanol-nitrogen mixtures formed by co-condensation of
gas mixtures with different concentrations on a cooled metal substrate are studied by IR spectrometry.
The condensation temperature was T,. = 16 K and the pressure of the gaseous phase during cryodepo-
sition was P = 10> Torr. The ethanol concentration in nitrogen was varied from 0.5 to 10% and the
film thickness, from 1 to 30 um. Measurements were made in the range from 400 to 4200 cm™ ! An
analysis of the IR spectra and a comparison with published data shows that ethanol monomers and
dimers are present in the nitrogen matrix. This is indicated by an absorption band at a frequency of
3658 cm ™' owing to vibrations of O—H bonds of ethanol monomers and dimers. The local minima of
this band at 3645 and 3658 cm ™' are related to the existence of two conformational states of the etha-
nol molecule: anti (3658 cm ™) and gauche (3645 cm ™ '). In addition, the presence of ethanol dimers

and monomers in the matrix leads to the appearance of absorption bands at 1259 and 1276 cm™

1

attributable to deformation vibrations 6(COH) of the anti- and gauche-isomers, respectively, as
well as bands corresponding to a combination of ©#(CCO) valence vibrations and rotational oscilla-
tions of the methyl group 7(CHj3) attributable to anti-dimers (v = 1090 cm ') and anti-monomers
(v =1095 cm™"). Local minima within 3000-3600 cm ™' also indicate the presence of cyclical
dimers, trimers, and tetramers, as well as hexamers in the matrix. A broad band over 3250—

3330 cm ™ indicates that large polyaggregates, with ethanol molecules in a hydrogen-bond state
(multimer), exist in the matrix. © 2011 American Institute of Physics. [doi: 10.1063/1.3622633]

INTRODUCTION

For almost 90 years condensed states of ethanol have
been an object of research on various levels and scales. Begin-
ning with the work of Gibson' and through the present,
researchers from various countries have studied the unique
properties of solid ethanol using acoustic, optical, structural,
calorimetric, and other techniques. This persistent attention is
a result of the fact that ethanol has some extremely interesting
polymorphic and polyamorphous properties. At temperatures
below its melting point (7,,, = 159 K), ethanol exists in various
states: a glassy state (structured glass SG), formed during
rapid cooling of the liquid phase to temperatures below the
glass transition temperature T, =97 K; a plastic crystal (PC,
bee), formed via an intermediate supercooled liquid (SCL)
phase by heating the SG above T,; an orientationally disor-
dered crystal (ODC), formed by cooling of the plastic crystal
to temperatures below 97 K; and a monoclinic crystalline
(MC) state that is the basic stable state of solid ethanol. Rigor-
ous studies over the last few decades have yielded a state dia-
gram for solid ethanol.” Usually, the glassy state of ethanol
is produced by ultrafast cooling (quenching) with subsequent
thermally stimulated transformations. But there is another
obvious way of producing an amorphous state, including the
structured glass: condensation from the gaseous state onto a
substrate that has been cooled to below the glass transition
temperature. We believe that this approach is the best con-
trolled experimental technique from the standpoint of the rate
and degree of supercooling.

We have recently carried out a cycle of studies of the
thermally stimulated conversion of various gases (including
water vapor and ethanol) into cryovacuum condensates.®™
These studies have addressed the role of cluster formation

1063-777X/2011/37(6)/8/$32.00

processes in the formation of thin cryocondensate films on
cooled surfaces. It was assumed that these processes have a
significant effect on the formation of the near ordering struc-
ture of cryocondensates and, therefore, on the character of
their subsequent thermally stimulated transformations. To do
this, we have used a cryomatrix isolation technique with
nitrogen as the cryomatrix. The results on the cryodeposition
of water vapor are discussed in Ref. 9. A natural next step in
this area is to conduct similar studies of cryocondensation
processes in ethanol. On the whole, these studies used the
same apparatus and techniques as the earlier work,” with
some distinctive features to be discussed below.

