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Abstract

L ow-temperature FTIR spectra of methanol in an argon matrix are analyzed on the basis of B3LY P/cc-
pVTZ and B3LY P/acc-pVQZ calculations of the geometry and IR spectra of methanol monomer and dimer. The
adequacy of the scaled force fields is checked by the comparison of the calculated and experimental spectra of
methanol isotopomers. Assignment of the absorption bands in the FTIR spectrum of methanol registered at 10 K
to the monomer and dimer vibrations was made taking into account the torsion-vibration interaction. A series of
the absorption bands caused by the formation of the intermediate cluster structures during the sample heating from
20 to 35 K was detected. Using the results of computer simulation of the methanol dimer interaction with Ar
atoms, new possible mechanism of the broad absorption bands formation in the region of torsional, bending and
stretching vibrations of a hydroxyl group of the dimer donor molecule appearing at the sample heating above 30 K

was suggested.
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1. Introduction

Alcohol molecules attract the attention
of investigators because of their ability to form
various cluster structures due to the
intermolecular hydrogen bonds formation. A
study of such structures enables one to trace the
transition from individua molecules in the gas
phase to liquid mediain more detail [1, 2]. For a
more comprehensive analysis of the structure of
molecular aggregates various experimental
methods are used. It is worth to note the
approaches involving ionization of the vapor
formed above the surface of liquid alcohols with
the subsequent division of the ionized molecules,
their associations or fragments using mass-
spectrographs [2-5]; Raman and IR spectra
analysis [6-9]; investigations of torsiona-
rotational spectra in IR and microwave regions
[10-12], x-ray, neutron, and NMR spectroscopy
[13-15]; selective excitation of the individual
clusers using IR/UV double resonance
spectroscopy [16]; low-temperature spectra
investigations of the clusters trapped into inert
gas matrices [17-19]. It is notable that very often
the results obtained by different methods do not
agree with each other. For example, as it is
mentioned in [3], detection of the dominating
cluster structure in liquid tret-butyl alcohol by IR
spectroscopy indicates the prevalence of cyclic
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aggregations, whereas x-ray diffraction reveals
that the chain structures and a cyclic hexamer
prevail. NMR investigations show the cyclic
tetramer as a dominant cluster in the liquid
phase. According to the data on neutron
scattering, intermolecular interactions are
essential but not as dominant as it is generaly
accepted. It is worth to note that the methods of
neutron scattering in liquids are less informative
than the vibrational spectroscopy as regards the
molecular  structure  and  intermolecular
interactions. These results obviously reveal
mobility of the cluster structures distribution and
the influence exerted on it by the media and
experimental methods. A large number of works
are devoted to the calculations of the structure
and spectra of acohol clusters using non-
empirica quantum-chemical methods and
molecular dynamics [20-22].

A methanol molecule is the simplest
representative of alcohols. In the literature there
are alot of experimenta [23, 24] and theoretical
[25] works devoted to investigations of alcohol
associations. The investigations of methanol in
matrix isolation [17] reveal the sensitivity of
various associations to the matrix type, to the
ratio between the numbers of the methanol and
matrix molecules, to the sample temperature, etc.
The influence of monochromatic laser radiation
in the region of O-H bond vibrations of donor
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molecules [19] and even of polychromatic
radiation of the IR spectrometer globars [23] on
the ratio between different clusters in low-
temperature matrices was observed. Because of
this, each experiment is unique supplementing
the general picture of various structure
transformations of methanol clusters under the
effect of different external factors.

In the present work we have focused
our attention on the behavior of methanol
monomer and dimer in an argon matrix during a
sequential temperature variation from 10 to 50
K. The details of the experiment are recounted in
[1,2].

2. Methanol monomer and dimer structure

The equilibrium geometry of a
methanol molecule was calculated by two
approaches: (I) the approximation B3LY P/acc-
pVQZ was used within the package FIREFLY
[26], (1) the approximation B3LYP/cc-pVTZ
within the package WinGAMESS [27]. In both
cases the optimization was performed for a full
set of the internal coordinates, the value of
OPTTOL parameter was equal to 10%; a set of
the spherical functions was used, and symmetry
of the molecule was specified as Cs. Using
approaches | and IlI, the equilibrium
configurations of the methanol dimer were
calculated. In both cases the full optimization of
the dimer geometry was performed assuming the
C,; symmetry. In accordance with the both
approaches, the geometric parameters of
individual methanol molecules in the dimer are
changed insignificantly as compared to the
monomer. However, both approaches predicted
decreasing of the C-O bond length in the donor
molecule (~1.415 A) and its increasing in the
acceptor molecule (~1.429 A) in comparison
with that in the monomer (~1.421 A) and this
should naturally lead to variation of the
corresponding force constants and to splitting of
the frequencies of C-O stretching vibrations in
donor and acceptor molecules of the dimer. And
according to these data a red shift relative to the
frequency of this vibration in the monomer
should belong to the acceptor, and a blue shift —
to the donor molecule. Comparing the geometric
parameters of dimers which characterize a
relative orientation of the monomer molecules, it
can be affirmed that two different conformers of
the methanol dimer were found.

