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Abstract. The results of experimental and theoreticalThe results of experimental and theoretical
approaches to the study of some stable and unstable chemicalapproaches to the study of some stable and unstable chemical
species in low-temperature noble gas matrices are considered.species in low-temperature noble gas matrices are considered.
The characteristic features of matrix effects manifested in theThe characteristic features of matrix effects manifested in the
spectra of the SH radicals in krypton matrices are discussed.spectra of the SH radicals in krypton matrices are discussed.
The structure and the spectra of HArF in argon matrices andThe structure and the spectra of HArF in argon matrices and
the structure and dynamics of the intermolecular complexesthe structure and dynamics of the intermolecular complexes
HXeOHwith water are analysed. The bibliography includes 55HXeOHwith water are analysed. The bibliography includes 55
referencesreferences..

I. Introduction

Cryochemistry is concerned with the structure and properties
of substances at low temperatures.1 Using methods of cryo-
chemistry, it is possible to obtain and stabilise chemically
unstable species and compounds; to this end, the species are
isolated from one another in inert matrices (most often, in solid
noble gases) at temperatures that preclude thermal diffusion.
Matrix-isolated chemical species are traditionally studied using
various spectroscopic methods.2 (The term `chemical species'
usually refers to any molecular system: atoms, molecules, ions,
radicals or intermolecular complexes.)

In recent years, studies dealing with matrix-isolated species
have been carried out in a number of laboratories all over the
world. One trend of such studies is the synthesis of chemical
compounds of noble gases.3 ± 5 Onemore important trend is the
study of photodissociation of small molecules in solid noble
gas matrices.6 These two trends are closely interrelated,

because, on the one hand, the synthesis of inert gas compounds
always includes the step of photolysis and, on the other hand,
studies of compounds formed upon insertion of chemical
species into a noble gas matrix provide important information
concerning the dynamics of a photochemical process.7, 8

Identification ofmatrix-isolated species based on their low-
temperature vibrational and/or electronic spectra is a chal-
lenge. The solution of this problem requires advanced expe-
rimental equipment, reliable procedures, experienced resear-
chers and often good fortune. Molecular modelling techniques
based on quantum theory form an essential part of these
studies.

This review presents several examples of experimental and
theoretical studies of stable and unstable chemical species
isolated in low-temperature noble gas matrices: SH radicals in
krypton matrices, HArF species in argon matrices and inter-
molecular complexes HXeOH in water clusters. These studies
have recently been carried out at the Departments of Chem-
istry of theM V LomonosovMoscow StateUniversity and the
University of Helsinki.

II. Matrix effects in the spectroscopy of SH
radicals in krypton matrices

The interest in the photochemistry of SH radicals, close
analogues of OH radicals, is due first of all to the topicality of
studies of photochemical processes taking place in the atmos-
phere.9 Free OH and SH radicals are investigated most often
by spectroscopic methods. The spectra of the SH radical in the
gas phase and in the van der Waals clusters SH .Rg (Rg is a
noble gas: Ne, Ar, Kr) have been reported.10 However,
spectroscopic studies in condensed media, in particular, in
low-temperature noble gas matrices, are required to obtain a
more comprehensive picture of the properties of this species.
Yet another reason for the interest in matrix-isolated SH
radicals is related to noble gas chemistry. For example, upon
annealing of a xenon matrix containing SH and H species, the
formation of the HXeSH molecule was detected.11

The luminescence spectra of SH corresponding to the
transition between the ground (X2P) and the first excited
(A2S+) states

A2S+/X2P,

were recorded in various low-temperature matrices.12 (In the
interpretation of these spectra, differences betweenOHand SH
radicals were taken into account.) However, the spectra
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recorded in a krypton matrix differed from the spectra
recorded in other matrices.13 Detailed investigation of the
luminescence spectra of SH in krypton led to a conclusion
that the specific behaviour of the species isolated in a solid
matrix is a result of a change in the electronically excited state
of the species caused by the interaction with the matrix Kr
atoms.14, 15 Thus, in this case, we are dealing with the so-called
`matrix effect'.