STATEMENT OF THE PROBLEM AND EXPERIMENT

Our task in these studies was to try to explain the com-
plicated and often nonunique behavior of thin cryoconden-
sate films of ethanol in the course of thermally stimulated
transformations in terms of the effect of the cluster composi-
tion of these deposits on these transformation processes. To
do this, we studied the cryodeposition of gaseous ethanol-
nitrogen mixtures with different concentration ratios, as well
as the properties of the resulting cryocondensates. The object
of study was thin films of nitrogen (matrix) cryocondensate
that contain ethanol molecules in various cluster states.
Varying the concentration of ethanol in the nitrogen should
lead to changes in the cluster composition of the ethanol
molecules immobilized in the nitrogen matrix.

Our analysis of the spectra we obtained for determining
the cluster composition of ethanol in the nitrogen matrix is
based on comparisons with published data. Of the large num-
ber of related studies, theoretical, as well as experimental,
we have chosen papers that used two methods for producing

© 2011 American Institute of Physics
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the ethanol clusters: expansion of an He or He/Ne supersonic
ethanol-containing jet'®™'? or co-condensation of ethanol
with nitrogen as a matrix.'>7!7 Thus, we have attempted to
account for the fact that the clusters in a matrix can be
formed in the gaseous phase with subsequent capture by the
matrix or during condensation of a mixture, most likely in an
adsorbed layer. We have used a generalization of the data
from those studies for analyzing our spectra. Figure 1 shows
the main types of ethanol polyaggregates, the way they are
produced, and their spectral manifestations in various spec-
tral ranges.

Some changes in technique have been made in the pres-
ent work compared to Ref. 9, primarily in the method of pre-
paring the nitrogen-ethanol mixture. In Ref. 9 the
components are fed in parallel into the chamber using two
calibrated leak valves. This made it unnecessary to account
for separation of the mixture during injection, but it also
meant that the concentrations of the components could not be
measured with the needed accuracy. Studies show that any
possible separation of the mixture during injection clearly
makes a smaller contribution to the error in determining the
concentration than the error owing to the need to measure the
pressures of the mixture components during injection and
then calculate the concentrations based on these measure-
ments. Thus, we used a technique involving preparation of a
mixture with a specified concentration in advance and inject-
ing it into the chamber through a single leak valve. The rate
of condensation and the thickness were monitored with a
two-beam laser interferometer. After deposition of a film
with a specified thickness, the gas feed was shut off and the
IR reflection spectra of the film-substrate were measured.
The main experimental parameters were: substrate tempera-
ture T=16 K, mixture injection pressure P = 1073 Torr,
ethanol concentration in nitrogen from 0.5 to 10%, and, fre-
quency range of the spectra from 4200 to 400 cm™".

RESULTS AND DISCUSSION

Figure 2 shows the vibrational spectra of thin films of
nitrogen-ethanol cryocondensates with different ethanol con-
centrations. The frequency range was 4200-400 cm~'. The
condensation temperature for the samples was 12 K. The
sample thicknesses were set in accordance with the concen-
trations of ethanol in the nitrogen matrix: d=5 um for
C=10%; d=7.5 um for C=5%; d=10 pum for C =3%;

d=10 pum for C=1.5%; and, d=12.5 uym for C =0.5%.
Thus, as the ethanol concentration was reduced, the film
thickness was increased, so that the number of ethanol mole-
cules interacting with the radiation from the globar did not
vary significantly with the different concentrations. In addi-
tion, for convenience in the analysis and comparison of the
spectra obtained at different ethanol concentrations, the cor-
responding data bases are multiplied by a constant. The fol-
lowing notation is used in the figure: v(OH) valence
vibrations of O—H bonds; v(CH) valence vibrations of C-H
bonds; 6(CH3, CH,) deformation vibrations of methyl and
methylene groups; é + v + r(CH) combined deformation, va-
lence, and radiating (fan) vibrations; and, v(CO) valence
vibrations of C—O bonds. For a more detailed discussion of
these results, it is appropriate to subdivide the range of fre-
quencies into intervals corresponding to the characteristic
vibrations of the ethanol molecule.