3. Calculations of the force fields and IR
spectra of methanol monomer and dimer

The optimized geometries of methanol
monomer and dimers were used for the
calculations of the force fields and IR spectra by

the two approaches described above. The
absence of imaginary frequencies indicates that
both the calculated configurations correspond to
minima of the potential surface. To improve the
agreement between the calculated frequencies of
the monomer in the region 1000 — 1500 cm™ and
the experimental ones, a factor for the Hessian
scaling was selected. Its value in the first and in
the second case was 0.988 and 0.987,
respectively. The scaled Hessian was introduced
into the input files for the IR spectra calculation
using the quantum-chemical packets [26, 27].
Simultaneously, the elements of the force fields
for an independent set of the internal coordinates
were calculated. Their values were obtained in
hartree/bohr?, hartree/radian?, and
hartree/(bohr* radian) units, and then
recalculated into cm?® The obtained field,
together with the optimized molecular geometry,
was used as source data for calculations of
normal vibrations within the packet [28].
Divergence in the values of the frequencies
calculated using [26-28] was below 0.1 cm™.
Only those force constants which were
determined by the derivatives of the energy with
respect to the natural coordinates of the C-H and
O-H bonds length change were subjected to
further scaling. The values of the scaling factor
in the first and in the second cases were 0.962
and 0.965, respectively. After two stages of the
field scaling the final forms of normal vibrations
were practically the same as the initial ones. The
values of the calculated and experimental [29]
vibrational frequencies of a methanol molecule
are listed in Table 1. As the data on the spectra
of the deuterated and other isotopomers of
methanol are present in the literature, the
calculations of the normal vibrations of these
molecules were performed. The calculations for
the cases | and Il were performed using the
program packet [28], where the twice scaled
fields were used as input data, taking the
masses H?, C** and O™ instead of the masses of
hydrogen, carbon, and oxygen atoms. The
caculated and experimentally registered
frequencies [30-32] are given in Tables 2 and 3.
When analyzing the data from Tables 1-3, note
that both approaches are in a good agreement
with each other and with the experimental data.
It is especialy so for the frequency interval 1000
— 1400 cm™. Just this interval will be of the
greatest interest for us. Somewhat worse
agreement is observed for the experimental data
and for the calculated values of bending
vibrations of C-H bonds (1400 - 1500 cm™). The
largest disagreement between the calculated
frequencies and the experimenta data is
observed for stretching C-H vibrations. As
mentioned in [18, 33], a possible source of the
problem in this spectral range (2800-3050 cm™)
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Table 1. The values of the calculated frequencies and intensities of the methanol molecule vibrations and the experimental ones.

N

Number of Approach | Approach 1 Experimental values
the Frequency I, Frequency, | Frequency, |
vibration (cm™) D¥(a.m.u.-A)? (cm™) D¥(a.m.u.-A)? (cm®) (rel.)

and the Without After two Without After two
symmetry scaling scalings scaling scalings
type
12/A" 287.63 286.76 2.504 264.34 262.46 2.619 - -
8/A' 1038.69 1032.59 2.887 1040.97 1034.02 2.858 1033.5 1.09
7IA 1077.22 1072.22 0.024 1079.85 1072.46 0.011 1074.5 0.01
1A 1169.57 1162.76 0.011 1171.03 1162.78 0.014 114544 0.002
6/A 1367.21 1360.68 0.588 1370.61 1360.89 0.604 1339.5 0.02
5/A' 1477.18 1467.43 0.078 1480.86 1470.24 0.093 1454.5 0.004
10/A" 1496.87 1491.46 0.072 1494.17 1483.22 0.046 1465+3 0.07
4/A' 1505.79 1497.71 0.128 1509.27 1498.27 0.096 1479.5 0.07
3IA 2998.04 2864.74 1.462 2981.82 2857.80 1.508 2844.2 0.12
9/A" 3045.62 2911.54 1.255 3024.01 2898.26 1.620 2970.6 0.16
2IA' 3090.40 2954.08 0.604 3099.61 2970.60 0.720 2999.0 0.15
A 3860.82 3690.68 0.747 3824.25 3665.64 0.590 3681.5 0.25

“Theinformation on the IR absorption bands of methanol in the gas phase and the numbering of the vibrations are taken from [30].

J. Spectrosc. Dyn. 2011, 1: 9
www.simplex-academic-publishers.com

© 2011 Simplex Academic Publishers. All rights reserved.



http://www.simplex-academic-publishers.com

JOURNAL OF SPECTROSCOPY AND DYNAMICS -

Table 2. The values of the calculated frequencies of the deuterated i sotopomers of methanol molecule and the

experimental ones.

CH,0D CD5OH CD30D
Fem® | Hem? | Exp.,” | 1(em?) | Hem™ [ Exp,” | Iem® | 11 (em™?) | Exp.”
(cm™) (em™) (em™)
227.95 | 208.96 - 27212 | 24891 - 209.17 | 191.36 -
863.88 | 861.99 865 855.63 | 85351 858 77225 | 769.61 775
1038.78 | 104516 | 1041 | 89628 | 897.61 890 896.25 | 897.60 888
1162.74 | 116277 | 1160 | 984.86 | 988.83 988 979.38 | 983.43 983
124149 | 124066 | 1210 | 1079.07 | 107547 | 1061 | 1053.18 | 105347 | 1029
1467.25 | 1470.16 | 1427 | 108157 | 1079.38 | 1081 | 1081.54 | 1075.43 | 1071
1491.43 | 148319 | 1458 | 1139.39 | 1141.04 | 1134 | 1087.09 | 1086.67 | 1083
1496.07 | 149630 | 1475 | 1300.13 | 1301.39 | 1297 | 114229 | 114608 | 1135
2690.10 | 2677.02 | 2720 | 2054.68 | 205364 | 2077 | 2054.67 | 205364 | 2080
2864.86 | 2857.85 | 2840 | 2164.19 | 215288 | 2235 | 2164.17 | 215287 | 2228
291153 | 289825 | 2965 | 219517 | 2203.75 | 2235 | 2194.49 | 220307 | 2228
295445 | 2971.05 | 2965 | 3690.56 | 3665.49 | 3690 | 2690.57 | 267274 | 2724

*According to [31].

