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referencesreferences..

I. Introduction

Atom±molecular chemical reactions play an important role in
various chemical and biological processes. Therefore, consider-
able attention has been given to applied studies of and basic
research into such reactions. Experimental determination of the
rate constants for most of the practically important atom±
molecular reactions in the gas phase dates back to the latter half
of the 20th century. However, the mechanisms of cleavage and
formation of new chemical bonds in this type of reactions cannot
always be described at the molecular level due to the lack of
information on the dynamics of the reacting systems in the vicinity
of the transition state.

A particular avenue of research in the field of modern
chemical physics is the investigation of the dynamics of atom±
molecular chemical reactions in which the formation of end
products is preceded by binding the reactants into a long-lived
(compared to the period of intramolecular vibrations) intermedi-
ate complex.

Of particular interest are the investigations of intermediate
species (radical intermediates) involved in these reactions. This is
due to a noticeable and sometimes even determining effect of these
species on the ratio of the reaction products and on the energy
distribution over their internal degrees of freedom. Experimental
kinetic data as well as quantum-chemical calculations on this type
of reactions in the gas phase indicate the possibility for a variety of
reactive intermediates to exist. Nevertheless, spectroscopic infor-
mation on the intermediate species of most of the reactions in
question is unavailable as yet. Detection of such intermediates in
the gas phase is a rather complicated problem since the inter-
mediate products usually have short lifetimes because of high
collision energies of reactants in the reactions occurring under
normal conditions.

Traditionally, information on the reaction dynamics of ele-
mentary processes in the gas phase has been obtained using the
molecular beam technique which allows measurements of the
energy and angular distributions of products formed in the
atom+molecule collision reactions. However, these experiments
provide indirect information on the reactive intermediates, since
the behaviour of the reacting system in the vicinity of the
transition state is reconstructed from the data on the state of the
end reaction products. Improved experimental techniques com-
bining supersonic cooling of gas jets and spectroscopic methods
with high temporal resolution 1, 2 are based on the concept of
studying the chemical dynamics of a system with a temporal
resolution that is better (shorter) than the characteristic times of
intramolecular motions. This permits obtaining information on
the potential energy surface (PES) of reactions in the vicinity of
the transition state. However, these methods are applicable to a
narrow range of objects due to the requirement of high sensitivity
and temporal resolution imposed on the measurements carried
out under conditions when the system is `frozen' in configuration
on the femtosecond time scale.

Another approach to the investigation of short-lived inter-
mediates in the gas phase involves freezing of reactive intermedi-
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ates at cryogenic temperatures. In the simplest version of this
technique products of a gas-phase reaction are trapped and frozen
in amatrix consisting of a large excess of inert gas. The use of inert
gases as solid matrices for spectroscopic investigations of radical
species was proposed in the studies of research groups headed by
Pimentel and Porter in 1954.3, 4 These studies marked the begin-
ning of intensive development of the matrix isolation technique.
The vast majority of species trapped in the matrices of inert gases
exhibit no translational mobility at temperatures up to themelting
(sublimation) temperature of the crystal of inert gas. This allows
accumulation of sufficiently high concentrations of radicals and
their detection by continuous-wave spectroscopic techniques. It is
these methods that were employed to obtain spectroscopic data
formost of the known free radicals; this information is generalised
and systematised on a regular basis.5 An essential drawback of the
technique is the interaction between the species under study and
the crystalline environment, which inevitably causes changes in
their spectroscopic characteristics. Therefore, molecular beam
spectroscopy provides more accurate information on subtle
features of the molecular structure and properties of reactive
intermediates. Nevertheless, versatility and the possibility of using
continuous-wave spectroscopic equipment for detecting new
molecules and obtaining primary characteristics of their struc-
tures make the matrix isolation technique a basic experimental
method of research in such fields of science as chemical physics
and molecular spectroscopy.

During the last 50 years the concept of matrix isolation of
radical species developed in two main directions, namely, search
for new conditions for generation of reactive intermediates and
the use of various spectroscopic methods for their studies. These
research avenues have been reviewed.6 ± 8 In the mid-1960s, Milli-
gan and Jacox proposed 9 that, would the atoms of light elements
(e.g., hydrogen) have sufficiently high translational mobility in
low-temperature matrices, the reactive intermediates could be
stabilised by generating them in situ in the reactions of the mobile
atoms with molecules of the other reactant trapped in the inert
matrices.

Indeed, at ultralow temperatures (450 K) the solid matrix
acts as an inert chemical microreactor which permits fast relaxa-
tion of the excess energy of the reaction and prevents the reaction
products from flying apart. The matrix also provides ideal
conditions for stabilisation of the reactive intermediates charac-
terised by short lifetimes in the gas phase. To illustrate their
hypothesis, Milligan and Jacox carried out spectroscopic studies
of the products of photolysis of HI molecules in dilute Ar/HI/O2

solid mixtures and first determined the vibrational frequencies of
the HO2 radical. They assumed that this radical is produced in the
reaction of the migrating photogenerated hydrogen atom with
oxygen molecule trapped in the inert matrix,

H+O2 HO2 . (1)

Obtaining new experimental data on the mobility of various
atoms in cryogenic crystals and solid matrices in the last decade
gave an impetus to further development of this concept. Since the
early 1990s a large number of studies on the conditions for
generation of atoms in solid matrices by photolysis of trapped
molecules have been reported. It was established that in some
cases the `cage effect', which precludes photodissociation of
molecules in solids, is insignificant and generation of atoms in
inert matrices can occur with quantum yields close to unity. A
large number of studies provide only qualitative data which
permits ambiguous interpretation from the standpoint of physical
mechanisms. Nevertheless, they point to the possibility for partic-
ular atoms tomigrate over rather long distances in the crystals and
matrices of inert gases. The results obtained were generalised in a
review 10 which also concerns possible mechanisms of transla-
tional mobility of atoms at ultralow temperatures, namely,

migration and thermalisation of a translationally excited `hot'
atom generated upon photodissociation of precursor molecule as
well as thermal and photostimulated diffusion of atoms.

In this review we discuss the potentialities of using mobile
atoms in cryogenic solid matrices for generation and investigation
of reactive intermediates. The data on the mobility of various
atoms are presented, methodological approaches aimed at solving
the problem posed are outlined and some examples of their
practical implementation are given.

Wewill consider reactions with participation of reactive atoms
of only three elements, that is, hydrogen, fluorine and oxygen,
involved in various practically important processes. The relatively
simple electronic structure of these atoms facilitates analysis of the
various elementary processes they are involved in. Two different
[from the standpoint of their chemical reactions in solid matrices
(crystals) of inert gases] types of mobile atoms considered in this
review are translationally excited `hot' atoms and diffusing
thermalised atoms.

To generate reactive intermediates in a solid-phase chemical
reaction in crystals at ultralow temperatures, the following con-
ditions should be met:

Ð the molecules of reactant and photolytic precursor of
atoms must be initially isolated in the sample;

Ð the atom must be mobile to migrate in the solid matrix;
Ð the energy of the atom must be high enough to overcome

the barrier to reaction.
This shows the interrelation between matrix isolation techni-

ques and preparative-scale cryochemistry. They have much in
common from the standpoint of methodology but are mutually
excluding in their basic formulations, namely, matrix isolation
implies the absence of chemical transformations while the subject
of cryochemistry is specific features of chemical reactions at
ultralow temperatures.11, 12

In this review cryochemical reactions of mobile atoms are
treated as a means of generation of reactive intermediates while
spectroscopic methods of investigation are considered as exper-
imental techniques for studying matrix-isolated particles. This
concept predetermines the issues that have attracted primary
attention in this review. First of all, investigations of chemical
transformations require relevant kinetic measurements to estab-
lish the principal reaction channels in the reacting system and to
identify the primary and subsequent reactions. Carrying out
spectroscopic measurements, one should choose spectroscopic
characteristics necessary for reliable identification of particles.
This is of particular importance in studies of novel open-shell
species that were not observed earlier by other experimental
methods.

Isotope substitution has been traditionally employed in anal-
ysis of vibrational and EPR spectra. Until recently, in most cases
analysis of the spectra of isotopomers with the same stoichiometry
served as the only objective argument when identifying new
stabilised particles and establishing their structure. Improvement
of computer hardware and development of new methods of
quantum-chemical calculations in the last 10 ± 15 years brought
about radical changes in the procedure for identification and
characterisation of trapped intermediates. Experimental data on
the structure of most reactive intermediates are scarce, which
precludes evaluation of the reliability and accuracy of calcula-
tions. It should be noted that quantum-chemical calculations
should be treated as a kind of prediction until confirmation by
corresponding experimental data. However, the use of modern
methods of quantum-chemical calculations permits reliable iden-
tification of new chemical compounds based on comparison of the
calculated and experimental spectroscopic data. In this review
particular emphasis has been placed on joint use of experimental
(both spectroscopic and kinetic) data and the results of quantum-
chemical calculations of reactive intermediates.
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II. Low-temperature spectroscopy of matrix-
isolated species as a tool for investigations of
reactive intermediates
1. Vibrational spectroscopy
The absorption IR spectroscopy is themost widely usedmethod of
investigation of matrix-isolated particles. Using this technique
implies that the interaction of impurity particles with the lattice of
inert gas is weak and has only little effect on the structure and
vibrational dynamics of the species under study. The relative
matrix shifts of vibrational frequencies (ratio of the frequency
difference between the molecular vibration in the solid matrix and
in the gas phase to the vibrational frequency in the gas phase) of
various molecules and radicals have been analysed.13 For most
molecules the matrix shifts were found to lie between 72% and
2% (Fig. 1). The matrix shift histogram presented is centred at
*0.5% while the dispersion is at most 1%. The magnitude and
sign of the matrix shift are related to the character of intermo-
lecular interactions between the particle and environment. In
some cases one should take into account the dynamic effects in
addition to static guest ± host interactions. Modern computa-
tional approaches to determination of matrix shifts have been
documented.14, 15

Head-Gordon et al.16 reported comparative analysis of the
accuracy of calculations of vibrational frequencies for various
molecular compounds using the most widely used ab initio
computational methods (in the harmonic approximation). The
accuracy of B3LYP density functional calculations of fundamen-
tal frequencies was shown to be comparable with that of the
frequency calculations by the CCSD(T) method. For instance, the
frequencies obtained from B3LYP/cc-pVDZ calculations deviate
from the corresponding frequencies measured in the gas phase by
*5% on the average, while the relative error of CCSD(T)/cc-
pVDZ calculations can be as high as 1.5%. At the same time, all
computational methods employed give a rather wide scatter of
deviation values (dispersion of the deviations from the exper-
imental values amounts to 10%±12%). The most complicated
problems are associated with calculations of the vibrational
frequencies of light atoms (in particular, hydrogen atom) in
polyatomic molecules.