The 3000-3700 cm ™' interval corresponds to valence
vibrations of O—H bonds in free and bound states of the mol-
ecules. The frequency range from 2800 to 3000 cm ™' corre-
sponds to symmetric and asymmetric valence vibrations of
C-H bonds in methyl CH; and methylene CH, groups. The
1300-1500 cm ™ interval covers the frequencies of deforma-
tion and radiating vibrations of CH; and CH, groups.

16
N, + C,H;OH 050

@ 14
‘g
=]
)
8
Z 8
2
5 6
o
5 4

5 8(CHj, CH,) V(CH)

O_ 1 V+6+f(cll{)l TR | |V(IOI_I|) |-

400 1200 2000 2800 3600
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FIG. 2. Vibrational spectra of thin cryocondensate films of nitrogen-ethanol
mixtures with different ethanol concentrations. The condensation tempera-
ture 7= 12 K. The sample thicknesses vary with the ethanol concentration:
d=5 um (C=10%); d=7.5 um (C=5%); d=10 um (C =3 and 1.5%);
d=12.5 ym (C =0.5%).
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FIG. 3. Comparison of the vibrational spectra of thin cryocondensate films
of pure ethanol and of an ethanol-nitrogen mixture. The upper curve is for a
mixture of 3% ethanol and 97% nitrogen, condensation temperature
T=12 K, and sample thickness d =10 um. The lower curve is for ethanol,
T=12 K, and d=1 um. The frequencies corresponding to the absorption
peaks in the main characteristic vibrations are indicated.

Combinations of valence, rotational, and vibrational frequen-
cies lie in the range of 1200-1000 cm'. The absorption
band in the 880-900 cm ™' frequency interval belongs to va-
lence CCO-vibrations and their combinations with rotational
oscillations of methyl and methylene groups. The band at
415-420 cm ™' corresponds to a deformation vibration along
a CCO-bond.

It is appropriate to compare these data with IR spectra of
pure films of ethanol samples with the same condensation
temperature and thickness. Figure 3 shows comparison spec-
tra for two samples, one a film of pure ethanol and the other
a sample consisting of 3% ethanol and 97% nitrogen. The
chosen ethanol concentration C =3% contains all the char-
acteristic features of a spectrum of ethanol in a nitrogen ma-
trix relative to a pure sample. The thickness of the pure
ethanol film was 1 ym and that of the mixture of ethanol and
nitrogen was 10 um. In accordance with the selected fre-
quency ranges, we now examine the spectra in more detail.

1. The frequency interval 3000-3700 cm ™' corresponds
to a valence O-H bond. The obvious difference is caused by
a considerably lower degree of hydrogen bonding in the
ethanol aggregates within a nitrogen matrix. The data of
Fig. 1 show that the »=6358 cm ™' absorption band can be
interpreted as vibrations of O—H bonds of ethanol monomers
and dimers. Its shift to longer wavelengths compared to the
characteristic frequencies of monomers and dimers in the
gaseous phase'""'? appears to be caused by the influence of
the nitrogen matrix lattice. Although a more detailed analy-
sis of the interaction of the nitrogen lattice and ethanol mole-
cules, as well as of the position of ethanol in the matrix, is of
great interest, it is beyond the scope of the current study.