Figure 1 shows the characteristic luminescence spectrum of
SH radicals in solid krypton at 7.5 K.13 The SH species were
generated by photolysis of H2S induced by an excimer laser
(l=193 nm) mainly according to the reaction

H2S SH+H.

After electronic excitation of the photolysis products, the
luminescence spectra were recorded on a Spec 270M spectro-
photometer with a resolution of 0.3 nm. A specific feature of
the spectra is the presence of two peaks, at 375 (hereinafter
referred to as peak I) and 413 nm (peak II) corresponding to
excited states of the molecule with different lifetimes. It was
found experimentally that peaks I and II refer to the transition
between the first excited A2S+ (n 0=0) and the ground X2P
(n 00) electronic states of the SH radical. By processing the
kinetic data, the lifetimes of the states for both peaks were
estimated as 350 (peak I) and 750 ns (peak II).

On the basis of the results of spectroscopic studies, it was
suggested that the presence of two peaks in the SH lumines-
cence spectra in a krypton matrix is due to different trapping
sites of this radical by the matrix.13 Molecular modelling of the
dynamics of the SH radical in solid krypton made it possible to
substantiate this statement and identify the trapping sites.

The general strategy of modelling of matrix effects is as
follows. A heterogeneous cluster of a specified size representing

a fragment of the inert gas crystal lattice (face-centred cubic,
fcc) with a cavity accommodating the SH species is used as the
model. Construction of the potential energy surface (PES) of
such heterocluster is a challenge. Combination of ab initio and
semiempirical quantum chemistry methods is most reasonable.
The former are used to describe the structure and dynamics of
the embedded molecule, while the latter are used to calculate
the interactions of the embedded molecule with the matrix
atoms. On the basis of the chosen interaction potentials,
characteristics of this heterocluster system are calculated, and
the results of calculations serve as the basis for interpretation of
experimental data.

The behaviour of the SH radical in krypton matrices has
been simulated.14 The potential energy surfaces of the hetero-
clusters SH@Krn (n4 56) correlated with either ground
[SH(X2P)+ n Kr] or excited [SH(A2S+)+ n Kr] states of
the system were constructed by combining an ab initio quan-
tum chemical method to describe the SH species and the
semiempirical method using diatomic fragments in molecules
(diatomics-in-molecules, DIM) for SH interaction potentials
(X2P or A2S+) with the Kr atoms 16 and Kr_Kr pair
interaction potentials. The DIM method (see, for example,
Ref. 17) is, on the one hand, an extension of the pair inter-
action potentials algorithm and, on the other hand, this is a
semiempirical version of the valence bond theory, which allows
effective inclusion of energy contributions of diatomic frag-
ments in various electronic states to the total energy of a
polyatomic molecular system.

The reliability of the potential energy surfaces of the
triatomic complex SH_Kr in the ground and electronically
excited states calculated by the DIM method was verified by
thorough comparison of these surfaces with empirical approxi-
mations 10 of the SH(X2P)_Kr and SH(A2S+)_Kr surfaces
derived from high-resolution spectroscopy data of the van der
Waals clusters. According to these results,10 in the ground
electronic state the triatomic complex is weakly bound, the
energy of its dissociation into SH in the ground stateX2P and a
Kr atom in the 1S state is about 100 cm71. The equilibrium
geometry structure of the complex is linear with a distance (Re)
from the SH centre of mass to the Kr atom equal to 4.28 �A and
an S7H bond length of 1.35 �A. The PES of the
SH(A2S+)+ Kr(1S) system in the electronically excited state
has two minima separated by a saddle point. The deepest
minimum with the energy of 1706 cm71 corresponds to linear
SH_KrwithRe=3.26 �Aand y=08 (y is the angle formed by
the S7H bond and the straight line from the centre of mass of
the SH radical to the Kr atom), while the other minimum (with
the energy of*1400 cm71) corresponds to the position of the
krypton atom near the SH radical on the side of the sulfur atom
(Kr_SH) with Re=2.6 �A and y=1808. The saddle point is
characterised by Re=4.02 �A and y = 648. Substantial differ-
ences in the interaction energies of the krypton atom with the
SH radical occurring in the electronically excited state in
different parts of the krypton matrix are responsible for the
features of low-temperature spectra of SH, namely, the pres-
ence of two peaks in the luminescence spectrum (see Fig. 1).
Figure 2 shows the plots for the DIM-calculated potentials of
the ground (a) and excited (b) states of the triatomic complex.