The potentialities of IR spectroscopy are extended with
improvement of corresponding equipment. Currently, the techni-
que permits reliable detection of molecular compounds under
study at concentrations that are low enough to provide conditions
for spatial isolation of these species in a solid matrix. A conven-
tional procedure for preparation of solid samples of an inert gas,
containing trapped impurity molecules, involves condensation of

the gas molecular beams in vacuo on a substrate cooled to helium
temperatures. Thin films of inert gas thus obtained have a
polycrystal morphology and are characterised by the presence of
nonequilibrium defects and a large specific surface. Usually, such
films are called `solid matrices'; however, one should keep in mind
a basic difference between these films and crystals grown under
equilibrium conditions. It is nonequilibrium conditions for con-
densation and low concentrations of impurity particles that allow
trapping of virtually any particle in the matrix without their
association. Long-range order in the vicinity of the small impurity
molecules trapped in a solid matrix corresponds, as a rule, to
substitutional impurity or to interstitial impurity occupying the
Oh site in the face-centred cubic (f.c.c.) lattice of inert gas.14 An
impurity trapped in a solid matrix is considered isolated if its
nearest environment contains no analogous particle. If the
trapped molecules are randomly distributed over the substitu-
tional sites of a f.c.c. crystal lattice, the probability, p, for a
particular molecule to be spatially isolated is given by the follow-
ing expression,

p& 17zxm ,

where z=12 is the number of atoms in the first coordination
sphere of the impurity molecule and xm is the relative concen-
tration of impurity particles (xm= [m]/[Ar]). To consider a total
of 99% of impurity particles isolated, their concentration xm
should be less than 1073. In real experiments the number of
trapped dimers and higher clusters of impurity molecules much
exceeds the statistical average. This is usually explained by limited
mobility of themolecules on the surface of the growing film during
condensation and by their interaction in the gas mixture. If only
van der Waals intermolecular interactions occur, the fraction of
clusters amounts, as a rule, to 1%±5% of the total number of
trapped molecules at xm^ 561074. If the molecules are capable
of forming hydrogen-bonded clusters (e.g., NH3 and HCN, see
Refs 17 ± 19), this proportion increases to 10%±20%.

The sensitivity of IR spectroscopic measurements in the
conventional spectral range (400 ± 4000 cm71) under conditions
of matrix isolation of the particles under study can be estimated
based on the characteristic values of the integrated intensity
(B& 107 cm mol71) and spectral halfwidth (D& 3 cm71) of
absorption bands. At optical densities D>261073, these values
correspond to a measurable number of particles,
N>561014 cm72. In this case, assuming that the thickness of
the matrix film is*100 mm, the average relative concentration of
the particles to be recorded is greater than 1076. These values
allow measurements of the IR spectra using low concentrations
(sufficient for spatial isolation) of reactant molecules. Usually, the
relative concentrations of impurity molecules are of the order of
1073 ± 1074. This permits both reliable detection of weak bands in
the IR spectrum (with the integrated absorption coefficient of
about 105 ± 106 cm mol71) and measurements of changes in the
concentrations of initial reactants in the course of chemical trans-
formations with an error of at most 0.5%.

IR spectroscopy allows detection of different types of particles
(molecules, radicals, ions, molecular complexes). Therefore, this
method is a universal tool for kinetic measurements. The potential
of the technique, as applied to differentiation between particular
bands in the IR spectrum of products of the reactions of mobile
atoms based on the results of kinetic measurements, was demon-
strated taking reactions of fluorine atoms with CO molecules in
solid argon at 20 K as examples.20, 21 In this case, where only one
reactant (fluorine atom) is mobile in the matrix, the principal
channels of consumption of the reactants are as follows:
recombination of diffusing fluorine atoms

F+F F2 , (2a)

primary reaction of fluorine atoms

F+CO FCO
.
, (2b)
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Figure 1. Relative matrix shifts (m) of vibrational frequencies of inter-

mediates isolated in argon matrices.13
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secondary reaction of fluorine atoms

F + FCO
.

F2CO. (2c)

The experimentally observed changes in the band intensities in
the IR spectrum of the reactant molecule (CO) and reaction
products correspond to this simple kinetic scheme. Namely, in
the initial stage, the intensities of the bands of the molecular
product (F2CO) increase quadratically with respect to the increase
in the intensities of the bands of FCO

.
radicals and those of the

consumption of the molecular reactant. This allows one to
distinguish between the IR bands of the primary and secondary
products of the reactions of the mobile atoms. One can also
measure the absolute intensities of the bands by comparing the
increase in the band intensity and the corresponding decrease in
the intensities of the bands of the reactant molecules. Taking into
account the mass balance equation for the CO group,

D[CO]=D[FCO
.
]+D[F2CO] (3)

one gets a linear relation between the product band intensities,
AFCO

. andAF2CO, normalised to the corresponding decrease in the
intensity of the band of the molecular reactant, DACO

AFCO

DACO

� ÿb1
AF2CO

DACO

� b2 , (4)

where b1 and b2 are the ratios of the integrated intensities of the
bands

b1 �
BFCO

BF2CO

, b2 �
BFCO

BCO

. (5)

Since the ratio of the concentrations of the primary and
secondary reaction products varies in the course of transforma-
tions, the relative absorption coefficients for the products and
reactant, BFCO

./BCO and BF2CO/BCO, can be determined from the
linear dependence of the relative intensities of the product bands
in Eqn (4). Experiments showed 20 that the band intensities of the

molecular product (F2CO) thus obtained are in agreement with
those determined earlier by other methods and that the band
intensities of the radical product (FCO

.
) are in reasonable agree-

ment with the results of corresponding quantum-chemical calcu-
lations.

Despite high sensitivity and versatility of IR spectroscopy,
identification of radical intermediates and determination of their
structure faces some problems. For instance, if we deal with
condensation of reaction products from the gas phase, the IR
bands of different products cannot always be reliably distin-
guished and identified. As mentioned above, carrying out solid-
phase reactions eliminates this problem. Another type of severe
problem is associated with the fact that the vibrational frequencies
measured by IR spectroscopy are dynamic characteristics of
molecular compounds. Therefore, in some cases determination
of the molecular structure based on the vibrational spectra only is
complicated and additional information is required. This is of
particular importance in studies of loosely bound molecular
complexes or various isomers and conformers of trapped inter-
mediates. Registration of characteristic low-frequency vibrations
(n4 300 cm71) of loosely bound complexes using conventional
instruments is also difficult. Moreover, both static deformations
of the structure and dynamic lattice effects predetermine large
shifts of the vibrational frequencies of complexes.

When studying various isomers of the same stoichiometry, one
should take into account minor changes in the vibrational
dynamics of different isomers, especially if changes in position of
the hydrogen atom are concerned. In this case changes in the
characteristic vibrational frequencies are comparable with the
accuracy of calculations. Therefore, identification of a particular
isomer of a stabilised radical by comparing the experimental and
calculated vibrational spectra is complicated.

As an example, Table 1 lists the geometric parameters, vibra-
tional frequencies and isotropic hyperfine coupling constants
(IHFC) of structural isomers of the 2-C2H2F

.
radical generated

in the reaction of a mobile fluorine atom with a C2H2 molecule in

Table 1. Calculated and experimental vibrational frequencies and isotropic hyperfine coupling constants of structural isomers of 2-C2H2F
.
radical.

Calculations were carried out by the B3LYP/6-311++G(3df,2p) method.