A more detailed examination of this band (Fig. 4) is of
interest. As the figure shows, this band has local minima at
v =13645 and 3658 cm~'. We assume that this is because of
the existence of two conformational states of the ethanol
molecule, anti (3658 cmfl) and gauche (3645 cmfl), owing
to a difference in the positions and, therefore, the energies of
hydrogen atoms in the O—H bond."*'® The figure shows that

the difference in the energies of the conformers is 13 cm ™',

Aldiyarov et al.
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FIG. 4. (a) Spectral appearance of conformational features of the structure of
the ethanol molecule. The local minima correspond to the anti (3658 cm™h
and gauche (3645 cm ") isomers of ethanol with respect to the position of the
hydrogen atom in the O—H bond. (b) Comparison with an IR spectral decon-
volution of the asymmetric profile of the O—H bond absorption band.

in good agreement with published data.'>'” In addition, the
asymmetrical shape of this absorption band is consistent
with the results'® of an IR spectral deconvolution of the
asymmetric absorption band profile of O-H bonds shown in
Fig. 4(b). The slight difference in frequencies is a conse-
quence of the nonuniformity of the cluster composition of
ethanol in the nitrogen matrix, i.e., this band belongs to qua-
sifree monomers or dimers of ethanol.

The O-H absorption band at 3000-3600 cm ™" (Fig. 5)
also has local minima corresponding to different cluster com-
positions of ethanol molecules in the nitrogen matrix. Based
on calculations and published experimental data,'>'? we find
that ethanol clusters of different sizes are present in the ma-
trix. Figure 5 shows the frequencies of the local minima and
their interpretations according to Ref. 20. The broad band at
3250-3330 cm ' may mean that large polyaggregates, in
which the ethanol molecules are in a hydrogen bonding state,
appear in the matrix; these are indicated as multimers.

It should be noted that in the papers cited here, the
aggregates larger than dimers are predominantly cyclical.
The tendency of ethanol molecules to close hydrogen bonds
cyclically, thereby forming the most stable clusters, may be
the fundamental cause of the ability of ethanol to form stable
polymorphic and polyamorphic (including glass) states.

2. The 2800-3000 cm " interval includes valence vibra-
tions of CH bonds of methyl and methylene groups of etha-
nol. Figure 6 shows the vibrational spectra of films of pure
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FIG. 5. Features of the absorption band of the O-H bond of ethanol (3%) in
a nitrogen cryomatrix (97%). Notation: (m) monomer, (d) dimer, (cycl. d)
cyclical dimer, (cycl. trim.) cyclical trimer, (cycl. tetr.) cyclical tetramer,
(hex.) hexamer.

ethanol (a) and of a 3% mixture of ethanol in nitrogen (b)
over this interval. One obvious difference is the finer structure
of the spectrum attributable to ethanol states isolated by the
matrix. The distinct narrow absorption peak at v =2985 cm ™
is attributable to valence asymmetric vibrations of CH bonds
of the methyl group v,(CH3) in monomers and dimers.”°

The faint band at v =2950 cm ™" also is attributable to the
same type of vibrations. The absorption band at » =2907 cm ™
reflects CH-valence asymmetric vibrations of the methylene

| a
2z | C,H,OH
§ 4.5
e
5
2
>
= 4.0
Q
O
5
m 2875 (nCHz)
3.5F
2962 (vCH,)

2800 2850 2900 2950 3000 3050 3100
Frequency, cm-1

ol b C,H,OH (3%) + N, (97%)

n

; [ 2867 (v,CH,

e (v,CH,)

< 8 F

2 2894 (v,CHy) 2050 (v,CH,

2 - 2907 (v,CH,)

o}

Q

=

s 7T

[
6 1 | 2985 (v,CHy)
2800 2900 3000 3100

Frequency, cm-1

FIG. 6. Vibrational spectra of films of pure ethanol (a) and of a mixture of
ethanol (3%) and nitrogen (97%) (b) over the range of frequencies of the va-
lence vibrations of the CH-bond of ethanol.
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group, v,(CH,), while the local extrema at 2894 and
2867 cm™ ' correspond to a symmetric type of these
oscillations.