It is noteworthy that representing the interaction potentials
of species in the SH@Krn clusters in terms of the DIM
approximation calculated for each group of three atoms
SHKri (i = 1, ..., n) and the Kri7 Krj pair potentials allows
one to estimate the energies and forces acting on atoms and use
them for calculating the molecular dynamic (MD) trajectories
of species.

Firsov et al.15 simulated the spectrum of the SH radical in
the krypton matrix corresponding to the electronic transition
A2S+ (n 0=0)?X2P (n 00) using a version of mixed quantum
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Figure 1. Experimental luminescence spectra of the SH radical in a

krypton matrix at short (30 ns, curve 1) and long (1300 ns, 2) delay times

and their difference (3). [Curve 3 shows the dependence of the short-lived

component I on the wavelength; two bands can clearly be seen, which

correspond to 0 ± 0 and 0 ± 1 transitions separated by a distance

(*2500 cm71) comparable with the SH vibration frequency in the ground

electronic state.]
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and classical molecular dynamics.{ In this approximation, the
SH radical with a random orientation of the S7H bond was
placed on a random site in the central part of the fcc lattice
composed of 256 Kr atoms (the lattice parameter was 5.67 �A).
Then the Kr atoms located closely to S or H atom were
removed; as the closeness criterion, distances of 2.9 �A on the
side of sulfur and of 2.5 �A on the side of hydrogen were used.
ThenMD trajectories were calculated in two stages. In the first
stage, which was 1 ps long, the system temperature was
maintained at 7 K by correcting (scaling) the species velocities
on the PES of the ground state of the SH(X2@)Krn cluster. In
the second stage, the calculation was carried out for the PES of
the excited state of the SH(A2S+)@Krn cluster with the system
energy being maintained constant. The second stage of about
10 ps long was split into 20 000 steps. Every 10 steps (2000
times over the trajectory), the electron transition wavelengths
and intensities (the Franck ±Condon factors), radial distribu-
tion functions and particle lifetimes (t) were found by the
numerical solution of the one-dimensional SchroÈ dinger equa-

tion along the variable corresponding to the S7H distance,
and the positions of the Kr atoms located most closely to the S
and H atoms were recorded for subsequent averaging. After
the calculation, the average spectrum over the trajectory, the
average lifetime and the average radial distribution function
were estimated and the probability map for the Kr atoms to
occur in various positions near the H atom was constructed.
The lifetimewas estimated from the formula 19 for each discrete
vibrational state of the electronically excited state:

tÿ1u 00 �
4

3c2
hu 0jDU3D2ju 0i, (1)

where c is the velocity of light, u 0 is the wave function of the
lower vibrational level of the electronically excited state, DU is
the energy difference between the ground and electronically
excited states, D is the transition dipole moment of the SH
radical from the ground to excited state. For calculation of the
corresponding matrix elements, it was necessary to calculate
the dependence of the transition dipole moment between the
electronic states on the internuclear distance in SH.

Analysis of the calculated trajectories and spectra led to the
conclusion that both peaks observed in the experiments (I and
II, see Fig. 1) refer to two different trapping sites of the SH
radical by the krypton cluster. The peak with a lower wave-
length (peak I) corresponds to the trajectories along which the
SH radical freely moves within the krypton cluster. The peak at
greater wavelength (peak II) refers to the trajectories charac-
terised by the formation of the triatomic complex SH_Kr, i.e.,
the radical is bound to one atom of the Kr lattice. The
calculated lifetimes of SH excited states for both types of
trajectories also correlate with experimental characteristics of
the luminescence spectra (Table 1).