Parameter (vibration) Calculated value a Experi- Experi-

mental ment

value a value b

Vibrational frequencies /cm71

1a0 (CHa stretching) 3307 3308 3236 3193 3178

2a0 (CHb stretching) 3184 3122 3111 3026 7
3a0 (CC stretching) 1664 1678 1701 1631 1623

4a0 (HbCC bending) 1305 1291 1263 1211

(CH2 bending) 1395

5a0 (CF stretching) 1024 1093 1149 1070 1066

6a0 (HaCC bending) 779 734 698 678

(CH2 rock) 943

7a0 (FCC bending) 433 479 454 7 462

1a00 (wagging) 883 827 831 785 785

2a00 (twist vibrations) 661 645 615 643 631

IHFC constant /mT (seec)

aF 10.12 6.69 13.37 j 6.50 j j 7.30 j
aHb

1.69 3.81 4.16 j 3.86 j j 3.81 j
aHa

0.14 0.17 1.20 j 0.25 j 7

a The data were taken fromRef. 22; the vibrational frequencies were calculated in the harmonic approximation. b The vibrational frequencies were taken

from Ref. 23 and the IHFC constants were taken from Ref. 24. c Only absolute values of IHFC constants were measured experimentally.
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H
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solid argon 22 as well as the results of an earlier study 23 in which
the 2-C2H2F

.
radicals were stabilised by condensation of reaction

products in gas discharge. Analysis of the vibrational dynamics in
themodel structure of the trans-2-C2H2F

.
isomer suggested 23 that

the radical stabilised corresponds to this isomer. However, as can
be seen in Table 1, the vibrational frequencies of the trans-2-
C2H2F

.
and cis-2-C2H2F

.
isomers calculated by modern quan-

tum-chemical methods are close and the experimental IR spectra
cannot be assigned to a particular isomer even taking into account
the results of analogous measurements for the deuterated ana-
logue (2-C2D2F

.
). Comparison of the spectra of the radicals 22, 23

reveals close values of all vibrational frequencies (to an accuracy
of �15 cm71), except for the relatively weak bending vibration
HbCC, for which the frequency difference is 52 cm71. However,
the reason for such a large difference is still to be clarified (this can
be differentmatrix shifts due to a differentmanner of arrangement
of the radical in the lattice, or these are different isomers, or
incorrect assignment of the weak IR band!?). Moreover, identi-
fication of another structural isomer, 1-C2H2F

.
, faces analogous

problems since the patterns of the vibrational spectra of all three
particles are similar and exhibit no characteristic distinctive
features (see Table 1). Unambiguous establishment of the struc-
ture of radical intermediates in the two above-mentioned cases can
be made only by joint use of vibrational and EPR spectro-
scopy.22, 25

2. EPR spectroscopy
Electron paramagnetic resonance is widely used in various appli-
cations of thematrix isolation technique as well as in cryochemical
and radiation chemistry studies. Some key aspects of the use of
this method in studies of matrix-isolated reactive intermediates
are considered below.

High spectral resolution and sensitivity of the EPR technique
under conditions of generation of radical intermediates in solid-
phase reactions of mobile atoms with isolated reactant molecules
are due to the following factors: perfect isolation of the radicals
stabilised and the absence of radical pairs in the nearest environ-
ment (this eliminates the dipole ± dipole interaction between
radicals), the absence of super-HFC on the matrix nuclei due to
zero nuclear spins of argon and neon atoms (and the 4He and
parahydrogen molecules), and fast (incoherent) rotation of radi-
cals in the lattice, which averages anisotropic magnetic interac-
tions.

These factors are due to both the procedure for generation of
radicals and the properties of the inert matrices. Under conditions
of ideal matrix isolation of the radicals the widths of individual
components of the hyperfine structure (HFS) are at most 0.1 mT
in solid argon and at most 0.01 mT in solid p-H2. Therefore, the
spectral resolution under these conditions is no worse than in
liquids 26 and much better than in organic crystals and glasses.27

The spectroscopic parameters of ethyl radicals measured in differ-
ent media are listed in Table 2. As can be seen, the intrinsic widths

of the lines in the spectra of radicals stabilised in solid para-
hydrogen or argon is comparable with the linewidths in the EPR
spectra recorded in the liquid phase.28 ± 33

A feature of small polyatomic molecules is rotation in solid
matrices and crystals at ultralow temperatures. Depending on the
species size and on site occupied by the particles in the crystal
lattice, both free rotation (with population of nonzero rotational
quantum states) and rotational diffusion (incoherent rotation)
characterised by the rotational correlation time, tc, can occur.
Fast incoherent rotation of radicals in the lattice causes averaging
of anisotropic interactions, thus providing high resolution of the
hyperfine structure and the possibility of determining the absolute
values of the IHFC constants if they exceed 0.1 mT.

As an example illustrating the influence of various factors on
the resolution of the EPR spectra of trapped radicals, Fig. 2
presents the spectra of the 2-C2H2F

.
radicals generated in the

solid-phase reaction F+C2H2 . Spectrum 1 was obtained in an
argon matrix with high concentration of C2H2, while spectrum 2
was recorded in a krypton matrix containing magnetic nuclei (the
nuclear spin of 83Kr atom is 9/2). In the former case most of the
reactant molecules (C2H2) exist as dimers and more complex
associates. This leads to stabilisation of the radicals bound in
complexes with the neighbouring C2H2 molecules. The
radical ±molecule interaction in these complexes stabilises the
structure formed and hinders rotation of the radical. Probably,
that is why no resolved hyperfine structure of these radicals in
photolysed mixtures Ar : F2 : C2H2(C2D2)=200 : 1 : 1 was
recorded earlier.34 A hyperfine splitting of 0.25 mT on the a-pro-
ton of the 2-C2H2F

.
radical was first observed under conditions of

perfect isolation of the radicals generated in the reactions of

Table 2. Characteristic EPR linewidths, parameters of the hyperfine coupling (mT) and g-factor tensors of C2H5 radical in different media.

Matrix Generation technique Linewidth g-Factor j aa j a j Aa
\ ÿ Aa

k j j ab j j Ab
\ ÿ Ab

k j Ref.

p-H2 (>99.5%) UV photolysis of C2H5I 0.02 2.0031 (Dg 4 0.0001) 2.27 0.98 2.68 0.31 28

Ar addition reaction 0.1 2.0023 (Dg 4 0.0003) 2.28 1.02 2.68 0.28 29

H+C2H4

C2H6 (liq.) electron beam irradiation 0.01 2.0026 2.238 7 2.687 7 30

p-H2 (>95%) UV photolysis of C2H5I 0.14 7 2.24 7 2.69 7 31

Ar the same 0.2 7 1.99 7 2.65 7 32

Xe addition reaction 0.3 2.0026 (Dg4 0.0015) 2.25 0.93 2.72 0.36 33

H+C2H4

Xe abstraction reaction 0.3 2.0028 (Dg4 0.0024) 2.20 0.96 2.70 0.31 33

H+C2H6

aCalculated using the formula a � 2A\ � Ak
3

.

1

2

3

FO2aHa

aHb aF

311 314 317 320 H /mT

Figure 2. EPR spectra of 2-C2H2F
.
radicals produced by photolysis at

15 K and subsequent annealing of the samples at 25 K.22

The spectra were recorded at 30 K; shown are the HFS of 2-C2H2F
.
and

FO2 radicals. Sample composition: Ar : F2 : C2H2=300 : 1 : 1 (1),

Kr : F2 : C2H2 = 3000 : 1 : 1 (2) and Ar : F2 : C2H2=3000 : 1 : 1 (3).
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mobile atoms in solid argon (see spectrum 3 in Fig. 2). Experi-
ments with heavier isotopomers of acetylene (C2D2 and C2HD)
allowed assignment of a complete set of IHFC constants of this
type of radicals.22 Analogously, frozen van der Waals complexes
FCO

.
(CO)n were produced in the samples with relative concen-

trations of the reactant molecules, [CO]>1073 (see Refs 35 and
36). The EPR spectra of FCO

.
radicals at 4.2 K provide a classical

example of the EPR spectra of frozen radicals with strong
anisotropy of the constants of HFC with the fluorine atom.
Recently,37 it was found that anisotropic spectra of the FCO

.

radicals (they are similar to the spectra reported earlier 34, 35) in
photolysed Ar/F2/CO samples with a high concentration of the
molecular reactant ([CO]>561073) remain unchanged up to
30 K. However, the shape of the EPR spectra of FCO

.
radicals in

the samples with much lower concentration of the reactant
molecules ([CO]<1073) changes dramatically upon temperature
variation.

The EPR spectrum of FCO
.
radicals is presented in Figure 3.

This is a superposition of an anisotropic spectrum, which varies
only slightly with temperature, and a spectrum whose pattern
closely resembles that of an isotropic spectrum. The linewidths in
the latter spectrum drastically decrease as the temperature
increases at T>13 K. The samples with the relative concentra-
tion of the reactant molecules of less than 1074 are characterised
by a virtual absence of radicals exhibiting anisotropic spectra at
high temperatures. The time tc of the isolated radicals, estimated
from changes in the linewidths under conditions of fast incoherent
rotation, is*1079 s at 30 K. Averaging of the anisotropy due to
fast rotation of radicals in inert matrices at ultralow temperatures
was also pointed out in other studies (e.g., Refs 38 and 39). These
examples demonstrate that under perfect isolation conditions, the
anisotropy of magnetic interactions of not only small radicals
(e.g., FCO

.
) but also larger structures, (e.g., C2H2F

.
) is averaged

due to fast rotation of the species in the lattice.