Figure 6(a) shows an absorption spectrum in the range
of the valence CH vibrations for a cryocondensate of pure
ethanol. Compared to Fig. 6(b) there is a substantial broad-
ening of the absorption bands; this causes the fine structure
owing to the different types of molecular vibrations of etha-
nol to vanish. The two broad bands centered at 2962 and
2875 cm™ ! correspond to valence vibrations of CH bonds of
methyl and methylene groups, respectively.

Besides a broadening of the absorption bands, there is a
substantial shift in their centers to low frequencies relative to
Fig. 6(b). The shift is by Av =23 and 32 cm ™' for the methyl
and methylene groups, respectively. The broadening of the CH
valence vibrational bands and their “red” shift are both manifes-
tations of intermolecular interactions of ethanol and of medium
and long-range structural ordering of the cryocondensates.

3. The interval 1200-1500 cm ™' contains different kinds
of deformation vibrations. Figure 7 shows the characteristic
vibrational spectra of 3% ethanol in a nitrogen matrix (upper
curve) and of a film of pure ethanol cryocondensate (lower
curve) in more detail in this region with deformation (J) and
radiating (W) vibrations of ethanol, as well as combinations
of these.

The structure of the 3% ethanol mixture is more compli-
cated than that of the pure ethanol. Of the nine characteristic

a C,H;0H (3%) + N, (97%)
Z I
=
P 80
o)
= L
%‘ 75L 1315, 1342
2 ) 3(COH) + W(CH,)
§ | 1376
= sct)
701 gauche
1456
- (CH;)
6.5 Il 12‘59’ 6(I(:OH%[rans 1 J Il l 1 I Il
1200 1250 1300 1350 1400 1450 1500
Frequency, cm-1
b C,H,OH
2 425
g
S 4.00
&
oy
E 3.75 o
ot L 8(COH)
% gauche
e 3.50F 1453
1323 1376 P
395 5(‘con)‘+ WCHy) \ 5S(C|113)| Y
1200 1250 1300 1350 1400 1450 1500

Frequency, cm~!

FIG. 7. Characteristic vibration frequencies of the ethanol molecule in a nitro-
gen matrix (3% + 97%) (a) and in a cryocondensate film of pure ethanol (b).
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absorption peaks in the upper spectrum within this frequency
range, only five remain in the spectrum of the pure film. The
band at v=1493 c¢cm !, which corresponds to deformation
vibrations of the methylene group 6(CH,) in the anti-iso-
mers, vanishes. The two separate bands of symmetric defor-
mation vibrations of the methyl groups 6(CH), centered at
1376 and 1395 cm ™" appear to form a single band with a fre-
quency v = 1376 cm™ " as they broaden. The same thing hap-
pens with the two separate frequencies (1315 and 1342
cm™ ') of a combination of deformation vibrations in the
(COH) bond and radiating vibrations W(CH,) of methylene
groups, and leads to the formation of a single broad band
centered at v = 1323 cm ™ '. The absorption band correspond-
ing to deformation vibrations of the S(COH) anti- and
gauche-isomers at 1259 and 1275 cm™ ' behaves in an inter-
esting way. The band corresponding to anti-isomer vibra-
tions of ethanol (1259 cm™') vanishes completely, while the
gauche-isomer vibrations are retained and become more dis-
tinct. This effect seems to involve intermolecular formation
of cyclical polyaggregates of ethanol with subsequent hin-
dering of this type of vibrations in J(COH) anti-bonds. We
may assume that the 6(COH)-gauche bonds do not partici-
pate in the formation of ethanol molecular clusters.

