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We have carried out the investigations of the Raman scattering
spectra of the v1 band of methane (CH4) and its mixtures with
Ar and Kr in the gaseous phase in the temperature interval
140—360 K under a pressure of 4—160 atm. At low pressures,
the band represents an asymmetric contour typical of the Q-
branch with a degraded discrete structure. Starting from ~50
Amagat and higher, the real contour is of Lorentzian shape.
We have determined the broadening coefficients k of the band,
which appears to be k (CH4+CHy) = k(CHs+Kr)>k(CHsa+Ar)
with increase in pressure. For all studied systems, k decreases
first of all with increase in temperature, and then it starts to
increase. The behavior of the 1 band of methane under the
above-mentioned conditions is related to the vibrational relaxation
process and the dephasing of vibrations. By calculations on the
base of Gaussian98W software, the structure of isolated aggregates
CH4—Kr is determined.

1. Introduction

The interaction of electromagnetic radiation with matter
results in the fact that the light passed through a
medium or the scattered light contains the information
on the structure of a substance, vibrations of atoms in
molecules, the interaction of molecules, etc.

The contours of the bands of vibrational spectra
in the IR region, as well as in the region of Raman
scattering spectra, represents the important and most
comprehensive source of information on the molecular
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dynamics and molecular relaxation in condensed media.
However, the extraction of such information is a
rather complex problem, whose solution can lead to
various interpretations of the results. The reason is
an imperfection of the theory which would be able to
predict the shape of bands (and lines) in spectra of real
molecular systems. The development of the theory meets
difficulties which are conditioned by the insufficient
knowledge of intermolecular interactions and a structure
of matter. Meanwhile, the solution of the problem is
of significant importance for molecular physics. Thus,
experimental investigations remain actual as before.
A specific interest is given to the investigations of
variations of the bands’ contours of vibrational spectra of
substances in the transition from the states of practically
free molecules to the states with a rising contribution of
the intermolecular interaction and molecular collisions.
Accordingly, we carried out the investigations of the
isotropic RS spectra of pure methane (CHy) and its
mixtures with Ar and Kr in the gaseous phase in the
temperature interval 140—360 K at a pressure of 4—160
atm. Partial pressure of methane in mixtures did not
exceed 10 atm. In order to determine the peculiarities
of intermolecular interactions, we carried out quantum-
chemical calculations of interactions and the structure of
molecular formations for an isolated monomer molecule,
the aggregate of two CHy molecules, and the aggregate
of a CH4 molecule and a Kr atom.
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Fig. 1. Band v1 = 2916.5 CH4 contour at 295 K: 1 — p=20 Amagat,
2— 85 Amagat, 3— observed contour at 118 Amagat (points denote
the Voigt contour, being a result of the convolution of the true
Lorentz contour, whose half-width is 1.5 cm™!, with a Gaussian

apparatus function, whose half-width is 0.8 cm™1)

2. Experimental Part and Calculations

The RS spectra of the v; band of methane and its
mixtures with Ar and Kr in the gaseous phase were
studied with the help of a spectrometer DFS-24. The
studies were carried out with using the cuvette of a
special construction which was described earlier in [1].
Light scattering was excited by an Ar laser in the
90°-geometry of scattering. According to [2], the band
which corresponds to the fully symmetric vibration 14
for methane is completely polarized, and that is why we
did not use any polarization devices to extract polarized
components of the band. The obtained experimental
results were corrected for the apparatus distortion [3].
The positions of bands and their half-widths were
determined to within +0.1 cm™?!.

The calculations of the bond’s lengths, depolarization
ratios of bands, as well as structures of molecular
aggregates were carried out by Gaussian-98W software
in RHF-6-31G(d,p) approximation [4]. On the base
of this approximation, one cannot reach a complete
agreement between the calculated vibration frequencies
and the experimental data. To compare the calculated
data with the experimental ones, it is necessary to
introduce a scale factor Sf=vexp/Veale Which was equal
to 0.92 in our case.

3. Results and Discussion

At the lowest studied densities, the band v; of methane
represented an asymmetric contour typical of the Q-
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branch with a degraded discrete structure. With increase
in the density, the band loses its asymmetry and is
broadened (Fig. 1).

Starting from ~50 Amagat (and higher), the
observed contour of the v; band becomes symmetric
and can be described in the scope of 3—4 half-widths
of the Voigt curve (Fig. 1). We suppose that, under
such conditions, the real contour of the band is
of Lorentz’s shape. At the lowest temperatures and
high densities, the band is asymmetric again, but the
character of asymmetry is different: the intensity of the
low-frequency wing of the band increases with respect to
the high-frequency one.