Kumada et al. 28 reported the EPR spectra of C2H5 radicals
isolated in solid parahydrogen (Fig. 4). High spectral resolution
achieved in this study (<0.01 mT) allowed both determination of
the anisotropic components of the HFC tensor in the absence of
rotation of the whole radical and distinguishing between the
spectral lines corresponding to different rotational states of the
methyl group. The rotational energy level splitting in solid para-
hydrogen (5.3� 0.7 K) determined from temperature-induced
variations of the line intensities was found to be close to that
measured earlier by IR spectroscopy in the gas phase. Resolved
EPR spectra of 2-fluoroethyl radicals can be recorded in solid
argon under conditions of perfect isolation (Fig. 5).40 Fast (inco-
herent) internal rotation and the dependence of the IHFC
constants on the angle of rotation of the CH2 group around the
CH2F fragment is responsible for a sharp temperature dependence
of the EPR linewidths in the temperature range from 20 to 35 K.
Anisotropy of the HFC tensor of the fluorine atom is retained
upon warming up the system; therefore, changes in the spectral
pattern are due to internal rotation of the CH2 group only.
Variation of the angle of rotation causes modulation of the
HFC, thus leading to temperature-induced line broadening. The
energy barrier, Ea, to internal rotation was estimated from the
Arrhenius dependence of the linewidth at ^ 920 ± 1050 J mol71,
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which is close to the barrier height calculated 41 for a free radical in
the gas phase. However, this value is much smaller than that
measured in viscous liquids (*4000 J mol71).42

The aforesaid indicates that perfect isolation of radical species
in inert matrices containing no magnetic nuclei permits both
determination of the principal HFC parameters and character-
isation of internal rotation of molecular fragments and atomic
groups in the absence of rotation of the whole radical.

The experimentally measured IHFC constants provide a
reliable structure-sensitive parameter suitable for identification
of new radical intermediates. Their structures can be determined
by comparing the experimental values of spectroscopic character-
istics with the corresponding values calculated using modern
quantum-chemical methods. This approach was substanti-
ated 43 ± 45 when analysing the experimental data and results of
quantum-chemical calculations of different types of radicals.
These investigations have demonstrated the practical applicability
of density functional calculations to the studies of the interrelation
between structure and spectroscopic characteristics. The IHFC
constants are determined by the distribution of the unpaired
electron density over the corresponding magnetic nuclei in the
molecular structure. Therefore, these characteristics are rather
sensitive to the changes in the electron wave function on the
magnetic nuclei. The error in calculations of the IHFC constants
using modern methods is usually at most 10%.44 The vibrational
frequencies can be calculated with better accuracy; however, they
are much less sensitive to changes in the electronic structure. This
is of crucial importance for the identification of reactive inter-
mediates and for the determination of their structure in at least
two critical situations. The first case concerns identification of a
particular isomer of the stabilised intermediate. A typical example
is provided by the cis- and trans-isomers of the 2-C2H2F

.
radical.

The vibrational spectra of these isomers were discussed above. As
can be seen from Table 1, the values of the IHFC constants of the
radicals stabilised in solid argon correspond to cis-2-C2H2F

.

rather than trans-2-C2H2F
.
, as was reported earlier.24, 34 In this

case both the chemical intuition (assignment of the experimental
EPR spectrum was based on the assumption of analogy between
the electron density distributions in the 2-C2H2F

.
and C2H3

radicals and on the predicted thermodynamic properties of the
cis- and trans-isomers) and vibrational analysis 23 led to erroneous
conclusions. This was first pointed out by Barone et al.43 Reliable
identification of the other structural conformer, 1-C2H2F

.
radical,

is possible only based on measurements of the IHFC constants.
Insertion of a fluorine atom at the a-position causes a twofold
increase in the IHFC constant aF (and simultaneous increase in
the IHFC constants on protons) compared to the corresponding
constants of the isomers of the 2-C2H2F

.
radical.

Another practically important problem is to determine the
structure of weakly bound radical7molecular complexes. It has
been shown 46, 47 (for detailed analysis, see below) that reaction
products of hydrogen abstraction from RH molecules can be
stabilised in matrices in the form of radical7molecular complexes
R
.

HF. Taking into account the spectral resolution that can be
achieved in the experiments with inert matrices, the EPR techni-
que seems to be promising for the investigation of the structure of
such intermediates. If the radical and the molecule in a complex
are separated by at most 0.3 nm and the individual components of
the HFS are no wider than 0.1 mT, the EPR spectra exhibit a
resolved hyperfine structure corresponding to interactions of the
unpaired electron of the radical with the magnetic nuclei of the
other molecule (nuclear spin of the H and F atoms of the HF
molecule is 1/2). The constants of magnetic interactions are rather
sensitive to the distances and orientation of fragments in com-
plexes; this permits their structure and sometimes the type and
characteristic times of hindered internal motions of the fragments
in the complex to be determined reliably.

3. Optical spectroscopy and photoinduced transformations of
stabilised reactive intermediates
The main fields of application of the optical studies of cryogenic
matrices involve spectroscopy of electronically excited states,
photoinitiation of chemical transformations in the complexes
comprised of molecular reactants, generation of radical species
in the photodissociation of isolated molecules and photoinduced
intramolecular conversion of isolated species as well as photo-
stimulated translational mobility of atoms.

The electronic and vibronic transitions in the condensed phase
are strongly affected by the environment, even if the molecular
species under study are isolated in inert matrices. For this reason,
spectroscopic investigations of matrix-isolated particles are to a
greater extent focussed on the studies of the mechanisms of
relaxation of excitation energy in the solid phase (see review 48)
rather than spectroscopic characterisation of excited states.
Besides, instrumental problems due to strong scattering of the
visible and UV light by crystalline matrix films, as well as the
effects of nonradiative relaxation in the matrices reduce the
sensitivity of absorption spectroscopy and limit the use of the
laser-induced fluorescence (LIF) technique in these studies. Most
spectroscopic data on the excited states of radical species were
obtained in the gas-phase LIF and laser-induced magnetic reso-
nance studies (these methods are characterised by high sensitivity
and the possibility of carrying out experiments with spectral and
temporal resolution). Detailed investigations of the OH

.
(see

Ref. 49), CN
.
(see Refs 50 and 51) and ClO2 (see Refs 52 ± 54)

radicals were performed, and considerable attention has been
given to the studies of perturbations of the lower electronic states
by the crystalline environment and of the dynamics of relaxation
processes in solid matrices.

Photoinduced transformations in molecular complexes is an
interesting branch of cryochemistry. The key feature of these
investigations is to preliminarily prepare molecular complexes of
reactants in the matrix. Further chemical reactions in the com-
plexes are initiated by photo-excitation of one of the reactants. In
most cases these studies are limited to identification of reaction
products and determination of the relative yields of the principal
reaction channels.55 Description of chemical transformations on
the molecular level taking into account the dynamics of molecular
rearrangements and the energy relaxation in the lattice is a rather
complicated task. Some approaches to the molecular dynamics
simulation of these transformations using semiempirical methods
of calculations of the PES of corresponding reactions have been
reviewed by Raff.56 If the initial reactants are closed-shell species
chemical transformations within the matrix cage will also result in
the molecular products. To trap the radical intermediates, the
radical fragment of the reacting system should escape the reaction
cage and then be trapped outside it. For instance, photodissocia-
tion of a complex of a diatomic molecule (AB) with a reactant (M)
can yield radical adducts or radical ±molecular complexes, if one
of the atoms is stabilised outside the reaction cage:

[AB M] [A*+M]+ [B*] [MA
.
]+ [Bs ], (6a)

[AB RH] [A*+RH]+ [B*] [R
.

AH]+ [Bs ]. (6b)

However, different research groups (see, e.g., Refs 57 ± 59)
reported that photolysis of halogen molecules bound into a
complex with the molecules of the other reactant results mainly
in the molecular products and that the yield of radical pairs in the
reactions (6a) and (6b) is negligible. These results were expected
for the complexes containing molecules of heavy halogens (Cl, Br
and I). At the same time, the reaction channels (6a) and (6b) can be
significant for the complexes withHI (HBr) or F2molecules due to
weakening of the cage effect for the hydrogen and fluorine atoms
compared to the heavy halogen atoms.60

Photolysis of isolated molecules in cryogenic matrices is a
conventional method of generation of stabilised radicals. Spectro-

hn

hn
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scopic data for the radical species thus produced served as the
basis for further studies of these objects (see, e.g., Ref. 6). At the
same time the cage effect precluding spatial separation of the
photodissociation products, the formation of tight radical pairs as
well as photolysis of primary products of photodecomposition
reduce the efficiency of generation of stabilised radicals and make
the interpretation of the spectroscopic and kinetic data more
difficult.

Another method for generation of new matrix-isolated par-
ticles involves photo-excitation of an isolated particle followed by
intramolecular rearrangements. In contrast to the gas phase,
photo-excitation to the dissociative absorption band under con-
ditions of the crystalline environment, which impedes spatial
separation of the photodissociation fragments, can cause stabili-
sation of various structural conformers of the same stoichiometry.
In most of such studies the molecules were matrix isolated using
conventional techniques (see, e.g., Refs 61 and 62). Despite the
fact that this procedure for generation of new molecular species
has found a rather wide application, there are only a few examples
of generation of radical species in this manner. Methodological
difficulties in such studies are associated with the necessity of
obtaining sufficiently high concentrations of radicals in the
absence of other products.

Electronically excited halogen ±Rg complexes (Rg is the atom
of inert gas) have been traditionally used as a working substance
for gas lasers. Basic research into the optical properties of halogen
atoms in the solid matrices and crystals of inert gases 63, 64 was
mainly stimulated by the idea of creation of solid-state excimer
lasers. It was found that in most cases the effects of multibody
interactions in crystals preclude radiative deactivation of diatomic
exciplexes. For instance, the energy of electronic excitation of an
ArF complex in solid argon is close to that determined in the gas
phase (Fig. 6). However, the excited state undergoes fast relaxa-
tion (during *10713 s) into a more stable triatomic exciplex
(Ar2)+F7 (see Ref. 65). Radiative deactivation of diatomic
exciplexes in solid krypton is also preceded by the formation of
triatomic excited states, e.g., (Kr2)+F7 (see Ref. 66). Since
exciplexes are characterised by electron transfer from the halogen
atom to the atoms of the inert gas, the equilibrium distances in
such structures are much shorter than the van der Waals intera-
tomic distances in the ground electronic state. As a result,
radiative deactivation of an electronic excitation causes trans-
formation of a large portion of the exciplex energy (1 to 2 eV) into
the kinetic energy of the atoms of the dissociating particle (see
Fig. 6). This brings about a unique phenomenon, namely, photo-
induced migration of `hot' fluorine atoms in the crystals of inert
gases.65, 66 For instance, experiments on photogeneration of
fluorine atoms in argon crystals showed that excitation to the
ArF exciplex absorption band with light at l=193 nm upon
continuous irradiation of the samples leads to bimolecular recom-
bination of fluorine atoms

F+F F2 .