As noted above, one of the clearest differences between
these spectra is the absorption band at 1259 cm™'. It is char-
acteristic of (COH) deformation vibrations.?’ This band is
entirely absent in the spectrum of the pure ethanol cryocon-
densate. Given the tendency of ethanol molecules to cyclical
behavior in the formation of aggregates, this band should
vanish for aggregates larger than dimers, since during forma-
tion of cyclical aggregates the vibrational degree of freedom
for O—H bonds becomes impossible since it is involved in
cluster formation. This assumption is supported by data from
Ref. 20. Thus, this band can be attributed to the presence of
ethanol monomers and dimers in the nitrogen matrix. This
band also has two components (anti at 1259 cm™' and
gauche at 1276 cm ') that are manifestations of the confor-
mal structure of the ethanol molecule.

4. The system of absorption bands within the frequency
interval 1000-1120 cm™' shown in Fig. 8 corresponds to
combinations of valence v(CCO) vibrations, #(CHsz) and

C,H,OH (3%) + N,

v,(CCO) + §OH) /

=1 -1
v 088cmvm(C 0) + HCHy)

v=1095cm™

v=1028 cm™!
vo(CCO) + r(CH;) Va(CCO) N r(.CH3) anti-monomer
anti A anti-dimer
v=1055cm!

8(OH) + r(CHy)
gauche

Reflectivity, arb. units
(9,
T

v=1090 cm™!

F v=1042cm™ v,(CCO) + r(CHy)
21+ v(CCO) + 1(CHy)
I | ! | ! | ! | I | 1
1000 1020 1040 1060 1080 1100 1120

Frequency, cm-1

FIG. 8. Absorption spectra of a film of 3% ethanol in nitrogen and of pure
nitrogen over the range of frequencies of combinations of »(CCO) valence
vibrations and rotations of methyl 7(CH3) and methylene r(CH,) groups, as
well as 6(OH) deformation vibrations of OH bonds.

Aldiyarov et al.

r(CH,) rotations of methyl and methylene groups, and 6(OH)
deformation vibrations of OH bonds. The absorption spectrum
of the ethanol-nitrogen mixture is more complicated than that
of the pure ethanol cryocondensate. The 3% ethanol-nitrogen
spectrum has three broad, distinct absorption peaks in this
range, along with a sharp, narrow absorption band at v = 1095
cm . The nature of the vibrations can be quite reliably estab-
lished on the basis of published analyses.'>!*!718

The absorption band with a peak at = 1028 cm ™' cor-
responds to a combination of »(CCO) valence vibrations and
r(CH3) rotation of the methyl group. This band is consider-
ably wider in the case of the pure ethanol film and the center
is shifted to »=1042 cm'. Both are consequences of the
interaction of ethanol molecules with the inner field of the
lattice. The broad, distinct peak at v = 1055 cm™! is associ-
ated with a combination of ¥(CCO) valence vibrations and
0(COH) deformation vibrations of the COH bond. Here
these vibrations are attributable to gauche conformal ethanol.
Given the tendency to cyclical clustering on the part of etha-
nol molecules, the reduced amplitude of this vibration as the
ethanol concentration in the nitrogen matrix increases and its
complete disappearance in pure samples are understandable.
Here the COH bonds participate in the formation of cyclical
clusters and the “hindering” of this type of vibration.

The band centered at = 1090 cm ™' is attributable to a
combination of v(CCO) valence vibrations and 7(CHjz) rota-
tions of the methyl group. It has two characteristic peaks, asso-
ciated with dimers (anti, » = 1090 cm ') and monomers (anti,
v =1095 cmfl). Clearly, at this concentration, there is a sub-
stantial fraction of ethanol monomers in the nitrogen matrix.

There is some interest in how the cluster composition of
the ethanol, especially the monomers, changes in the nitro-
gen matrix as the concentration ratio is varied. Vibrational
spectra of ethanol at different concentrations in the nitrogen
matrix are shown in Fig. 9. These curves show that, as the
ethanol concentration is increased, there is a drop in the am-
plitude of the absorption band at v = 1095 cm ™', which cor-
responds to a combination of »(CCO) valence vibrations and
r(CH3) rotation of anti-conformal methyl group monomers.
Thus, the variation in the amplitude of this vibration is
directly related to the variation in the concentration of etha-
nol monomers in the nitrogen matrix. This information is
illustrated graphically below (in Fig. 11).