Amore comprehensive picture of the spatial distribution of
Kr atoms around the SH radical is provided by Fig. 3. Differ-
ent colour intensity shows the configuration space areas
corresponding to different positions of the inert gas atom
located most closely (this is determined in every integration
step) to the hydrogen atom. The maps are constructed in a
relative coordinate system in which the H atom is always
located in the origin of coordinates and the x-axis is directed
along the S?H bond. The results validate the assumption
concerning the presence of different trapping sites of the SH
molecule by the krypton matrix, which is reflected in the
observed experimental spectra.

In addition to providing new information on the spectro-
scopy of SH radicals, Refs 14 and 15 considerably contributed
to the investigations into structure and dynamics of solids
doped with small molecules. These studies demonstrate the
possibility of observing and interpreting the trapping sites of a
molecule occurring in the electronically excited state in a low-
temperature krypton matrix. Previously, such effects in cryo-
chemistry have not been reported.{ This method was first applied to describe the spectra of the Cl2 molecule

in solid neon.18
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Figure 2. Potential energy surfaces of the ground (a) and electronically

excited (b) states of the triatomic complex SH_Kr. The contour lines for

the ground state are drawn every 10 cm71, those for the excited state are

drawn every 100 cm71.

Table 1. Experimental and theoretical characteristics of peaks in the

luminescence spectra of the SH radical in the Kr matrix.

Characteristics Peak I Peak II

experi- calcula- experi- calcula-

ment tion ment tion

Peak position /nm 375 340 ± 350 413 390 ± 400

Lifetime /ns 350 550 ± 600 750 800 ± 840

Features of MD 7 free rotation 7 complex

trajectories of SH in Kr SH_Kr
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III. Structure and spectra of the HArF molecule in
argon matrices

As a continuation ofmolecular dynamics studies for interstitial
compounds in low-temperature noble gas matrices, the trap-
ping sites of the exotic HArFmolecule in the ground electronic
state by an argon matrix were determined. The HArF species
discovered in 2000 is the first electrically neutral chemical
compound of argon.3 ± 5 It is formed upon photodissociation
of HF in solid argon at 7 K followed by matrix annealing at
temperatures up to*20 K:

H+Ar+F HArF.

Initially, the formation of this compound was established
by IR spectroscopy.3 ± 5 Subsequently, it has been shown 14 that
IR spectroscopy provides knowledge also on the molecular
structure and dynamics in a doped matrix.

Figure 4 shows the spectra of HArF in solid argon in the
region of H7Ar stretching vibrations. Curves 1 and 2 were
recorded at different matrix annealing temperatures, 20 and
33 K. The characteristic triplet of the spectral lines (1965.7,
1969.4 and 1972.3 cm71) is observed only for low annealing
temperature and completely disappears at higher temperature.
The doublet shifted towards larger wavenumbers (2016.3 and
2020.8 cm71) predominates, conversely, at higher annealing
temperatures up to matrix destruction at 40 K. On the basis of
the obtained experimental results, it was hypothesised that the
triplet of the spectral lines corresponds to a thermally unstable
trapping site of HArF in the argon matrix, while the doublet
shifted to the blue spectral region is due to another, more stable
(or thermally relaxed) trapping site of the HArF molecule in
the solid argon matrix.20 ± 22 The use of molecular modelling

confirmed this assumption and identified the trapping sites of
the guest species.23 ± 25

An original hybrid procedure for calculation of the PES of
HArF@Arn heteroclusters (n=363 or 364) has been
reported.23 The energy of the embedded molecule (HArF)
and its first and second derivatives with respect to nuclear
coordinates were calculated by the high-precision ab initio
method MP2/6-311++G(2d,2p) using PC GAMESS soft-
ware.26 The interactions of argon atoms with one another
were described by pair potentials well parametrised to many
properties of this gas.27 The interaction of HArF with each
atom of the matrix was calculated in the DIM approximation
taking into account contributions of ionic and neutral pair
potentials. This calculation algorithm proved to be useful for
modelling the properties of the HF@Arn clusters.28 This
combined procedure, that is, quantum mechanics with diato-
mics-in-molecules approximation (QM/DIM), was also suc-
cessfully tested in the simulation of the spectra of gas-phase
mixed Arn(HCl)m and Arn(HF)m clusters.29