The averagemigration length of a `hot' F* atomwith an initial
kinetic energy of *0.7 eV was estimated at *7 nm.66 An analo-
gous effect of photoinduced migration was also observed for the
oxygen atoms isolated in solid krypton or xenon.67 ± 69 Studies of
continuous photolysis of xenon or krypton crystals containing
stabilised O(3P) atoms with light at l=248 nm showed that
radiative deactivation of charge-transfer Rg+O7 exciplexes indu-
ces migration of the atomic oxygen in the crystal and, finally, loss
of the oxygen atoms by a bimolecular mechanism

O+O O2

Photoinduced migration of reactive atoms in the crystals of
inert gases opens up unique prospects for practical implementa-
tion of chemical reactions involving these atoms at ultralow
temperatures. This is possible if two conditions are met. First,
the atommust possess the ability tomigrate in the crystal. Second,
it must have an excess kinetic energy required to overcome a
reaction barrier. Methodologically, there is a feature which
complicates a correct interpretation of the results of such experi-
ments. To make atoms mobile, the sample should be irradiated
with UV light at a wavelength of about 200 nm. This can cause
photoinduced conversions of both the reactant molecules and the
primary products of the reactions of the mobile atoms. Never-
theless, this effect can be insignificant since diatomic exciplexes
are, as a rule, characterised by extremely large absorption cross
sections (*10716 ± 10717 cm2, see Ref. 66).

III. Translational mobility of hydrogen, fluorine
and oxygen atoms in the crystals and solid matrices
of inert gases

1. Translationally excited `hot' atoms produced by
photodissociation of isolated molecules
Photodissociation dynamics of small molecules in the crystals of
inert gases have been well studied experimentally. Efficient photo-
decomposition of an isolated precursor can be achieved if the
kinetic energy of one reactant (in this case, the atom) is high
enough to overcome the lattice barrier which precludes spatial
separation of the dissociation products. Possible mechanisms of
photodissociation of a number of small molecules, accompanied
by generation of H, F and O atoms in the crystals of inert gases,
have been considered in detail by Apkaryan and Schwentner.10

Fundamental difficulties which arise when simulating such proc-
esses include the necessity of taking into account the effects of
multibody interactions at short distances, which make the pair
atom± atom potentials non-additive. Nevertheless, the results of
the molecular dynamics simulation are in reasonable agreement
with the available experimental data.

The dynamics of `hot' atoms in the crystal is controlled by the
following factors. The F(2P) andO(1D) atoms are characterised by
relatively short effective interaction ranges in the crystals of inert
gases. If such atoms occupy octahedral interstitial sites (Oh) of the
f.c.c. crystal lattice, they interact with adjacent lattice atoms (Ar,
Kr or Xe) in the attraction region of the pair interaction potentials
U(r). At the same time the repulsive part of the interaction
potentials at short distances determines the optimum trajectory
of the motion of the atom to an adjacent Oh site through the edge
of a face of the octahedron.70, 71 Since the masses of the F and O
atoms are comparable with those of the atoms of the argon lattice,
the energy of a translationally excited `hot' atom efficiently
dissipates by collisions with the lattice atoms. Therefore, efficient
escape of the atoms from the cage and spatial separation of the
photodissociation products require that the bond cleaved in the
photolytic precursor be oriented towards a face of the cell. In this
case the atom can migrate in the crystal in a ballistic regime, thus
avoiding direct collisions with the lattice atoms.72
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Quite different are the dynamics of photolytically generated
hydrogen atoms. The effective radius of the interaction between
the H(2S ) atom and Ar, Kr and Xe atoms is comparable with the
interatomic distances in the lattice. Therefore, the H(2S ) atom
interacts with adjacent lattice atoms only in the repulsive region of
the pair interaction potentials and the optimum trajectory of the
motion of the atom between interstices passes through the centres
of the triangular faces of the f.c.c. crystal lattice.73 It is believed 10

that this predetermines another (compared to the F and O atoms)
trajectory of the escape of the `hot' atom from the reactant cage. In
addition, due to the small mass the hydrogen atom loses a small
portion of the kinetic energy by collisions with the lattice atoms.
Therefore, the requirements on the orientation of the photolytic
precursor in the lattice are not so severe as in the case of the F(2P )
or O(1D) atoms. In this case the trajectory of motion of the `hot'
hydrogen atom during thermalisation should be close to the
diffusion trajectory.

2. Thermally activated diffusion of atoms
Thermally activated mobility of H, O and F atoms in the crystals
and matrices of inert gases has been reported by different research
groups. The available literature data suggest that fluorine atoms
possess extremely high translational mobility in the crystals of
argon and krypton. The diffusion coefficients of hydrogen and
oxygen atoms have been determined under conditions providing
efficient recombination of the atoms, corresponding to typical
kinetics of bimolecular reactions. Detailed consideration of these
studies is given below.

IV. Chemical reactions involving hydrogen atoms

Hydrogen atoms isolated in cryogenic matrices have been the
subject of intensive physicochemical studies using the matrix
isolation technique. These investigations were mainly focussed
on the problems of creation of high-energy systems, studies of
quantum motions of light atoms and on specific features of
multibody interactions in the condensed phase. After establish-
ment of the fact that accumulation of high concentrations of
stabilised hydrogen atoms in the solid phase is limited due to
involvement of these atoms in chemical reactions, the emphasis
was placed on the investigation of mechanisms of photoinduced
generation of the atoms and subsequent chemical processes with
their participation in low-temperature crystals and matrices.

1. Photogeneration of hydrogen atoms
EPR is a very sensitive method for detection of hydrogen atoms in
inert matrices. It was found that the lines of the hydrogen doublet
in the EPR spectra in solid matrices exhibit a multiplet structure,
which is due to the presence of several possible atomic sites in the
crystal lattice. Analysis of distortions of the HFC and g-factor
tensors by the crystal field showed that photogenerated hydrogen
atoms are mainly stabilised in the interstitial sites (Oh and Td) and
to a lesser extent in the substitutional sites.74 ± 78

The HBr and HI molecules are convenient photolytic precur-
sors for generation of hydrogen atoms in the solid phase. In the
early studies (see, e.g., Ref. 6) photolysis of these molecules was
used to produce hydrogen atoms that entered into reactions with
various reactants. Spectroscopic data for the radical species HO2,
PHCO

.
, H2NO

.
, etc. were first obtained using this experimental

technique. It was shown 79 that `hot' hydrogen atoms produced by
photodissociation of HBr in solid xenon are stabilised at rather
long distances (up to 10 nm!) from the dissociation site. This
conclusion was drawn based on the study of the kinetics of HBr
consumption and accumulation of bromine atoms during contin-
uous photolysis of HBr with light at a wavelength of 248 or
193 nm. It was found that the kinetic dependences obey a second-
order law due to reactions of the `hot' atoms (characterised by
long migration length) with the distant HBr molecules

HBr Br+H*, (7)

H*+HBr H2+Br. (8)

This conclusion was confirmed in a study carried out using the
EPR and LIF techniques andmolecular dynamics simulation.78 It
was established that only a fraction of photogenerated H atoms is
stabilised in the Xe and Kr matrices. Other H atoms either enter
into reactions (8) or recombine during thermalisation

H+H H2 .

A quite different situation was shown to occur in solid argon
where hydrogen atoms are trapped near the dissociation site.
Therefore, nearly 100% of the precursor molecules are converted
into trapped hydrogen atoms. Themolecular dynamics simulation
of thermalisation of a `hot' atom showed that the hydrogen atom
with an initial excess energy of 2.5 eV can move from the parent
cage over long distances (up to 4 nm in solid krypton). In view of
these results, one should expect that reactions of photogenerated
`hot' hydrogen atomswith variousmolecules should be efficient in
solid krypton and xenon.

2. Thermally activated diffusion of hydrogen atoms
Consumption of hydrogen atoms during temperature annealing
of solid Rgmatrices was reported by different authors.80 ± 84 It was
found that consumption of hydrogen atoms inKr andXematrices
at T>30 K obeys a second-order kinetic law, which corresponds
to bimolecular recombination. Loss of H atoms in solid argon at
temperatures above 12 K was observed. However, analysis of the
kinetic dependencies of the loss of H atoms suggested 84 predom-
inance of geminate recombination

H+Br HBr,

of the atoms produced during low-temperature photolysis of HBr
molecules.

The available literature data allow one to assume that solid
matrices of inert gases (Ar, Kr and Xe) can serve as convenient
media for studying the interactions of hydrogen atoms with small
concentrations of various dopants. Chemical reactions of hydro-
gen atoms involving cleavage of molecular bonds are, as a rule,
characterised by rather high activation barriers
(5 6 ± 8 kJ mol71). At ultralow temperatures, such thermally
activated reactions must occur very slowly and therefore the use
of photogenerated `hot' atoms to produce reaction products seems
to be more promising than the reactions of diffusing `cold' atoms.
At the same time stabilisation of a long-lived pre-reaction complex
H M formed by collision of the mobile atom with the isolated
molecule in the absence of efficient thermal activation of chemical
reactions provides the possibility of studying the interactions in
the stage where the reactants approach each other.