As a peculiarity, we note that the contour of the v
band of CH, in the gaseous phase at densities up to 10
Amagat does not change its half-width for all studied
systems. At higher densities, the half-width increases
linearly with the density for all studied temperatures.
However, the broadening coefficient & (cm~!/Amagat)
changes with variation in the temperature and the
nature of a buffer gas. The magnitude of the broadening
coefficient £ is about (0.6+3.5) x 1072 cm~!/Amagat.
The linear broadening of the band v, of CH; with
increase in the pure gas density at room temperature
was also observed earlier in [5—7]. At the same time,
the magnitude of the broadening coefficient obtained in
our work at room temperature is in good agreement
with the results of previous studies in the limits of
experimental errors. For all temperatures, there is the
following relation between the broadening coefficients:

k(CH, + CHy) ~ k(CHy + Kr) > k(CH, + Ar).

The variation of temperature leads to qualitatively
the same change of the half-width for all studied systems.
With increase in the temperature from 140 K to some
Timin, k decreases and reaches the minimum at the
temperature Tp,;, which depends on a buffer gas. After
that, the k starts to increase.

What is the reason of such a behavior of the 14
band of methane? Taking into account the previous
investigations, theoretical predictions, and our studies
of the 11 band contours of methane by isotropic Raman
scattering, we can conclude that, side-by-side with
rotational-inelastic collisions, there is a contribution
to the broadening of the @-branch contour from
collisions which change the character of vibrational
motion. Among them, we can indicate the following: 1)
Collisions which occur without change of the vibrational
energy and lead to the simple vibrational dephasing; 2)
Collisions with losses of the vibrational energy; in this
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case, a) the vibrational energy can be spent to excite
the external degrees of freedom; b) there may occur the
intermode energy exchange in a polyatomic molecule.

We made an attempt to investigate the nature of
the vibrational broadening observed in the spectra of
CHy. The closeness of the broadening coefficients in
the spectra of CH; and the CH4+Kr mixture allows us
to suppose that the dispersion interactions are effective
in vibrational disturbances (polarizabilities of CHy4 and
Kr are close to each other). It is a rather simple
thing to estimate the broadening coefficient which is
related to the dephasing. According to [8], we calculated
the broadening coefficients & which are related to the
dephasing of vibrations under the influence of dispersive
forces.

The calculated magnitudes of k£ for CHy+CHy,
CH4+Ar, and CH4+Kr are presented in Table 1. These
magnitudes are several times less than those obtained in
experiments.

We note that the Strekalov—Burshtein model [9]
predicts a non-monotonic dependence of k of a
vibrational band, which is related to the dephasing due
to temperature. It was shown that the reason for such
behavior can be an influence of the attraction forces,
whose relative role is temperature-dependent, on the
kinematics of collisions. The calculated dependence [9]
of the broadening coefficients on temperature for pure
methane does not provide the satisfactory numerical
agreement with experiment. The qualitative behaviors
of the theoretical and experimental curves are the same,
but the calculations give a much weaker dependence
than it occurs in experiment.

The above-presented arguments testify, at least
qualitatively, that the dephasing under the influence
of the dispersive interaction changes the magnitude
of the broadening coefficient of the band of isotropic
Raman scattering in methane. However, the observed
quantitative differences in the theoretical estimations
and experimental results make us suppose that this
mechanism does not exhaust all features of the
broadening effect.

In order to make clear the interactions of a CHy
molecule with other particles, we carried out ab initio
calculations on the base of the above-mentioned

Comparison of calculated [8] broadening coefficients k
(102 cm~ 1 /Amagat) of the CH4 band with experimental
results at 295 K

Buffer gas
CH4+CHy CH4+Kr CHy4+Ar
Exp. [ Calc. Exp. [ Calc. Exp. [ Calc.
1.140.1 0.16 1.1+0.1 0.23 0.740.1 0.14
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Fig. 2. Structure of a methane molecule and the methane-krypton
aggregate (charges are given in electron charge units, distances
in A)

software. The calculations were carried out for an
isolated monomer molecule, two interacting CHy
molecules, and for an isolated methane molecule with
one Kr atom. For a monomer methane molecule, the
calculations gave the same length of the C—H bond:
1.084 A (Fig. 2). The charges of all H atoms appeared
to be equal to 40.1146; whereas the charge of a C
atom appeared to be —0.4585 (in electron charge units).
The fully symmetric vibration frequency was 3168.8
em™ ! (scaled factor Sf=2916.5/3168.8=0.92) with zero
depolarization ratio. As was said above, the interaction
of two CH4 molecules must be of dispersion character.
One of the C—H bonds of both interacting molecules
appears to be different from other C—H bonds. The
charges of H atoms of the bonds differ from the charges of
other H atoms. For the aggregate of two CHy molecules,
the vibration frequency vy (3168.7 cm~1) is not changed
practically with the practically zero depolarization ratio
(0.0004).