Table 3. The values of the calculated frequencies of methanol isotopomers and experimentally registered ones.

Molecule Vibration
Stretch C-O Rocking CHz
| (cm'l) 1] (cm'l) Exp. (cm'l) | (cm'l) I (cm'l) Exp. (cm'l)
C®H,0H | 1016.93 | 1020.21 1018.2° 1065.71 | 1064.03 1065
CH;0™H | 1006.53 | 1009.50 | 1007.49" 1070.07 | 1068.52 1073"
C®H;0™H | 989.21 | 993.05 991" 1064.98 | 1062.47 -

"According to [32], " according to [33]

may be the Fermi resonance between overtones
and combined frequencies of bending C-H
vibrations and some stretching vibrations of
these bonds. Redly, the overtones (2949 and
29314 cm™) and the combined frequency
(2940.2 c¢cm™) caused by the fundamental
bending vibrations 1474.5 and 1465.7 cm™ are
located in the spectral interval 2965-2915 cm™,
where the abundant number of the absorption
bands are exhibited (2962; 2955.5; 2929.5 and
2920 cm™), which may be due to stretching C-H
vibrations only. Anayzing the values of the
calculated and experimental frequencies of
methanol isotopomers (Tables 2 and 3), for the

first approach one can observe a better
agreement. For example, the mean deviation of
the calculated frequencies from the experimental
ones for stretching C-O vibration and rocking C-
H vibration by the first approach was 1.34 and
2.02 cm™ respectively, while by the second
approach — 1.82 and 2.725 cm™. Because of this,
in analysis of the monomer and dimer behavior
based on low-temperature FTIR spectra in an
argon matrix we have mainly relied on the
results of the first approach. Computer
simulation of the methanol dimer and Ar atoms
interaction was performed only using the second
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approach since the increasing numbers of atoms
lead to a dramatic increase in computation time.
At the next stage, using the equilibrium
configurations of the methanol dimers obtained
within the framework of approaches | and I, the
IR spectra and force fields in the corresponding
approximations were computed. The obtained
Hessians were scaled with the factors 0.987 and
0.988, respectively, and the fields were
recalculated for an independent set of natural
coordinates. Then only the force constants
associated with the changes of the C-H and O-H
bonds lengths were scaled using the factors
0.965 and 0.962, respectively. Using the initia
geometries and twice scaled force fields, IR
spectra of the dimers were calculated within the
packet [28]. The results of the calculations are
given in Table 4, showing that stretching and
bending C-H vibrations of the acceptor molecule
are shifted to higher frequencies as compared to
the corresponding frequency of the monomer,
while for the donor molecule the shift to lower
frequencies is observed. A value of the splitting
of the localized C-H vibrations is unexpectedly
high. The frequencies of the vibrations
corresponding to the A" type symmetry in the
monomer for the donor and acceptor molecules
are practicaly the same. Contrary to the
described above, as it should be expected, all
vibrations involving the hydroxyl group motions
are blue-shifted in the donor molecule and red-
shifted in the acceptor molecule with respect to
those in the monomer. The vibrations under 300
cm™ are due to joint motion of the atoms in the
dimer donor and acceptor. As far as is known,
the most intenseis C-O stretching vibration in IR
spectra of the methanol monomer that isin afull
agreement with the results of quantum-chemical
caculations. The calculations of norma
vibrations of the dimer based on the data of the
two approaches predict even greater localization
of the C-O stretching modes in comparison with
the monomer. Indeed, whereas for the monomer
the contributions of vco in potential energy
distribution (PED) of the vibrations 1032.59 and
1034.02 cm™ calculated for cases | and |1 are 76
u 66%, respectively, in the case of the dimer for
the donor and acceptor molecules a the
frequencies 1054.82; 1059.91 and 1027.25;
1031.25 cm™ for the cases | and Il these
contributions are 97; 98 and 95; 98%
respectively. It means that the absorption bands
assigned to these vibrations in the dimer should
aso have the highest intensity. So, high
localization of stretching C-O vibration in the
methanol dimer indicates that a difference in the
frequencies of these vibrations for the donor and
acceptor molecules (more than 20 cm™) is hardly
caused by a change in the kinematic coefficients.
Then, values of the force constants for these
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bonds should differ. Really, comparison of the
scaled force fields for the monomer and the
dimer shows that, whereas the force constants
for C-O bond of the monomer in cases I and II
were k'c.0=8.1675 cm™ and k¢ c=8.2639 cm?,
for the dimer the calculated values (in cases |
and 11) were as follows: %'c0=7.9699 : %'c.
0=8.3886 cm? and %'co=8.038 ; %'
0=8.4382 cm>. It should be noted that the
difference in the calculated force constants of the
donor and acceptor hydroxyl groups (k'o.
w=11779 and %'on= 11162 cm?) s
insufficient to give the calculated value of
splitting (150 ¢cm™). The essential contribution
here is made by the difference in kinematics of
the hydroxyl group vibrations. According to the
results of calculations, value of the force
constant of the hydrogen bond is lower than the
force constant for hydroxyl group almost by two
orders of magnitude (k"o. . .;=0.271 cm™). Let us
compare the force constants of the valence angle
C-O-H (k" .0.1=0.9756 cm™®) and of the angle, in
the vertex of which the hydrogen atom
belonging to the hydroxyl group of the donor
molecule is located (k"o - .0 = 0.0534 cm™).
These constants differ by afactor of 20.