The calculated PES for the HArF@Arn system was used to
find the stationary points on the surface and calculate the
harmonic vibration frequencies. The atom sites in the fcc lattice
of the argon matrix served as the initial coordinates. Figure 5
shows two optimised structures corresponding to the trapping
sites of the HArF molecule by solid argon. According to the
calculation results, the structure presented in Fig. 5 a refers to a
thermally unstable trapping site; it is responsible for character-
istic spectral bands at 1970 cm71 (see Fig. 4). The structure
shown in Fig. 5 b was assigned to the stable trapping site
characterised by bands at 2120 cm71.

This assignment was based on the following computation
data. First, the H7Ar vibrations in the unstable structure (see
Fig. 5 a) are responsible for a triplet of harmonic frequencies of
2203, 2204 and 2207 cm71 (depending on the vacancy position
in the lattice), and the harmonic frequency of 2246 cm71

assigned to the stable structure (see Fig. 5 b) is shifted to the
blue region by almost the same distance as in the experimental
spectrum. Second, the energy of the unstable structure is
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Figure 4. Spectra of the HArF molecule in solid argon recorded at

matrix annealing temperatures of 20 (1) and 33 K (2). The measurements

were carried out at 7 K.
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4 ± 5 kJ mol71 higher than that of the stable structure andwith
the possibility ofmatrix relaxation (i.e., at higher temperature),
the structure with lower energy should predominate, whichwas
actually observed in experiments. Thus, the trapping sites of
the HArF molecule by solid argon can be considered to be
established.However, the thermal relaxationmechanism of the
unstable configuration still remains unknown, which requires
further theoretical analysis.

IV. Structure and dynamics of HXeOH in water
clusters

Matrix cryochemistry methods are widely used at the Univer-
sity of Helsinki to study the properties of chemical compounds
containing noble gas atoms.3 ± 5 In particular, the HXeOH
species formed upon laser irradiation of a low-temperature
water ± xenon mixture followed by matrix annealing was
detected experimentally.30 ± 32 The metastable species HXeOH
is responsible for a local minimum in the PES of the Xe+H2O
system, whereas the complex Xe .H2O is the major compound
(having the lowest energy). It was suggested that complexes of
HXeOH with water molecules may exist. This was of interest,
in particular, in relation to the geochemical problem of xenon
deficiency.33, 34

Figure 6 a,b shows the IR spectra of a water molecule in
solid xenon near the bending mode of the H2Omolecule. It can
be seen that the spectra of the Xe+H2O system with a low
water content (see Fig. 6 a) vary with an increase in the H2O
concentration (see Fig. 6 b). After photolysis at 193 nm, which
results in decomposition of the water molecule in the xenon
matrix, and matrix annealing, which increases the mobility of
the active species, the spectra exhibit the bands for HXeOH (at
1578 cm71) and two additional peaks designated in curve 3 by
C1 and C2 (see Fig. 6 b). It was suggested that these peaks
correspond to H7Xe vibrations in the complexes
HXeOH .H2O and HXeOH . (H2O)2, respectively. Later this
hypothesis was confirmed in a theoretical study 35 dealing with
molecular modelling of the intermolecular complexes of
HXeOH with water. Previously, similar complexes of noble
gas hydrides with nitrogen have been observed experimentally
(for example, HArF .N2 in Ref. 36) and studied by computa-
tional chemistry.37

