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IN LOW-TEMPERATURE MATRICES

Molecular vibrational spectra of methanol in argon and nitrogen matrices have been stud-
ied. Since methanol belongs to a class of substances with hydrogen bonds, there is a possibility
of forming molecular associations and clusters with various numbers of molecules. IR spectra
of methanol in Ar and N matrices experimentally obtained in the temperature range from
10 to 50 K are compared with the results of computer simulation using the ab initio Car—
Parrinello molecular dynamics (CPMD) method. The results obtained for small clusters in
model calculations demonstrate a good correlation with experimental data for various matrices

at the corresponding temperatures.
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1. Introduction

The application of molecular vibrational spectroscopy
methods in modern experimental physics makes it
possible, on the one hand, to solve various problems
of the applied character and, on the other hand, to
study the structure of multiatomic molecules, nature
and character of intermolecular interactions, internal
structures of various compounds, and their dynam-
ics [1]. Hence, there appears an opportunity to ana-
lyze variations in the internal structure of substances
near their phase transition points. However, the ex-
perimental researches of involved dynamic processes
running in multimolecular systems in the framework
of such disciplines as biophysics, immunology, and
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medicine are associated with certain difficulties. The
latter results from objective factors, which include
the variety of possible configurations of a system, the
metastability at phase transition points, etc.

In this connection, together with experimental re-
searches, a large role is played by molecular simu-
lation methods, in particular, the computer-assisted
molecular dynamics (MD) as one of the most power-
ful calculation techniques used to study and to solve
complex problems in the mentioned domains. Modern
tendencies in development of computer facilities make
it possible to resolve problems of the algorithmic re-
alization of available MD simulation methods. MD
methods form a basis of modern computation biology.
Owing to their development and application, there
appeared a capability of the sequencing of a human
genome. The application of computer-assisted simu-
lation methods allows the quantitative analysis of the
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dynamics of nucleic acids and immunologic interac-
tions to be carried out [2]. In particular, MD meth-
ods can be used to describe the formation (assem-
bling) of the spatial structure of proteins, which gov-
erns their functioning in certain cases. In some works
[3, 4], the results of calculations concerning the dy-
namics of condensed systems (the cluster structure
of liquids and the nucleation phenomena in them)
were reported. This is especially challenging for our
researches.

Water is one of the major components of physio-
logic fluids. However, its anomalous properties such
as the temperature dependences of isobaric heat ca-
pacity and isobaric compressibility, as well as other
thermodynamic properties that considerably differ
from the properties of other non-associated fluids,
strongly complicate its study. The specific features of
water properties are related to the presence of inter-
molecular hydrogen bonds, which govern the aggrega-
tion (clustering) of water in the condensed phase. Re-
searches of water clustering processes with the help of
vibrational spectroscopy are complicated owing to the
presence of two hydrogen atoms bound to the oxygen
atom in the molecule. For this reason, while studying
the intermolecular hydrogen bond, it is expedient to
use simpler model objects. As such convenient model
objects, there can be molecules of monohydroxy al-
cohols, in particular, methanol as the nearest analog
of water. From the viewpoint of the computer sim-
ulation, methanol is convenient, because it belongs
to the simplest alcohols (it is the first in the homol-
ogous series of monohydroxy alcohols) and consists
of a rather small number of atoms, which makes it
possible to reduce the time and computer capacities
required in theoretical calculations [5, 6].

The computer-assisted molecular dynamics is one
of the most powerful methods used to simulate phys-
ical and biological systems [7,8]. It is used in a wide
range of simulation problems: from the calculation of
classical trajectories of separate atoms to the research
of the dynamics of the interaction between parti-
cles in condensed systems. In addition, owing to their
high spatial and temporal resolutions, MD methods
can provide information about the processes on the
atomic and molecular scales and within the time in-
terval of about several nanoseconds [9]. Due to the
development of modern computation facilities, there
appears a capability to simulate the dynamics of sys-
tems consisting of a large number of molecules (from
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tens of thousands to millions) with regard for various
sets of conditions and parameters that simulate the
physical experiment.

While studying the processes, in which covalent
bonds are destroyed, the methods of classical molecu-
lar dynamics are used simultaneously with the meth-
ods of quantum chemistry [10]. In this work, the re-
sults of molecular dynamic researches of a methanol
molecule carried out in the framework of the density
functional theory (DFT) are reported. The work it-
self was aimed at studying the structure of methanol
isolated in low-temperature matrices and at compar-
ing the experimentally obtained IR spectra with the
results of a computer MD simulation of the struc-
tures concerned. Hydrogen bonds in such compounds
are responsible for the appearance of a specific in-
teraction between the molecules, the energy of which
considerably exceeds that of ordinary van der Waals
interaction and is only an order of magnitude lower
than the energy of strong chemical bonds. It is this
interaction that stimulates separate molecules to as-
sociate into groups to form molecular clusters.