4. Analysis of the experimental data and
assignment of the absor ption bands

The 1:1000 ratio of methanol molecules
and argon atoms should lead to the monomer
domination in the initial sample at 10 K. But at
this temperature spectrum of methanol has a
more complex structure than may be expected on
the basis of the initial assumptions. There are
two bands of comparable intensities (1033.25
and 1036.5 cm™) and two bands, the intensities
of which are lower by an order (1052.5 and
1029.9 cm™) which may be assigned to
stretching C-O vibrations only. The band caused
by the free hydroxyl group vibration has
complex structure. Here one can distinguish four
maxima with the frequencies 3673.5; 3672.5;
3665.5 and 3660 cm™. There is also a weak
doublet 3526 and 3522 cm™ directly indicating a
possihility for the existence of a methanol dimer
in small amounts in the initial sample. The
majority of the remaining bands aso have a
complex multiplet structure, some of them being
represented by doublets. Supposing that most
intense band in FTIR spectrum at 1033.25 cm™
belongs to C-O stretching vibration in the
monomer, it is important to understand nature of
the band at 1036.25 cm™, the intensity of which
is dlightly less than first one. According to [19],
in the low-temperature IR spectra of methanol
trapped into nitrogen matrices the stretching C-O
vibrations in the donor molecule are exhibited in
the interval 1050-1051.4 cm™, and in the
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Table 4. The values of the calculated vibrational frequencies for the methanol dimer.

Approach | Approach |1
Without After two | Potential energy distribution |  Without After two Potential energy
scaling scalings (PED) scaling scalings distribution (PED)
Frequency (cm™) Frequency (cm™)
3849.40 3679.73 (100% Vo.n)a 3833.53 3674.56 (99,9% Vo 1)a
3655.82 3494.82 (101% Vo.r-1% Vo, 1)d 3676.70 3524.31 (99,9% Vo.n)g
3107.51 2970.12 (90% v y+10% Ve n)a 3120.56 2990.68 (93,8% Vc.qt9,1% Ve n)a
3097.24 2960.00 (94% v 4+6% Ve n)d 3081.34 2953.09 (93,8% vc.yt6% Vep)g
3052.56 2917.76 (54,1% v +45,1% Ver)a | 3059.93 2932.62 (100% Ve p)a
3017.26 2883.84 (80,3% Ve i+20,7% Ve)g 3006.78 2881.76 (85% Ve +10% Ve )
2997.54 2865.12 (50,3% vcp+40,5% 3006.49 2881.48 (94% v p)a
Vent10% Vep)a
2967.42 2836.26 (79% vep+17% vept4% 2969.14 2845.63 (94% v y+6% Vep)g
Ven)d
1509.84 1499.61 (62% BHcH+6% 1517.44 1506.45 (54%00.-c-H+43%0H-c-H)a
OocH)d+(22% OHcH)a
1508.41 1498.20 (50% BHcHt+22% 1513.83 1502.76 (81% &p-c-Ht6 Oo-c-H)d

BocH)at(29% Onch)d

1499.41 1489.20 (47% SHcH+47% OncHt4% 1499.54 1488.65 (90% &H.-c-H+6% Bo-c-H)a

SocH)a
1496.71 1486.44 (95% BHcH+13% BocH)d 1498.47 1487.48 (98% OH-c-H)d
1480.08 1470.16 (91% docH)d 1481.83 1471.15 (120% 80-c-H)a

1477.60 1467.69 (72% SocH+12% BSHcH)a 1480.00 1469.40 (58% &0.c-H+41% OH-c-H)d

1421.47 1411.99 (64% 80.14+11% OncH+14% | 1435.88 1425.63 (63% 80.4+37% O0o-c-H)d

SocH)d
1367.30 1358.25 (64% 00.4+29% docH+8% 1371.33 1361.55 (65% 80.4+28% do-c-
OHcH)a H+8% Or.cH)a

1173.44 1165.75 (53% &0.c.H+32% Bo-c-H)a 1175.66 1167.36 (91% &0-c.H+5% OH.-c-H)a

1172.93 1165.23 (43% &0.c.H+42% B0o-c-H)d 1173.55 1165.27 (91% &0.c.H+5% OH-c-H)d

1115.44 1108.19 (30% S0cH+16% 60 H+39% 1119.34 1111.48 (5% V.ot 71% doc-
Socht+11% To . u)g H+15% So.H)g

107931 | 107229 | (6% veo+35% 004 +56% | 108050 | 1072.89 | (58% do.c++35% Bor)a

6OCH)a
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1061.13 1054.82 (97% Ve.0+1% Bo.n)d 1066.85 1059.91 (98,44% V¢ 0)4
1033.39 1027.25 (95% Vc.o+3% 8o +3% 1037.96 1031.25 (98,83% Vc.0)a