The first stage of modelling included the use 35 of the
combined quantum and molecular mechanics (QM/MM)
method, specifically, the embedded species (HXeOH) was
described by quantum chemistry methods and the surrounding
water molecules were described by molecular mechanics in the
effective fragment (EF) potential approximation.38 The calcu-
lations were carried out using PC GAMESS software.26 The
computation showed that water molecules of a specified

geometry configuration (i.e., effective fragments) can form
cages that completely trap HXeOH. However, these local
minima in the PES proved to be artifacts of this computational
procedure; on passing to a higher modelling level (by quantum
chemistry techniques), the clusters containing >3 water mole-
cules were destroyed. In particular, the use of MP2 method
with aug-cc-pVTZ basis functions on the oxygen and hydrogen
atoms, Stuttgart pseudopotential 39 and the appropriate basis
set (6s6p1d)/[4s4p1d] on xenon resulted in configurations of
the local and global minima in the PES of the HXeOH
complexes containing from one to three water molecules.
Thus, it was established that the PES local minima correspond
to the bound states of the HXeOH . (H2O)n systems (n=0±3).
Figure 7 shows the calculated equilibrium structures for the
complexes HXeOH . (H2O)n. These complexes may decompose
through potential barriers ranging from 0.4 (for n=3) to
39.6 kcal mol71 (n=0) to give xenon complexes with water
clusters: Xe . (H2O)n+1 , which account for the PES global
minima.

Table 2 summarises the computation results for the param-
eters of the HXeOH . (H2O)n complexes.
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Figure 5. First solvation shells of two possible structures formed upon

trapping of the HArF molecule by solid argon.
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The use of a conventional scaling procedure for the
vibration frequencies calculated in the harmonic approxima-
tion permits direct comparison of the theoretically calculated
frequencies and experimental positions of bands in the vibra-
tional spectrum. If a scaling factor has been selected (e.g., 0.88
based on the H7Xe stretching band in the HXeOHmolecule),
the theoretical estimates of the bands for the complexes
HXeOH .H2O and HXeOH . (H2O)2 (1669 and 1735 cm71,
respectively) are in good agreement with experimental data
(1681 and 1742 cm71). Thus, peaksC1 andC2 in the spectra of
matrix isolated species (see Fig. 6 b) are due to the HXeOH
complexes with one and two water molecules. In the spectra of
systems containing hydrogen bonds, the signals are shifted to
the blue (short-wavelength) region with respect to the initial
spectrum. Currently, such systems are under vigorous
research.40 In the case of HXeOH, the blue shift of the
H7Xe frequency is attributable to additional charge transfer
between the HXe and OH fragments induced by complexation
with a water molecule.

Interesting results were obtained in the modelling of
decomposition pathways of the HXeOH . (H2O)n complexes,
i.e., upon system transition from local to global minima along
the reaction coordinate. To this end, configurations of the
transition states as saddle points with the only vibration
frequency were found. On both sides from these points,
minimum energy paths to the reactant and product valleys
were constructed. Figure 8 shows the calculated energy profile
corresponding to decomposition of the HXeOH . (H2O)2 com-
plex. The local minimum in the beginning of the reaction path

corresponds to the metastable state of the HXeOH . (H2O)2
complex (A), transition state B is shown on the top of the
barrier and the decomposition product Xe . (H2O)3 (E) occurs
at the end of the path. Intermediate structures C and D
illustrate the proton migration along the hydrogen bond
system. As the system moves from left to right, immediately
after transition state B has been reached, the proton from the
XeH+ fragment migrates to the nearest water molecule (struc-
ture C). The proton from the resulting H3O+ species migrates
to the next water molecule from which one more proton moves
to the hydroxyl ion OH7 (structure D).

This mechanism of proton transfer along the oriented
chains of water molecules illustrates the molecular scheme
usually referred to as water (or proton) conductor.

V. Conclusion

Despite the obvious priority of experimental works in modern
chemistry and physics, the contribution of computer molecular
modelling of the physicochemical properties of compounds has
become rather weighty in recent years. This is due to fast
progress in the computer technology, development of new
effective theoretical approaches to this problem and the
accumulated experience in the study of particular systems.
The examples of solution of complicated problems dealing
with structure determination of unstable chemical species,
HArF and HXeOH, isolated in low-temperature inert gas
matrices demonstrate the advantages of combined effort of
experimentalists and theorists. We focused on the theoretical
aspect of the studies dealing with the structures, spectra and
transformation dynamics of noble gas compounds, because the
experimental studies of these compounds have been the subject
of recent comprehensive reviews.4, 5

The examples we considered are fairly typical, although
they represent only a minor portion of the studies of matrix-
isolated species by combinations of spectroscopic and molec-
ular modelling methods. Consider briefly other achievements
in this field of chemistry. Thus Frenking and co-workers 41, 42

predicted the structure of the stable neutral noble gas com-
poundHeBeO using quantum chemical calculations before the
experimental proof for the existence of HArF molecule was
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Figure 7. Equilibrium geometry configurations of the complexes

HXeOH . (H2O)n for n=0 (a), 1 (b), 2 (c), 3 (d ) corresponding to the

local minima in PES. The distances are given in �A.