Studies of tunnelling reactions of hydrogen exchange with
hydrogen isotopes in solid hydrogen 85 ± 87 were also carried out in
solid argon where the bound state of reactants was first detected
byEPR.88, 89 Stable complexes of reactants were formed as a result
of diffusion of the H and D atoms at temperatures above 17 K. In
particular, the atoms diffusing in solid Ar/HDmixtures form pre-
reaction complexes upon collisions with the HD molecules.
Among subsequent exchange reactions,

D
.

HD D2 H
.
, (9a)

H
.

HD H2 D
.

(9b)

a tunnelling transition resulting in complexes of the products is
possible only in reaction (9a). This allows one to expect stabilisa-
tion of two complexes, H

.
HDandH

.
D2 , in this system. Their

EPR spectra (Fig. 7) exhibit a resolved HFS on the doublet lines
of the H atoms due to the interaction of the unpaired electron of
the atom with the magnetic nuclei of the molecules in the
complexes H

.
HD and H

.
o-D2 . Besides, the hyperfine split-

ting on the hydrogen atom in the complex (aH=51.18 mT) differs
from the characteristic aH values of the atoms trapped in solidhn
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argon (aH=50.73, 51.42 and 51.54 mT for the substitutional site
and the Oh and Td interstitial sites, respectively).

The spectra of complexes H
.

H2 generated analogously in
Ar/H2 mixtures exhibit no super-HFS since the more stable
parahydrogen molecule has a zero nuclear magnetic moment in
the ground rotational state. Nevertheless, the formation of this
complex was detected by the appearance of the hydrogen doublet
with aH=51.18 mT. Specific features of the EPR spectra, such as
narrow isotropic HFS lines and equal values of the constants of
super-HFC with both atoms of the H2 , HD and o-D2 molecules
(with allowance for correction for different gyromagnetic ratios,
mH/mD=6.5) were attributed to fast internal rotation in the
complex. Quantum-chemical QCISD/aug-cc-pvqz calculations
of hyperfine interactions in the complex showed that the exper-
imental superhyperfine splitting aH0 =0.386 mT corresponds to a
distance of 0.245 nm between the atom and the geometric centre
of the molecule.89 This is much shorter than the value calculated
earlier for free van der Waals complex H

.
H2 on the PES of the

H3 system (0.34 nm). These data are in agreement with the results
of investigations of tunnelling reactions of H atoms in solid
hydrogen (H2 , D2 and HD), according to which the distances
between the reactants in the crystalline environment are short-
ened.90

3. Formation of chemical bonds with atoms of inert gases
A unique feature of heavy atoms of inert gases (xenon and
krypton) is their ability to form chemical bonds with other
atoms ormolecular fragments that are efficient electron acceptors.
This is due to a relatively low ionisation energy of the closed-shell
atoms. This type of stable compounds can be exemplified by XeF2

and XeF4 which were first synthesised more than three decades
ago.91, 92 Data on binding xenon atoms into chemical compounds
with fluorine and oxygen atoms have been generalised in some
reviews (see, e.g., Refs 93 ± 95).

Quantum-chemical calculations predict that the formation of
weak chemical bonds with the light atoms of inert gases is
possible.96 Such chemical compounds can be stabilised only at
ultralow temperatures. Therefore, the crystals of inert gases,
which interact with free atoms under these conditions, are, strictly

speaking, not chemically inert. For instance, the XeCl2 and KrF2

molecules were first synthesised and characterised under matrix
isolation conditions.97 ± 99

Convincing proofs of the possibility for chemical bonds with
the atoms of inert gases were provided by researchers from
Finland who detected a number of new chemical compounds,
namely, H7Xe7H,H7Xe7YandH7Kr7Y (Y is the halogen
atom or a CN

.
or OH

.
radical). These compounds are formed in

the reactions of diffusing hydrogen atoms in the solid matrices of
xenon and krypton.100 ± 102 Studies of these reactions have been
reviewed.103, 104 It is believed that neutral molecules H7Rg7Y
are formed as a result of the interaction of two close-lying diabatic
PES corresponding to the interaction between neutral and
charged fragments (Fig. 8). The low-lying bound state 1S+ is
treated as an ion pair (HRg)+Y7 in which the covalently bound
fragment (HRg)+ is involved in electrostatic interaction with the
negatively charged fragment Y7. Based on this model, a molec-
ular structure with ionic bond, (HXe)+Cl7, was predicted by
semiempirical quantum-chemical calculations even in 1988.105

The structure H7Xe7H is treated analogously, that is, as a
resonance hybrid between (HXe)+H7 and H7(XeH)+. Quan-
tum-chemical calculations predict a linear geometry of
H7Rg7Y and the molecular energies lying between 38 and
135 kJ mol71 relative to the energy of dissociation into neutral
atoms. Global potential minima of such systems correspond to
neutral HY molecules and Rg atoms. Because of the ionic type of
chemical bonding the molecules H7Rg7Y are characterised by
high IR band intensities and by an extremely large dipole moment
of the electronic transition A1S /X1S between two close-lying
electronic states.106, 107 Therefore, such particles are mostly
studied by IR and optical spectroscopy. Table 3 lists the exper-
imental and calculated frequencies of the H7Rg stretching
vibrations as well as the calculated bond lengths for a number of
compounds.

It was also found that HXeOH and HXeH stabilised in solid
xenon dissociate over *103 s at temperatures of 54 and 66 K,
respectively.107 Thermal decomposition was explained by decay of
metastable states upon activation of bending vibrations

HXeOH H2O+Xe (10)

and

HXeH H2 + Xe.

However, no formation of H2O and H2 molecules that would
provide confirmation of the existence of such a dissociation
channel was observed. The energy of IR quantum necessary to
decompose a compound by multilevel IR excitation or the long-
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Figure 7. EPR spectra of van derWaals complexes H
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formed in an argon matrix at 20 K.89
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Figure 8. Scheme illustrating the nature of the chemical bond in HRgY
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configuration HRgY.
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wavelength edge in the electronic absorption spectra are used as
the upper limit of the binding energies. The H7Rg7Y particles
have rather large intrinsic dipole moments; hence, polarisation
interactions between them and the surrounding atoms can
strongly affect the spectroscopic and energy characteristics of the
intermediate. Therefore, the problem of stability of both free and
matrix isolated particles is still to be clarified. Currently, the
H7Rg7Y particles have been the subject of intensive
research 107 ± 109 and one can expect to obtain new data on these
interesting objects by the time of publication of this review.

The procedure for generation of the H7Rg7Y particles
employed in the above-mentioned studies included (i) preparation
of thin films of inert gas, containing a controlled amount of HY
molecules (e.g., HI, HCl or HCN), (ii) low-temperature photo-
lysis of the impurity molecules, resulting in the formation of
spatially separated radical pairs H

.
_Y

.
and (iii) annealing of

the matrix up to the temperatures at which thermally activated
diffusion of hydrogen atoms is possible. The results of a joint
study by IR, optical and EPR spectroscopy showed that the
kinetics of loss of the hydrogen atoms correlates with the kinetics
of formation of the H7Xe7H and H7Xe7Y molecules.83, 107

In the course of the reactions the loss of the stabilised radicals Y
.

amounts to 40%, and virtually no recombination of the molecules
of the photolytic precursor HY occurred. With allowance for
these facts it was concluded that the three-body interactions
H+Rg+H and H+Rg+Y, which are responsible for stabili-
sation of the xenon- and krypton-containing compounds, are the
principal channels of loss of the diffusing atoms. Detailed quanti-
tative balance for the reactions of the diffusing atoms has not been
determined as yet; however, the results of kinetic measurements
suggest that high-energy processes of direct recombination of the
radicals,

H
.
+H

.
H2 ,

H
.
+Br

.
HBr, (11)

H
.
+Cl

.
HCl,

H
.
+CN

.
HCN

are inefficient under such conditions due to stabilisation of
triatomic intermediates H7Rg7Y.

Quantum-chemical calculations of the PES of a free HRgY
particle (in the ground electronic state 1S+) showed that the
reaction can follow two routes as the hydrogen atom approaches
the RgY fragment. If the angle of attack, H7Rg7Y, is larger
than 908 and the H7Rg distance is shorter than 0.4 nm, the
system tends to reach an intermediate bound state with a linear
configuration H7Rg7Y. In contrast, if the angle of attack is
smaller than 908, the system tends to arrive at a global minimum
corresponding to recombination H

.
+Y

.
(see Refs 103 and 104).

Realisation of a particular reaction channel in the crystal is
determined by the trajectory of the motion of the hydrogen atom
in the vicinity of the trapped impurity (heavy fragment Y

.
).