SocH)a
662.32 659.79 (19% dco...H+15% T o+ 77 678.04 673.45 (57% d0-H-0+18% OH...o0-
To....H)d c*+16% Tc.o+33% Th.__o)d
302.09 299.67 (57% To.1+80% Tc.0-43% 335.17 332.76 (80% Tc.o+18% T 0)a
To....na
170.01 165.67 77% vo . yt6% 00 201.09 198.04 34% vo . yt49% Tc.
H....0t8% dco... n+28% 0+12% To.14+7% Bo-h-
Tou23%To u 0+3% dco....H
114.90 114.05 12% don_ 0+24% Te 190.40 185.48 50% Vo, _1+8% Bot
8% To 1 +24% Te.o 0+5% Bc.o.. i+35% Te.
0% 1o, 1 016% 1o +17% To
102.38 101.26 13% Vo, +18% 60, 126.77 12572 | 5% v +123%To -
H.....0t11% 8co.... u+46% 30% 1o, x+18% Tco
Tc.ot9% Ton+10% To.... 1
% To... .
62.62 61.14 6% Vo, y+11% S0 95.52 94.33 160% To, - 72% To, _u-
H.....01293% To 1 +342% 15% To.y+11% O0.1+8%
To...u560% To  n Vo...H
54.43 54.03 28% Oo.H.....0+56% Oc. 68.78 68.32 46% dc-o....H+97% Ton-
o....n+39% Tou+12% 34% o, .1 18% To. .
To..u35% To. . .1
43.66 4346 407% To, 1 +310% Top 55.03 54.64 13% Bo.+1.0+25% Oc.
o...1+31% To 1 +23%
To..H

a refers to the acceptor vibrations, 4 refers to the donor vibrations

acceptor molecule — in the interval 1028.3 —
1033.6 cm™. Similar data are presented in [17]
for low-temperature spectra of methanol in
helium and argon matrices. The frequency
values were respectively 1024.7; 1050 cm™ and
1025; 1050.1 cm™. Here most interesting is the
last result. On the basis of these data we assign
the band at 1029.9 cm? to the vco of the
acceptor molecule, and the band at 1052.5 cm™
to the corresponding vibration in the donor
molecule. Thisis suggested by the fact that their
intensities are close, and by correlation with
[17]. This assignment agrees well with data of
norma mode calculations, according to which
the frequencies of C-O stretching vibrations in
acceptor and donor molecules are 1027.27 and
1054.82 cm™. Since the bands in the interval
1025-1037 cm™ are significantly overlapping,
separation of the spectral contours was
performed, using the Lorentz contour for each of

J. Spectrosc. Dyn. 2011, 1: 9
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these three bands. The result is demonstrated in
Figure 1. The parameters of each individua
contour were specified as follows.  bands
maxima 1029.9; 1033.25 and 1036.5 cm™,
halfwidths— 3.8; 0.8 and 1.15 cm™, and intensity
ratio 1: 6.5: 2.7. The band 1052.5 cm™ isas wide
as the band 1029.9 cm™, and this is another
argument in favor of their common origin. The
fact that hafwidths of the bands 1029.9 and
1052.5 cm™ are almost 5 times larger than that of
the band 1033.3 cm™ probably indicates
overlapping of several closely located absorption
bands corresponding to different equilibrium
conformers of the dimer. Besides the above
mentioned doublet 3526 and 3522 c¢cm™, in the
region of the stretching O-H vibrations the
presence of a dimer may be indicated by the
band at 662.5 cm, that cannot be assigned to the
monomer. It may be supposed that the band
1036.5 cm™ can be assigned to the vibrations of
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Figure 1. The separation of the band contours of the stretch C-O vibrations.

C-O bond in the methanol trimer since,
according to [19], the band a 1036.4 cm™
corresponds to stretching C-O vibration in one of
the cyclic trimer conformers. However, in this
case the trimer should be present in the initial
sample in the amount comparable with that of
the monomer but this contradicts the common
sense and is not confirmed by the presence of the
structured bands in the interval 3500 — 3400 cm™
typical for the cyclic and chain trimers [19]. A
similar multiplet nature of most absorption bands
in FTIR spectra of the methanol trapped into
neon matrices at the temperature 2.7 — 7 K was
observed in [34]. In this work the idea was
suggested that, though the influence of a neon
matrix on the molecules rules out the overall
rotation of methanol, torsional tunneling of CH3
group is still possible. As a result, the ground
vibrational state is split into the energy more
preferable of A; type state and slightly higher
located state E. The energy gap between these
states in the gas phase is 9.12 cm™ [34]. Due to
the interaction with the matrix, height of the
potential  barrier increases, whereas the
corresponding gap in the neon matrix decreases
to 6.7£0.5 cm™ [34]. The excited vibrational
states of methanol are also split due to the
torsion-vibration interaction. A value of the
splitting changes at the transition from one
fundamental vibration to another. The selection
rules A; = A, and E = E, which are strict for
the gas phase, are broken in matrix and the
transitions A; = E and E =*A, are exhibited
in spectrum too. The interaction of methanol
with nitrogen matrix is more significant [35].
Due to increasing of the torsional barrier,
splitting of the ground and excited vibrational

dtates is close to zero, leading to the absence of
the multiplet structure of absorption bands. It is
noted that argon by its matrix propertiesis closer
to neon [35]. The multiplet structure of the bands
in argon matrix can be of the same nature as in
neon matrix. A repeated value of the splitting of
different bands should correspond to the splitting
of the ground vibrational state. Analyzing the
difference of the frequencies in the doublets
1033.25 and 1036.5 cm™, 1076.1 and 1079.2
em™, 1179.5 and 11835 cm™, 1337 and 1341
em™, 3522 and 3526 cm™, one can assume that a
value of the ground state splitting lies in the
interval 3.2 - 4 cm™. Then the intense doublet
1033.25 and 1036.5 cm™ may be interpreted with
the assumption that value of the splitting of the
torsion-vibrational levels in the ground and
excited states is almost the same in agreement
with the data obtained in the gas phase and in the
neon matrix [34]. The low-frequency component
corresponds to the transition A; = Ay, the
high-frequency one — to the transition A; = E,
and the ‘hot band” E = E coincides with the
low-frequency component. A similar scheme of
the transitions may be assumed for the doublets
1076.1 and 1079.2 cm™, 1179.5 and 1183.5 cm™,
3522 and 3526 cm™ since their low intensity
makes a thorough study of their structure
impossible.  However, in the absence of direct
experimental data concerning reversible
temperature changes in the intensity components
of the multiplets, we cannot completely exclude
other formation mechanisms of the multiplet
band structure. Different multiplicity of IR
bands, the absence of redistribution of the
relative intensity components of the multiplets
after the matrix annealing at 25, 20 and 35 K,
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Figure 2. The calculated IR spectrum of the methanol monomer and dimer (pink line) and the experimental
IR spectrum of methanol trapped in argon matrix at 10 K (black line).