2. Experiment and MD Simulations

The model calculations, the results of which are re-
ported in this work, were carried out using the Car—
Parrinello MD method, DFT/B3LYP functional, po-
tential, and basis set of plane waves. The calculations
were executed for a cubic box 15 A in dimensions. The
dynamics step was 0.2 fs, and the trajectory length
100—-200 ps. The model spectra were compared with
experimentally registered Fourier-transform spectra
of IR absorption by matrix-isolated methanol [11-14].

Liquid Fluka methanol with a purity degree higher
than 99.9% was additionally purified from water
molecules by holding the specimens on a molecular
sieve for 48 h. Then, the mixture of gaseous methanol
with Ar or Ny taken in the ratio 1:1000 was deposited
as a matrix on a Csl window at a rate of 4 mmol/h
and a temperature of 10 K. The IR absorption spec-
tra were registered with a resolution of 1 cm™! in
a frequency interval of 500-5000 cm ™! on a Fourier-
transform IR spectrometer Bruker IFS 113 at various
temperatures of a matrix.

In Fig. 1, the spectra of methanol in the inter-
val of valent vibrations of a hydroxyl group (3100—
3800 cm~!) measured at temperatures of 30, 40,
and 50 K of the argon matrix, as well as a model
spectrum calculated following the method described
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above, are shown. The presented data testify that the
band transforms with the temperature. The spectrum
registered at 30 K contains a pronounced band corre-
sponding to monomer vibrations. On the other hand,
this band is absent from the spectrum measured at
40 K. The asymmetry of the band obtained at 50 K,
which is observed on its high-frequency side, testi-
fies to the presence of methanol tri- and tetramers in
the argon matrix at this temperature [11-14]. At the
same time, no bands are observed that would cor-
respond to free vibrations of the O—H group at the
given temperature.

The maximum in the model spectrum corres-
ponds to the formation of clusters composed of 3—
4 molecules in the simulation box. A considerable
width of the model band (about 30 cm™!) corre-
lates with cluster dissociation times in alcohols (about
350 fs), which were determined using the direct me-
thods of femtosecond spectroscopy.

The analysis of the shapes and the relative arrange-
ment of bands in the indicated spectral intervals tes-
tifies that the shape and the position of the calculated
band in the MD spectrum correlates with the shape
of the band given by matrix-isolated methanol at a
temperature of 50 K both in the frequency intervals of
O-H (Fig. 1) and C-O vibrations (Fig. 2). According
to the results of works [11-14] and taking the box size
used in the MD simulation (15 A) into account, the
number of molecules in the methanol clusters can be
assumed not to exceed 3 to 4.

From Fig. 2, one can see that the model spectrum is
qualitatively similar to the methanol spectrum in the
argon matrix at a temperature of 40 K. At the same
time, it strongly differs from the experimental spec-
trum registered at a matrix temperature of 50 K. It is
known [11-14] that the bands corresponding to small
(1-3 molecules) methanol clusters disappear from the
spectrum of matrix-isolated methanol at a tempera-
ture of 50 K. At the same time, the intensity of the
bands corresponding to clusters with 5-6 molecules
increases.

The obtained width of the model spectrum testifies
that the MD method makes allowance for a finite time
of the cluster existence in the simulation box. It is of
interest that the widths of model bands correlate with
those of vibrational bands in the matrix experiment.

It is worth noting that, at low temperatures, the C—-
O band has a well-pronounced structure induced by
clusters with a small number of molecules. It is easy
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Fig. 1. Comparison of the MD simulation spectrum of

methanol isolated in the argon matrix with the correspond-

ing experimental IR spectra measured at various temperatures

in the interval of O—H valence vibrations
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Fig. 2. Comparison of the MD simulation spectrum of me-
thanol isolated in the argon matrix with the corresponding
experimental IR spectra measured at various temperatures in

the interval of C—O valence vibrations

to notice that the temperature elevation gives rise
to a substantial modification in the shape of the C—
O band: its pronounced structure disappears, which
results from the increase in the dimensions of pores
in the matrix and, accordingly, the appearance of
clusters with a considerable number of molecules be-
sides the small ones (monomers and dimers). Hence,
the comparative analysis of the model and experi-
mental spectra verifies that the MD method involves
the presence of clusters with various dimensions at a
rather high qualitative level.
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Fig. 3. Spectra of methanol in the nitrogen matrix at various
temperatures
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Fig. 4. Spectra of methanol in the argon matrix at various
temperatures