Diffusion of hydrogen atoms in the f.c.c. crystal lattice of inert
gas has been traditionally treated as random jumps between
octahedral interstitial sites Oh, which occur in such a way that in
the intermediate states the H atom is located at the tetrahedral site
Td (Fig. 9). If a heavy fragment of primary photodissociation (Y

.
)

occupies a lattice site, recombination H
.
+Y

.
should occur when

the H atom arrives at a tetrahedral Td (I) or octahedral site Oh(I)
adjacent to the fragment Y

.
. The formation of a bound species

H7Rg7Y must occur with participation of an Rg(I) atom (one
of the twelve lattice atoms in the first coordination sphere of theY

.

species). Linear structure H7Rg(I)7Y can be formed if the
hydrogen atom occupies the interstitial site D2 . There are several
Td and Oh(II) sites outside the first coordination sphere of the Y

.

fragment (see Fig. 9). Jumping between them, the hydrogen atom
arrives at the attraction region on the PES of the triatomic system
H7Rg(I)7Y and becomes bound into the intermediate
H7Rg(I)7Y. As a consequence, its recombination with the
fragment Y

.
is now impossible. If the H atom arrives at other

tetrahedral sites Td surrounding the first coordination sphere of
the fragment Y

.
, the H7Rg2(I)7Y configurations comprised of

adjacent atoms are formed.
It is known that cations of the type (HRg2)+ can be stabilised

in low-temperature matrices. Therefore, analogous ionic bonds
(H7Rg2)+7Y7 can also be formed in such Td configurations
and these Td sites can be considered as saddle points for binding
the H atom into a more stable linear configuration H7Rg(I)7Y.
In this case all trajectories of the H atom, which lead to
recombination of fragments, are blocked by the interactions
responsible for stabilisation of the intermediate. This treatment
demonstrates the necessity of taking into account multibody
interactions to gain a deeper insight into the mechanisms of the
reactions of diffusing hydrogen atoms with isolated impurity Y

.
.

The synthesis of a compound called hydrido argon fluoride,
H7Ar7F, in solid argon has been reported.110 Changes in the
vibrational frequencies of the stabilised intermediate upon isotope
substitutions H?D and 40Ar? 36Ar are thought to be the most
important argument in favour of the formation of the H7Ar and
F7Ar bonds. According to quantum-chemical calculations car-
ried out at the CCSD(T)/aug-cc-pVQZ level of theory (see
Ref. 111), the energy of HArF is 14.7 kJ mol71 relative to the
energy of dissociation into neutral atoms while the barrier to

Table 3. Experimental and calculated parameters of compounds
H7Xe7Y and H7Kr7Y.103, 104

Compound n1 /cm71 n2 /cm71 l1 /nm l2 /nm

H7Xe7Cl 1648 1799 0.1685 0.2663

H7Xe7Br 1504 1730 0.1694 0.2837

H7Xe7I 1193 1560 0.1747 0.3095

H7Xe7CN 1624 1817 0.1707 0.2392

H7Xe7OH 1578 1823 0.1718 0.2208

H7Xe7H 1166/1181 (asym.) 1334 (asym.) 0.1861 7
H7Kr7Cl 1476 1758 0.1435 0.2666

H7Kr7CN 1497 1738 0.1466 0.2349

Notations: n1 and n2 are the experimental and calculated frequencies of

H7Rg vibrations; l1 and l2 are the calculated H7Rg and Rg7Y bond

lengths, respectively; the bond lengths and vibrational frequencies were

calculated at the MP2 level of theory in the harmonic approximation.

Y
.

II

Oh(I)

Oh

Oh(II)

IV

III

IV

VI

D2
I

I

II

I

II

D2

IV

III

III

Td

Figure 9. TheOh , Td andD2 interstitial sites occupied by hydrogen atom

in the f.c.c. crystal lattice of an inert gas.

Impurity particle Y
.
occupies the substitutional site. Roman numerals

I ± IV and VI denote the atoms in the first to fourth and in the sixth

coordination spheres of the crystal surrounding the impurity Y
.
.
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dissociation is 17.2 kJ mol71. In addition, calculations predicted
a high stability of the intermediate towards internal conversion
into neutral systems corresponding to the global potential mini-
mum

H7Ar7F HF+Ar.

Such a conversion can occur involving the bending vibration. The
calculated barrier to reaction along the coordinate of the
H7Ar7F bending vibration was*96.4 kJ mol71.

Taking into account successful stabilisation of chemical com-
pounds H7Rg7Y (see above), one can suggest that the use of
experimental methods employed for the synthesis of such com-
pounds will allow detection of new compounds with the atoms of
inert gases including light Rg atoms. Calculations predict that the
reaction barriers responsible for the intrinsic stability of such
intermediates are at most 10 ± 15 kJ mol71; therefore, stabilisa-
tion of these particles requires operation at temperatures below
20 K. Bondybey et al.108 succeeded in using solid neon for
stabilisation of intermediate particles (H7Kr7Br) under con-
ditions where thermal diffusion of hydrogen atoms unfreezes at
temperatures below 10 K. Low-density solid media (e.g., impur-
ity ± helium solid phase, which is stable at temperatures below
10 K) can also be considered as solid matrices suitable for
stabilisation of loosely bound compounds of various atoms with
the atoms of inert gases.112, 113 The morphology of such structures
is not known with certainty; however, Boltnev et al.114 have
demonstrated the possibility of doping solid phases of composi-
tion Rg(He)n (Rg=Ne, Ar, Kr, Xe; n>10) with reactive species.

V. Chemical reactions involving fluorine atoms

Chemical reactions with participation of fluorine atoms have been
the subject of intensive basic and applied research.115, 116 These
reactions are characterised by high exothermicity and low energy
barriers (usually, the gas-phase barriers are at most 8 kJ mol71),
which predetermines high reaction rates and the formation of
excited products. The matrix isolation technique has been tradi-
tionally used for detection and studies of the products of such
reactions. Comprehensive reviews of investigations in this field
carried out to the late 1980s have been reported by Jacox.6, 117

Because of this we will concern ourselves with more recent studies.

1. Translational mobility of fluorine atoms
The unique properties of fluorine atoms produced by photo-
dissociation of F2 molecules isolated in solid argon or krypton
matrices have been reported in the early 1990s. Experiments 66

showed that the quantum yield of photodissociation of F2 is close
to unity, if the excess energy per atom,

DE � hnÿDe�F2�
2

,

where De is the dissociation energy of the F2 molecule, exceeds
1 eV. As can be seen from Fig. 10, at DE>1 eV the cage effect is
insignificant and the efficiency of photodissociation of F2 in solid
argon is close to the efficiency of the corresponding gas-phase
process. Photodissociation of F2 in solid matrices is basically
different from the photodissociation of the molecules containing
heavy halogens (Cl2, ICl, Br2), since in the latter case the quantum
yield is at most 1075 at moderate excess energies (<3 eV).118 ± 120

The thermalisation length of a `hot' atom F was estimated at
3 ± 8 nm.66

The possibility for a long-range migration of `hot' fluorine
atoms to occurwas also confirmed by other researchers,121 though
estimates of the thermalisation length were smaller. Using the
molecular dynamics simulation, it was shown 72 that migration of
a `hot' atom in the crystal occurs as ballistic motion (i.e., the
trajectory of the fluorine atom passes through the lattice inter-
stices) until the first strong collision with the lattice atom. This is
due to efficient dissipation of the energy of the `hot' fluorine atom

in the interaction with the argon atoms. Yet another feature of the
fluorine atoms is that their diffusion mobility unfreezes at temper-
atures much below the melting (sublimation) temperature of the
crystal. Consumption of the fluorine atoms produced by photol-
ysis of F2 in the crystals of argon and krypton is illustrated in
Fig. 11. At concentrations of the order of 1017 cm73, the lifetime
of the F atoms stabilised in argon is nearly 103 s at 20 K. Kinetic
measurements revealed the absence of geminate recombination of
the atoms produced by photodissociation of one F2molecule.66 In
the course of diffusion the atoms migrate in the crystal over long
distances and the kinetics of loss of the atoms corresponds to bulk
recombination

d�F�
dt
� ÿkd�F�2, (12)

where [F] is the volume average of the concentration of the atoms.

2. Reactions of photogenerated `hot' fluorine atoms
As photogenerated `hot' atoms escape the parent cage, they can
react with distant molecules of the other reactant. The formation
of stabilised radicals generated by low-temperature photolysis of
solid Rg/F2/M mixtures was established in the early studies (see,
e.g., Refs 33, 35, 122, 123). However, no reaction channels
responsible for the formation of such products were found. The
point is that the radical species can be produced both in the
interaction of the migrating atom with the isolated impurity
molecule, F+M, and by photolysis of F2 contained in hetero-
dimers [F2 M], if the photogenerated atom escapes the cage [see
reactions (6a) and (6b)]. However, in a series of studies 58, 124, 125 it
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Figure 10. Quantum yield of photodissociation of F2molecules isolated in

solid argon as a function of excess photon energy.66

The arrows denote the characteristic wavelengths of photolysing
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Figure 11. Temperature dependence of the concentration of fluorine

atoms (cF) in argon (1) and krypton (2) crystals.66

Heating of samples from 10 K at a rate of*0.5 K min71.
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was shown that photolysis of heterodimers [F2 M] results in
predominant formation of molecular (closed-shell) products.
Therefore, the emphasis was placed on studies of hydrogen-
bondedmolecular complexes generated in photoinduced reactions

[F2 H2] [HF HF], (13a)

[F2 CH4] [CH3F HF], (13b)

[F2 NH3] [NH2F HF]. (13c)

In our joint investigations carried out in collaboration with
Prof. C Wight (University of Utah, USA) we succeeded in
distinguishing between the reaction channels associated with the
formation of molecular and radical products in such systems.20, 21

Figure 12 presents the kinetic curves of consumption of the
reactants and of accumulation of the products during photolysis
of Ar/F2/CO mixtures prepared using a conventional matrix
isolation technique. Exponential fit of the kinetic curves of
consumption of the CO molecules and binary complexes
[F2 CO] in the course of continuous photolysis shows a nearly
twofold difference in the rates of the processes. The rate of
accumulation of the F2CO molecules equals the rate of consump-
tion of the [F2 CO] complexes, whereas an increase in the
concentration of the FCO