and the lack of proportionality between the
splitting of the fundamental vibrations and
overtones on the one hand, and the vibrational
guantum numbers, on the other hand are the
arguments against the site effect. But we cannot
exclude the appearance of the splitting due to the
interaction of methanol with residual impurities
in the sample of such molecules as nitrogen.
Irrespective of a nature of the band multiplet
structure, the initial IR spectrum registered at 10
K is mainly formed by monomers and some
conformers of the dimer existing in a smal
amount. The resultant spectrum of the methanol
monomer and dimer was simulated using the
results of the calculation |. For al bands the
Lorentz contour was used, the widths of the
absorption bands for the monomer were egual to
0.8 cm™. The same bandwidth was chosen for
those vibrations, the frequency of which is
amost the same in the dimer donor and acceptor;
as arule they originate from the vibrations with
A’ symmetry in monomer. For remaining bands
the width value was equal to 3.8 cm™. The
experimental and calculated spectra are shown in
Figure 2. The bands assignment in the initial IR
spectrum of methanol to the vibrations of
monomer and dimer are given in Table 5.

5. Analysis of temperature changes in the
spectra

To analyze the temperature influence on
the ratio of different clusters of methanol trapped
into argon matrix, lower temperature spectra
were subtracted from high temperature spectra
and superposed. It should be noted that at the
sample heating up to 15 and 20 K the intensities
of the monomer absorption bands dightly

decrease, and the intensities of the dimer bands
J. Spectrosc. Dyn. 2011, 1: 9
www.simplex-academic-publishers.com

dightly increase. Further heating from 25 to 35
K, apart from continued decrease of the
monomer and dimer band intensities leads to the
absorption bands of new cluster structures
which were absent at lower temperatures.
Compared to the clusters formed at the
temperatures 45 K and higher, they are
distinguished by relatively small halfwidth of the
bands, close to those for dimers and trimers, by
fact that at 45 K these bands and hence the
corresponding clusters totally disappear. In the
region of stretching C-O vibrations the intensity
of the bands in the interval 1037 — 1051 cm™
beginsto increase as well as the band intensity at
1032 cm™ (Figure 3). In the interval 600 — 900
cm’™ the bands with the frequencies 651 and 720
cm™ appear when the temperature approaches 25
K and the bands at 645 and 780 cm™ appear
when the temperature comes to 35 K. New bands
at 1360, 1364 and 1370 cm™ appear in the
interval 1100-1500 ¢cm™, moreover the intensity
of the bands 1447 and 1450 cm™ is increased
(Figure 4). Additionally, at 35 K a triplet of the
bands at 1118, 1123 and 1130 cm™ is observed.
The interval 2800 - 3050 cm™ exhibits bands at
2832 and 2989 cm'?, and the interval 3200 -3700
cm™ reveals more broadened but still rather
narrow bands with maxima near 3490 and 3378
cmt. When the temperature reaches 40 K, one
can observe a complete disappearance of those
clusters which were present a 10 K and a
considerable intensity decrease of the new bands
which have appeared at 25-35 K. At 45 K almost
al narrow bands disappear from the spectrum.
Simultaneously with the transformations of
narrow bands beginning from 30 K, increasing of

© 2011 Simnlex Academic Publishers. All riahts reserved. 9
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Table5. The assignment of the bands in the IR spectrum of methanol to the vibrations of the monomer and the
dimer.

Experimental data Monomer Dimer
Donor Acceptor
Frequency I The PED The The
(em™) (rel.) calculated calculated calculated
frequency frequency frequency
(em™ (em™ (em™
3673.5 0.03 3679.73
3672.5 0.1
3690.68 100% Vo.4
3665.5 0.25
3660 0.1
3526 0.06
3494.82
3522 0.05
3005 0.15 2954.08 88% Ve 4 +12% vy
2962 0.16
2911.54 51,1% Ve yt+49,1% Ve
2955.5 0.18
2929.5 0.1
2920 0.05
2916 0.05
2910 0.04
2847 0.12 2864.74 45,3% vcyt+42,5% Ve t12% vey
14745 0.07 1497.71 70%0HcH+37% docH +1% do.n 1498.20 1499.61
1465.7 0.07 1491.46 49% OH.c-H+46% Or.c-H 1489.20
1451 0.001 1467.43 82% 80-c-H+18% OH-c-H 1467.69
1408.5 0.002 1411.99
1341 0.02
1337 0.03 1360.68 62% 00.4+30% docH+6% OncH
1331 0.01
1183 0.002
1162.76 47% &o.c.H+47% do-c-H
1180 0.002
1079.5 0.01
1072.22 26% Vc.o+37% d0-c-H+25% 0.4 1072.29
1076.1 0.015
1052.5 0.1 1054.82
1036.5 0.45
1032.59 76% V. o+10% 8o-c-H+12% do.p
1033.25 11
1029.9 0.16 1027.25
662.5 0.1 659.79
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Figure 3. FTIR spectrum of methanol in an argon matrix at 25 K (top) and the difference spectrum for the

temperatures 25 and 15 K (bottom).
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Figure 4. FTIR spectrum of methanol in an argon matrix at 35 K (top) and the difference spectrum for the

temperatures 35 and 20 K (bottom).