5. The frequency interval 800-1000 cm™'. Figure 10
shows the absorption spectra of cryocondensate films of etha-
nol-nitrogen mixtures with different concentration ratios.

We examined the frequency interval corresponding to the
v(CCO) valence vibrations, as well as modes of combinations
of these vibrations with rotation of the methyl group. The
change in the spectrum with increasing ethanol concentration
is noteworthy. Within the measured concentration interval of
0.5-3%, the absorption peak is an almost symmetric single
band centered at =885 cm™'. This band can be identified
reliably as valence vibrations of the CCO bond.'”'8

For the measured ethanol concentrations of 5 and 10%
in nitrogen the band is observed to split with the appearance
of two distinct minima with the same central frequencies for
both concentrations, v =879 and 888 c¢cm'. The vibrations
at »=879 cm ' can be interpreted as a combination of va-
lence CCO vibrations and rotations of the methyl group in
the M, gauche-isomorph of the ethanol monomer.'’
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FIG. 9. Vibrational spectra of ethanol in nitrogen for different concentra-
tions of ethanol.

The relationship between the ethanol concentrations and
the splitting of the CCO valence band observed at these con-
centrations is not entirely obvious. The data of Ref. 20 offer
one possible interpretation. According to those data, the
vibration frequencies for the monomers and dimers of etha-
nol are related as the ethanol concentration increases and cy-
clical clusters are formed. For aggregates larger than trimers,
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FIG. 10. Absorption spectra of ethanol-nitrogen cryocondensate films with
different concentration ratios over the range of frequencies of the ©(CCO)
valence vibrations and their combinations.

only the purely valence vibrations in the CCO bond remain,
with three frequency modes (896, 898, and 900 cmfl),
which do not undergo splitting because the width of the
absorption band in pure ethanol is so large.

The shift in the center of the absorption band to longer
wavelengths is caused by the internal field in the 100% etha-
nol film sample. Nevertheless, it is not understood why this
band has just one minimum (at v = 884 cm ') for concentra-
tions of 0.5-3% and does not reflect the presence of mono-
mers and dimers in these samples. We propose the following
explanation for this: according to Ref. 20, the frequencies
near those we have observed correspond to a combination of
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FIG. 11. Relative absorption amplitudes of characteristic vibrations of the
ethanol molecule as functions of ethanol concentration in a nitrogen matrix.
The amplitudes of these vibrations are normalized to the amplitude of the
CH-bond of the methyl group at v =2985 cm "

valence and rotational transitions of the methyl group,
v(CCO) + r(CH3). Here the frequency v =896 cm ™! corre-
sponds to vibrations of the anti-monomer (or trans-, in the
notation of Ref. 20). » =882 cm™' corresponds to vibrations
of the gauche monomer, in full agreement with our experi-
mental data (the center of the band lies at v = 884 cmfl).

Assuming that it is mainly the anti-conformals which
participate in the formation of cyclical polyaggregates makes
it clear that these vibrations of the monomer are bound in the
cycle, so that the band centered at v = 884 cm ! belongs to
gauche-monomer vibrations. Raising the ethanol concentra-
tion in nitrogen to 5—10% leads to a growth in the number of
anti-gauche dimers D,, with frequencies v =884 and 900
cm . Of these, the first corresponds to a symmetric valence
vibration, when v((CCO,) is an acceptor, while v =900
cm~ ! corresponds to a donor type of symmetric valence
vibrations v{(CCO,). Further increases in the ethanol con-
centration lead to a sharp drop in the number of dimers, as
well as of monomers, and the double absorption band degen-
erates into a single band.