[For the HXeOH molecule (a) the results of various ab initio calculations

taken from Ref. 32 are given in brackets.32).

Table 2. Calculated parameters of the HXeOH . (H2O)n complexes.

Parameter n = 0 n = 1 n = 2 n = 3

Harmonic frequencies 1790 1897 1972 2066

of Xe7H vibrations /cm71 (1.00) (0.77) (0.58) (0.15)

(relative intensities of

the IR bands)

Energies of complexes 109.5 98.7 87.7 76.4

(kcalmol71) with respect

to the Xe+ (n+1)H2O system

A

C

D

E

74 72 0 2 4 6 8

Reaction coordinate

E /kcal mol71

B

7120

780

740

0

Figure 8. MP2 calculated decomposition pathway of the complex

HXeOH . (H2O)2 ? Xe . (H2O)3 . The insets show configurations of the

metastable state of the initial complex (A), transition state (B), reaction

product (E) and two intermediate structures along the proton transfer

path (C and D).
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obtained.3 Significant for further development of this field of
science are also studies by Feldman et al.43 ± 46 andMisochko et
al.,47 ± 49 who analysed active species in noble gas matrices
using both experimental and theoretical approaches. Chaban
and co-workers 50 ± 52 performed a number of important theo-
retical investigations of noble gas compounds, and the review
by Gerber 53 presents a detailed discussion of the works on the
structure and dynamics of these compounds. The review by
McDowell 37 covers both published and author's results of
quantum chemical calculations of molecules containing noble
gas atoms. Finally, special mention should be made of two
theoretical works 54, 55 predicting the possibility of existence of
biomolecules with an inserted xenon atom on the basis of
quantum chemical calculations.

Low-temperature matrix isolation has been developed as
an experimental technique that allowed investigation of the
properties of stable and unstable molecules isolated as fully as
possible from the influence of other species. However, the
progress in the instrumental equipment enabled detection of
the interaction of matrix isolated compounds with the matrix
material. The obtained experimental data are of interest for the
development of the theory of intermolecular interactions;
however, interpretation of the experimental results requires
much effort.

Modern ab initio quantum chemistry methods provide
virtually exact description of the structures and spectra of
small (comprising up to 10 atoms) molecules in vacuum, i.e.,
under conditions where they are separated from other species.
Accurate calculations for intermolecular complexes, especially
weakly bound complexes with noble gas atoms, are very
difficult. The studies discussed in this review used the approach
in which the theoretical problem was split into two levels: a
matrix-isolated species was modelled by ab initio quantum
chemistrymethods, while its interactionwith thematrix species
was described by well parametrised semiempirical potentials,
in particular, by diatomics-in-molecules potentials. Direct
comparison of the calculation results obtained by this com-
bined approach with experimental results often demonstrates
the success of this strategy.

Apparently, the future development of the modelling
techniques for matrix-isolated species would be related to
more active use of molecular dynamics combined with ab initio
quantum chemical calculations. This would allow direct calcu-
lation of the temperature dependences of spectra of matrix
isolated species.

The authors are grateful to co-authors of their publications
A A Granovskii, D A Firsov, M Pettersson, E Isoniemi,
H Tanskanen and A Lignell for fruitful discussion during the
research and to Professor G B Sergeev for steady interest and
attention to our work. This review was written with partial
financial support of the Federal Target Science and Technol-
ogy Programme of the RF (Project No. 2006-RI-112.0/001/
052) and of the Academy of Sciences of Finland (Project CoE
CMS).
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