the intensity of rather broad absorption bands is
observed. In the interval 600 - 900 cm™ the band
appears the maximum of which shifts to the low-
frequency region from 800 to 750 cm™ with a
temperature increase, and the halfwidth increases
from 70 to 120 cm™. The interval 1300 -1550
cm™ reveals another band with maximum near
1450 cm™ and with a halfwidth about 60 cm™.
The intensity of the bands in the region 3000 —
3700 cm™ with the maximum shifted to the low-
frequency region due to the temperature increase

J. Spectrosc. Dyn. 2011, 1: 9
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© 2011 Simnlex Academic Publishers. All riahts reserved.

and a halfwidth above 200 cm™ increases (Figure
5). These three broadened bands we attribute to
the cluster size growth, increasing of their
conformational variety, and reduction of their
structural rigidity. Note also that the band caused
by the stretching C-O vibration is no longer
structured, its halfwidth at 50 K being 22 cm™.
And if the nonstructural broad band with a
maximum near 3200 cm™ and a halfwidth
exceeding 200 cm™ is traditionally assigned to
stretching vibrations of hydroxyl groups of the

11
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Figure 5. FTIR spectrum of methanol at 45 K (top) and the difference spectrum for the temperatures 45 and

15 K (bottom).

donor molecules, a wide band with maximum
near 750 cm™ should obviously be assigned to
torsional vibrations, and a broadened band at
1450 cm™ - to bending vibrations of hydroxyl
groups of the donor molecules.

6. Theinfluence of the clusters non-rigidity on
the formation of the broadened bands in IR
spectra

Let us discuss another possible
mechanism of the band broadening by the
example of methanol dimer. In comparison with
the monomer, methanol dimers and other chain
clusters as well as large cyclic and branched
clusters are less rigid. They have greater ability
to deform of the equilibrium geometry,
compared to the monomer and, probably, cyclic
trimers and tetramers. In the case of dimer one
can establish three parameters the deformation of
which requires lower forces: change of the O----
H bond length, change of the O----H-O angle,
change of the relative position of the molecules
determined by rotation about the hydroxyl bond.
The formal criterion for this may be the values
of the force constants for these internal
coordinates which, as it was mentioned earlier,
are considerably less than those for the ordinary
chemical bonds and valence angles. Changing of
the non-rigid parameters should mainly affect
the frequencies of the vibrations with involving
the hydroxyl group of a donor molecule both due
to change in some force constants and in
kinematic parameters of these vibrations. To
study these problems, the calculations were
carried out using the second approach. The
values of the three parameters which are
especially interesting for us varied relative to

their equilibrium values by step 0.01 A, 1° and
5°. respectively. During optimization of the
dimer geometry the varied value of one of these
parameters was fixed, minimization of the
energy was performed for all other parameters.
Then a IR spectrum was calculated for the
optimized geometry.

Table 6 presents the calculated
frequencies at dlightly deformed dimer
geometry. According to the simulation results,
small changes in non-rigid parameters of the
dimer structure lead to variation of the frequency
of the hydroxyl group stretching vibration for the
donor molecule by about 50 cm™, deformational
vibration — by about 25 cm™, torsional vibration
— by about 50 cm™. Similar variations in the
frequency of the stretching C-O vibration never
exceed 4 cm™. In other clusters the frequencies
of torsional, bending and stretching vibrations of
the hydroxyl group of donor molecules in the
equilibrium configurations will differ from those
of the dimer. Varying of the frequencies of these
vibrations for each such cluster is possible due to
small deformations of the equilibrium
parameters. This may be responsible for the
experimentally observed broadening of the
bands in the corresponding spectral regions. In
order that this effect was really exhibited in the
spectra a mechanism of the deformed clusters
stabilization is needed. The steric factors and van
der Waals interactions of the clusters with the
matrix atoms may represent such a mechanism.
According to [36], where in the approximation
MP2/acc-pVTZ the potential surface of the
methanol molecule interaction with an argon
atom was caculated, on the potantial surface
there are minima determining the equilibrium
distances between Ar and methanol atoms. The

J. Spectrosc. Dyn. 2011, 1: 9
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Table 6. The values of the frequencies of torsion, deformation and stretch vibrations of the hydroxyl group of
the donor molecule of methanol dimer with small deformations of its equilibrium geometry.

The deviation from the The values of the vibrational frequencies (cm™)
equilibrium geometrical Torsion Deformation | Stretch Stretch vibration of C-
parameters vibration of al vibration vibrationof O- | O bond in
O-H bond of O-Hbond | Hbond donor/acceptor (cm™)
(cm™) (cm™) (cm™)
Thelength of the hydrogen
bond
Mo w=-0.05(A) 708.03 1440.00 3649.35 1068.29/1037.51
Mo = +0.05 (A) 654.48 1432.80 3697.92 1065.36/1038.83
The value of the angle O----
H-O
Moo= +50 678.74 1438.33 3675.53 1067.73/1038.19
Apon o= -5° 675.62 1426.45 3686.50 1066.19/1036.58
Rotation around the bond O--
Mo = +10° 681.98 1429.37 3673.86 1067.19/1038.52
Mo y=-10° 681.37 1440.56 3678.21 1067.40/1038.29

stabilization energy of a methanol — argon
system comes to 0.72 kcal/mol. This means that
in a frozen matrix the interaction forces between
argon atoms and atoms of the methanol clusters
can deform the equilibrium configuration of the
latter. The influence of the matrix on the value of
the potential barriers of internal rotation in a
methanol molecule is confirmed experimentally
[34, 35]. Possible deviations from the
equilibrium cluster configuration depend on the
ratio between maximal gradients at the potential
surface of argon aoms and atoms of the
methanol cluster and at the potential surface of
the methanol cluster itself as a function of the

above described - non-rigid internal coordinates.
A growth of the cluster internal energy should be
compensated by a decreasing energy of the
system “cluster plus argon atoms” as a whole.