It is worth to note that there is an interaction
between a CH4 molecule and a Kr atom (Fig. 2). Due
to the absence of dipoles both in CH; and Kr, the
interaction must be of dispersion character. However,
the interaction of CH4 and Kr has some directedness.
We note that the formation of complexes with the
participation of atoms of inert gases was considered in
[10]. In that work, the authors studied the problem of the
formation of HF'. . . Xe complexes and their manifestation
in infrared spectra. In our case, a Kr atom approaches
a CHy4 molecule along one of the C—H bonds (H(3) in
Fig. 2). The distance of C—H(3) ... Kr(6) is 3.296 A.
The H(3) atom, C(1) atom, and Kr(6) atom lie rather
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linearly. The properties of the C—H(3) bond are slightly
different from those of other three C—H-bonds: the C—
H(3) bond is slightly shorter. The charge of the H(3)
atom is also different from the charges of other three H
atoms. In the process of interaction, the atom of Kr gains
a small negative charge. The 14 vibration band with the
wave number 3171.5 cm™! corresponds to the CHy—Kr
aggregate. This is higher by 2.5 cm ™! than that for pure
methane.

Really, the interaction of CH4 molecules with Kr
atoms must be much more complicated. Moreover, this
complication must increase with increase in the medium
density. At a higher pressure, two or more Kr atoms
may appear near the given CH4 molecule. In this case,
the vibration frequency vy may be changed (although
insignificantly). This circumstance, obviously, should be
accounted in the discussion of the contour’s shape and
its change with increase in the pressure. The 1 contour
shape of methane under the application of an external
pressure will be determined not only by the break of the
rotational motion on a collision, the rotational energy
relaxation, the shock dephasing, and the transfer of the
energy of vibrations to the internal and external degrees
of freedom, but also by the possible split of the band as
a result of the formation of unstable aggregates.

For the formation of a dimer of two methane
molecules and for the formation of a methane-krypton
aggregate, the energy gain must be small. The thermal
motion of particles will disturb such an orientation.
Moreover, in compressed gases, one should take the
environment of interacting molecules into account.
Unfortunately, we could not do that. It is interesting
that though the interaction energy is small, the
calculations give the following magnitudes for the
frequencies of mutual vibrations of molecules: for the
formation of CH;—Kr —43.6 cm ™!, and for the formation
of CH,—CHy — 104 cm™ 1.

4. Conclusions

1. The contour of the 11 band of methane and its gaseous
mixtures with increase in the pressure loses, first of all,
its discrete structure and then broadens. Starting from
~50 Amagat, the observed contour is described in the
limits of 3-4 half-widths by the Voigt curve with the
Lorentzian shape.

2. At all temperatures, the broadening of the band
has linear character with the broadening coefficient (0.6—
3.5)x1072 cm~! /Amagat.

448

3. There is a qualitative agreement of the behavior
of the broadening coefficient of the v band with
the theoretical prediction; however, the numerical
agreement is absent.

4. In the CH4—Kr mixture, there is a weak directed
interaction between a methane molecule and a Kr atom.
The Kr atom approaches the CH4 molecule along one of
the C—H bonds.
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KOHTVYP IIOJIOCU vy ¥ CIHEKTPAX KOMBIHAIIITHOT O
PO3CISIHHS METAHY TA 1OI'0O TABOBUX
CYMIIIEN 3 Ar TA Kr

B.T. Kytnies, | H./I. Opaosa |, JI.A. Ilozdnaxosa,

D.X. Tyzsamyanin, A. 2Kymabaes
PeszowMme

BuBueno crmekTpum KOMOIHAIIMHOIO PO3CISIHHS CMyTH V] QHCTOIO
merany CHy Ta fioro cymimeit 3 Ar ta Kr y rasosiit dasi B in-
repBasi Temneparyp 160-360 K Ta tuckis 4-160 arm. 3a HU3BKUX
THCKIB CMyra Ma€ THUIOBUN sl (Q-BITKH aCUMETPUIHUN KOHTYD
3 PO3MUTOIO JAUCKPETHOIO CTPyKTypomw. [lounnaioun Big rycrunu
6m3pko 50 Amara i Bumie, KoHTYp Mae ¢opmy Jlopenna. Busna-
4eHO KoedillieHTH PO3MUpPEHH k CMYyT'H, 3HAYEHHS KUX i3 301/1b-
LIEHHSIM TUCKY 33J0BONIbHAIOTE cuiseigaomenns k (CHy+CHy) =~
k (CH4+Kr)>k (CHg+Ar). Jns BCix BUBYEHHX CHCTEM i3 36i1b-
LIEHHSIM TEMIIEPATyPU KOeMINi€HT PO3IMUPEHHS CMYyT CIOYATKY
3MEHIIYEThCsl, a MOTIM 30ibinyerhes. [loBeiHKY cMyTu 11 MeTa-
HY B JOC/I?KEHUX YMOBaX IOSICHEHO KOJIMBAJIbHUM PeJIaKCAIITHUM
mporecoM Ta JedasyBaHHIM KOIMBaHbL. 3a mporpamoro Gaussian
98W pospaxoBaHO CTPYKTypy isonboBanux arperaris CHgq—Kr.
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