As noted above, some of the characteristic vibrations of
the ethanol molecule are correlated, to a high degree of reli-
ability, with the presence of aggregates of different sizes in
the nitrogen matrix. In particular, the absorption band at
v=23658 cm ' (Figs. 3 and 4) corresponds to a valence O—H
bond in monomers and dimers of ethanol. The peak at
v=1259 cm~' (Figs. 7 and 8) is attributable to deformation
vibrations of the O—H bond and also is an indication of the
presence of monomers and dimers. And finally, the band at
v=1095 cm ™! corresponds to a combination of »(CCO) va-
lence vibrations and r(CHj3) rotations of the methyl group,
belonging to the anti-monomers (v=1095 cm ). These
three types of vibrations can, as a whole, characterize the
amount of monomers and dimers in the matrix. In order to
compare the different spectra for different concentrations,
the amplitudes of these vibrations have been normalized to
the amplitude of the CH bond of the methyl group at
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v=2985 cm ™', which is insensitive to changes in the etha-
nol concentration in the matrix. These data are shown in Fig.
11. All three of the curves behave similarly as the ethanol
concentration is varied. This fact confirms our conclusions
regarding the nature of the vibrations and their behavior.

CONCLUSIONS

1. An analysis of the IR spectra shows that ethanol mono-
mers and dimers are present in the nitrogen matrix. This
is indicated by the following:

(a) the absorption band at 3658 cm™' owing to O-H
bond vibrations of ethanol monomers and dimers; the
local minima in this band at 3645 and 3658 cm ™' are
related to the existence of two conformal states of the
ethanol molecule, anti (3658 cm™ ') and gauche (3645
cm ! ;

(b) the two absorption bands at 1259 and 1276 cm ' at-
tributable to 6(COH) deformation vibrations of the
anti and gauche isomers, respectively; and,

(c) the two bands corresponding to combinations of
v(CCO) valence vibrations and r(CHs) rotations of
the methyl group belonging to anti-dimers (v = 1090
cmfl) and gauche-monomers (v = 1095 cmfl).

2. The local minima within the range 3000-3600 cm " indi-
cate the presence, in the matrix, of the following ethanol
aggregates: monomer, dimer, cyclical dimer, cyclical
trimer, cyclical tetramer, and hexomer. The broad band
over 32503330 cm ™' signifies the presence, in the ma-
trix, of large polyaggregates with ethanol molecules in
hydrogen bound states (multimers).

3. The local minima at 1259 and 1276 cm™ ' are 6(COH) de-
formation vibrations of the anti- and gauche-isomers,
respectively. The band corresponding to vibrations of the
anti-isomer of ethanol (1259 cm™') vanishes completely
as the ethanol concentration is raised, while the gauche-
isomer vibrations are retained and become more distinct.
This is explained by the fact that intermolecular formation
of cyclical polyaggregates of ethanol occurs over the
0(COH) bonds with subsequent hindering of this type of
vibration. Thus, it may be assumed that the (COH)
gauche-bond does not participate in the formation of etha-
nol clusters.

4. The splitting of the valence CCO-vibration band as the
ethanol concentration in the nitrogen matrix is changed
(Fig. 11) is caused by coupling of the vibrations at the
corresponding frequencies for ethanol monomers and
dimers during the formation of cyclical clusters. For
aggregates bigger than trimers, only the valence vibra-
tions along the CCO bond with three frequency modes
(896, 898, and 900 cmfl) remain; these do not split
because of the large width of the absorption band in pure
ethanol samples. Raising the ethanol concentration to
5-10% leads to a growth in the number of anti-gauche
dimers with frequencies v =884 and 900 cm~'. The first
of these corresponds to a symmetric valence vibration of
a (CCO,) acceptor, while » =900 cm ™! corresponds to a
donor type v{(CCO,) symmetric valence vibration. Fur-
ther increases in the ethanol concentration lead to a sharp
drop in the number of dimers, as well as of monomers,
and the double absorption band degenerates into a single
band.
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