7. Computer simulation of the interaction
between methanol dimer and ar gon atoms.

Computer simulation of the interaction
between argon atoms and methanol dimer in
some situations was performed. Firstly, two
argon atoms were positioned along the axes of
O-C bonds from the side of carbon atoms and
then the geometry of the system was optimized

Figure 6. Theinitial positions of the argon atoms and the methanol dimer in the third computer experiment.
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Figure 7. Thefinal positions of the argon atoms and the methanol dimer in the third computer experiment.

for al the parameters. Secondly, two argon
atoms were added to the methanol dimer with
the deformed O-H----O angle similarly to the
first case and the system was optimized for al
the parameters at the fixed O-H---O angle. After
optimization, the space positions of argon atoms
were fixed and the system was optimized again
for the remaining parameters. Thirdly, the
interaction of the methanol dimer with the
surface of the argon matrix was simulated. At
one surface 9 argon atoms were positioned,
while the methanol dimer being positioned at

some distance from this surface. Then the
positions of argon atoms at the initial surface
were fixed with the possibility of their motion
along the surface, and optimization of the system
geometry was performed for al the remaining
parameters. The atomic configurations before
and after the optimization are shown in Figures.
6 and 7. In the letter case the dimer geometry
deformed due to a relative rotation about the
hydrogen bond was stabilized by two argon
atoms. IR spectra for the optimized systems were
calculated. The absolute values of deviations of

Table 7. The values of the frequencies of torsion, deformation and stretch vibrations of the hydroxyl group
of the donor molecule taking into account the interaction with argon atoms.

Vibrational frequencies (cm™)
Deformations of Torsion Deformation | Stretch Stretch C-O vibration in
the dimer geometry | vibrationof | vibrationof | vibrationof | donor/acceptor (cm™)
parameters O-H bond O-H bond O-H bond
(cm™) (cm™) (cm)
| Mo = 0.003 (A) 688.78 1436.26 3676.76 1034.97/1067.88
Apoy_o= 0.31°
Mo y=3.2°
Il | Mo _p=0.006 (A) 676.84 14341 3658.0 1035.4/1067.3
Apoy o= 0.28°
Mo = 4.5°
[l | Ao = 0.003 (A) 675.41 1431.04 3677.44 1032.74/1067.21
Mpoy o=2.7°
Mo = 4.1°
IV | Mo _=0.004 (A) 692.31 1432.44 3674.95 1032.89/1067.67
Apoty_o= -1.237°
Ao =-8.211°
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the non-rigid dimer parameters from the
equilibrium values and the frequencies of
stretching, bending and torsional vibrations of
the hydroxyl group of a donor molecule as well
as stretching C-O vibrations are listed in Table 7.
As seen from Table 7 computer simulation of
the dimer interaction with argon atoms enables
us to demonstrate variation of the frequency
values for stretching vibrations for donor
hydroxyl group almost by 20 cm™, of torsional
vibrations by 17 cm®, and of  bending
vibrations by 5 cm™. The frequency of the
stretch C-O vibration is varied by 2.5 cm™ in the
acceptor molecule. A variety of relative
positions of the methanol dimer and argon atoms
should lead to the appearance of the dimer
distorted structures, with the hydroxyl group
vibrations filling the determined intervals of the
frequency variations. Such a situation should
also be the case for larger clusters of methanol.
This should lead to the appearance of broad
absorption bands in the regions of stretching,
bending and torsional vibrations of the hydroxyl
group of the donor molecules formed due to
superposition of large number of the narrow
bands corresponding to each individual cluster.

8. Conclusions

A complex analysis of the temperature
changes in FTIR spectra of methanol trapped
into the argon matrix, the results of ab initio
calculations of IR spectra for the acohol
monomer and dimer, and the literature data have
enable us to determine that at 10 K a FTIR
spectrum is formed by the absorption bands of
the monomer and some conformers of the
methanol dimer. The assignment of the
absorption bands at this temperature was
performed taking into account the possibility of
torsion-vibration interaction. It was shown that
when the sample was heated from 20 to 35 K the
intensity of the absorption bands assigned to
vibrations of the methanol monomer and dimer
was reduced and simultaneously the new
structured absorption bands assigned to the
formation of new small clusters have appeared.
All these bands disappear at 40 K. But at 30 K
and especially at temperatures up to 40 K and
higher the intensity of broad absorption bands
increases in the regions of torsional, bending and
stretching vibrations of the donor molecule
hydroxyl group. A possible mechanism for the
formation of these band contours was suggested
as the result of the appearance of the ensemble
of the deformed structures for clusters of
different sizes stabilized by the steric and van
der Waals interactions with the matrix atoms.
Variations of the geometrical parameters
determining relative position of the individua

J. Spectrosc. Dyn. 2011, 1: 9
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molecules in the clusters change the frequency
values of the vibrations associated with the
donor molecule hydroxyl group. This approach
was supported by computer simulation effect
exerted by Ar atoms on the configuration and
frequencies of the corresponding methanol dimer
vibrations.
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