As a rule, the peculiarities of the clustering in me-
thanol are analyzed, by using the transformations of
vibrational bands that correspond to isolated molecu-
les. In methanol, these are the bands of O-H and C-O
vibrations. At the same time, the clustering leads to
the formation of aggregates and, hence, to the ap-
pearance of new vibrational bands, which are not in-
herent to isolated molecules. Such bands appear in
the methanol spectra in both the argon and nitrogen
matrices.

In Figs. 3 and 4, the low-frequency intervals of
methanol spectra registered in the nitrogen (at tem-
peratures of 9, 15, and 26 K) and argon (at tempera-
tures of 25, 35, and 40 K) matrices, respectively, are
exhibited. The qualitative analysis reveals the exis-
tence of dimers. At the same time, as the temperature
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of the matrix and, accordingly, the size of voids in the
matrix grow, the change of the band intensity ratio
testifies to the emergence of a considerable number of
larger clusters.

A similar situation can be observed for methanol in
the argon matrix (Fig. 4). The difference consists in
that, in this case, the pore dimensions exceed those in
the nitrogen matrix from the very beginning, keeping
the same temperature dynamics.

To summarize, a comparison of the vibrational
spectra of methanol in the argon and nitrogen matri-
ces with the corresponding model spectra calculated
with the use of the molecular dynamics method tes-
tifies that the latter allows the clustering processes of
methanol molecules in the argon and nitrogen matri-
ces to be adequately simulated. It was experimentally
proved that clusters that are formed in the nitrogen
and argon matrices at identical temperatures contain
different numbers of methanol molecules. On this ba-
sis, we may assert that voids in nitrogen matrices
more rigorously restrict the clustering of methanol
molecules than voids in argon matrices do. The ap-
pearance of bands in the low-frequency interval of the
vibrational spectra of matrix-isolated methanol testi-
fies that hydrogen bonds between methanol molecules
give rise to the formation of quasimolecular ag-
gregates and the appearance of the correspond-
ing spectrum with characteristic vibrational frequen-
cies. Those vibrational bands are not inherent to free
methanol molecules and emerge only due to the for-
mation of aggregates. Their frequencies considerably
exceed the frequencies of ordinary intermolecular vi-
brations in non-associated liquids.
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TEOPETUYHI TA EKCIIEPUMEHTAJIBHI
JOC/LAXKEHHA KJIACTEPIB METAHOJIY
B HUSBKOTEMIIEPATYPHUX MATPUIIAX

Pezmowme

Ha ganuit MOMeHT 0G’€KTOM HAIIMX JOCJI?KEHb € METAHOJI B
aproHOBUX Ta a30THHX MarTpuigx. lleft cnupr HaleXuUTbH 10
KJIaCy PEYOBHMH 3 BOJHEBUMH 3B’SI3KaMU, TOMY ICHYE MOXKJIH-
BicTh (pOPMyBaHHS MOJIEKYJISIDHUX acCOIiaTiB — KJlacTepiB 3 pi-
3HOIO KIIBKICTIO MOJIEKYJ B HuX. Y Iiiff po6OTi IpeaCcTaBIsIeEMO
MOPIBHSAHHS €KCIIEPUMEHTaJILHO oTpuMaHux [Y crekTpiB Me-
TaHoiry B Ar ta N2 MaTpumsax y TeMIEpaTypHOMY Iiama3oHi
Bixg 10 o 50 K 3 pesynbraraMu, OTpUMAaHUMUA 3 JOIOMOTOIO
KOMII'IOTEPHOTO MOJIEJIIOBAHHSI 3 BHKODHCTaHHSIM METOIIB ab
initio Car—Parrinello monekynsiprol nunamiku (CPMD). Hami
Pe3y/IbTaTH MOKa3yIOTh, IO PO3PaxXyHKH MOJEJIell HEBEJTUKUX
KJIacTEPIB 1OOpE KOPEIIOIOTh 3 €KCIEPUMEHTAILHIMI JAHUMI
Yy PI3HHX MaTpPHUIFX IPHU BiAIOBIIHUX TeMIepaTypax.
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