.
radicals correlates with consumption

of isolated CO molecules. Spectral and kinetic studies of the
reactants and reaction products revealed two principal reaction
channels with participation of photogenerated fluorine atoms:
(1) reaction in the complex of reactants

[F2 CO] F2CO; (14)

(2) reaction of a `hot' F* atom with an isolated CO molecule

[F2] F*+F*, (15)

F*+CO FCO
.
. (16)

Analysis of changes in the band intensities in the IR spectra of
the reactants and reaction products showed that the mass balance
for consumption of complexes [F2 CO] and accumulation of
F2CO is kept constant within the limits of experimental error
(�10%). This means that photolysis of complexes of the reactants
causes no exit of the fluorine atoms from the reaction cage; rather,
they react with the neighbouring CO molecule. Only*3% of the
CO molecules in the samples of composition Ar : F2 : CO=

1000 : 1 : 1 undergo conversion into the FCO
.
radicals following

reaction (16). The proportion of binary complexes [F2 CO],
which produce the F2CO molecules in reaction (14), is
*7%±10% of the total amount of CO molecules. Thus, the
amount of molecular products of the cage reaction exceeds the
amount of radicals generated in the reactions of the migrating
`hot' fluorine atoms by a factor of 2 to 3. This product ratio
remains unchanged for the samples of various compositions (at
xF2

and xCO<1073), since the amounts of the radical products
and [F2 CO] complexes vary in proportion to the concentrations
of F2 and CO in the sample. Analogous measurements were also
carried out in argon crystals doped with F2 and CO molecules.21

The principal channels of the reactions of photogenerated atoms
in the crystal and in the argon matrix were found to be similar.
However, a basic difference between them is that the yield of
radicals in reaction (16) in the crystal was 10 to 15 times higher
than in the matrix at equal initial concentrations of the reactants
in the samples.

The ratio of the amount of radicals produced to the initial
amount of F2 molecules in the sample was used 20, 21 as a measure
of the efficiency of reaction (16) between the migrating F* atoms
and the isolated molecules. If the relative concentration of the
molecules of the second reactant, xm, is less than 1072, this ratio
increases in proportion to xm for all the systems studied

�R�
�F2�0

� Kxm , (17)

where K is the coefficient characterising the yield of stabilised
radicals in the reactions of photogenerated fluorine atoms with
impurity molecules in the solid argon matrix.

The coefficient K determined from the concentration depend-
encies for reactions of F* atoms with CO molecules in an argon
matrix was found to be 27� 8. Analogous measurements in argon
crystals gave a much larger value, 340� 120. Even with allowance
for the error ofmeasurements the efficiency of the reaction of `hot'
fluorine atoms in argon crystal ismore than an order ofmagnitude
higher than in the matrix.

The coefficient K characterises the number of lattice atoms
which are `surveyed' by two migrating, photogenerated fluorine
atoms (in order to react with impurity molecule). This value must
depend on both the mean thermalisation length, hl i, and the
reaction cross-section, sm . The reaction of the thermalised atom
with the nearest environment should also be taken into account. If
migration occurs in the ballistic regime up to the first strong
collision followed by thermalisation 72 (provided a uniform dis-
tribution of reactants over the sample), the yield of radicals can be
evaluated from the simple expression

�R�
�F2�0

� �2smhl iN0 � 2Z�xm , (18)

where N0 is the density of atoms in the argon crystal and Z=6 is
the coordination number for the Oh interstitial site in the crystal.

According to Eqn (18), the maximum value, K(matrix)^ 50,
corresponds to a mean thermalisation length of the atom of
hl i^ 1.5 nm, or nearly three lattice constants of the argon crystal.
A higher yield of radicals in the crystal can be due to amuch larger
hl i value compared to the matrix. The mean thermalisation length
in the crystal estimated from the experimental K(crystal) value is
as long as 17 nm. Expression (18), as applied to the atomic
dynamics in the solid phase, is not rigorous since the atom
moves in the crystal field and continuously loses its energy.
Therefore, these hl i values should be treated as estimates. Never-
theless, they are in agreement with the results of earlier studies in
which different scales for migration of `hot' atoms in argon
crystals and in solid matrices were obtained.66, 121 The relatively
low reactivity of such atoms in the matrix can be rationalised by
shortening of the thermalisation length due to the small size of
crystallites and to high concentration of defects. Taking into
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Figure 12. Kinetic curves of consumption of CO molecules (1) and

[F2 CO] binary complexes (2) and those of accumulation of reaction

products for FCO
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radicals (3) and F2COmolecules (4) during continuous

photolysis of a ternary sample (Ar : F2 : CO=2000 : 1 : 1) with light

(l=355 nm) at 16 K.20
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215 min of photolysis. The curves denote exponential fits to the exper-

imental data.
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account themass ratio of the F andAr atoms, one can suggest that
the fluorine atom with an initial energy of *1 eV must undergo
thermalisation after 1 ± 3 successive collisions with the lattice
atoms. Without considerable loss of energy the `hot' atom can
migrate in the crystal only by moving along specific trajectories
passing through the interstices of the crystal lattice, thus avoiding
strong collisions with the lattice atoms. Only in this case can the
migration length of a `hot' atom be as long as *10 nm,72 the
lattice defects being a `heat sink' for the excess energy of the atom,
thus accelerating its thermalisation in the matrix.

Table 4 lists the K values measured in an argon matrix for the
reactions of `hot' fluorine atoms with variousmolecules. Themost
efficient is the interaction of such atoms with small diatomic
molecules; the interaction with large molecules (e.g., C2H2 or
C2H4) is 2 to 3 times less efficient. Hydrogen abstraction reactions
are characterised by the smallest K values. In contrast to nearly
barrierless reactions of addition to diatomic molecules O2 , CO,
NO (energy barriers to these reactions in the gas phase are at most
2 kJ mol71), the barriers to hydrogen abstraction from NH3 ,
CH3 and H2 molecules in the gas phase vary from 4 to
7.5 kJ mol71. An important factor, which also reduces the
probability for the `hot' atom to react, is high stereospecificity of
the hydrogen abstraction reactions in which the atommust attack
the molecule along the C7H bond (collinear collision).

3. Reactions of diffusing fluorine atoms
Thermally activated chemical reactions in thin argon films doped
with fluorine atoms and molecules of the second reactant have
long been observed (see Refs 6 and 117). Transformations
observed were explained by unfreezing of the local mobility of
the atoms at high temperatures.More recent studies revealed a key
feature of the diffusing atoms, namely, the absence of geminate
recombination of photogenerated atoms and the ability of such
atoms to diffuse over long distances in crystals and argon
matrices.65, 66 In this case chemical reactions of mobile atoms are
limited to their bulk recombination [see Eqn (2a)]. Assuming a
uniform distribution of molecules throughout the sample, the
kinetics of processes can be described using the volume averaged
concentrations of reactants and the rate constants for bimolecular
reactions (2a) and (2b). In the framework of this approach the
efficiency of reactions of diffusing atoms can be characterised by
the ratio of the concentration of radicals produced to the initial
concentration of atoms 126

�R�max

�F�0
%

kr
kd

�xm�0
�F�0

ln

�
1� kd

kr

�F�0
�xm�0

�
, (19)

which is in turn determined by the ratio of the initial concen-
trations of the reactants, [F]0/[xm]0 , and by the ratio of the rate
constant for reaction (2b) to the rate constant for recombination
of atoms (2a), kr/kd . The kr/kd ratios for various reactions are

listed in Table 5. As can be seen, the values of this parameter vary
by three orders of magnitude. The O2 and CO molecules are the
most efficient scavengers of diffusing atoms. The rate constants
for the reactions with thesemolecules are close to the rate constant
for recombination of the atoms. The smallest kr/kd values were
obtained for the reactions of hydrogen abstraction from the CH4

and H2 molecules.
An example illustrating the efficiency of stabilisation of the

reactive intermediate in the matrix is provided by the interaction
F+C2H4 , resulting in addition of fluorine at the double bond of
ethylene and the formation of a vibrationally excited radical

F + C2H4 (2-C2H4F )* + 210 kJ mol71. (20)

In the gas phase the radical dissociates in*1079 s (see Ref. 127)

(2-C2H4F
.
)* C2H3F+H7150 kJ mol71. (21)

Stabilisation of 2-C2H4F
.
in the matrix requires transfer of an

energy of *60 kJ mol71 into the matrix, the transfer time being
shorter than the dissociation time. In contrast to the gas-phase
reaction, the reaction of diffusing fluorine atoms in solid argon
results in stabilised intermediate as the major product.39, 128, 129

High resolution of the HFS in the EPR spectra of isolated
radicals 2-C2H4F

.
allowed detailed analysis of the spectra and

determination of the character of internal motions in the stabilised
radical. Eight vibrational frequencies of this radical were first
determined by IR spectroscopy.129

New reactive intermediates generated in solid-phase reactions
of mobile fluorine atoms are considered below.

4. Radical7molecular complexes R
.

HF
According to published data obtained from studies in the gas
phase and from quantum-chemical calculations, most hydrogen
abstraction reactions

F+RH R
.
+HF (22)

occur in a collinear complex where the fluorine atom attacks the
reactant molecule along the R7H bond.130, 131 No bound inter-
mediate states of such reactions were observed earlier, though the
possibility for them to exist in the vicinity of the transition state
both in the product and the reactant valleys was discussed in the
literature. Different ways of trapping the products of chemical

Energy relaxation
and stabilisation
of intermediate
in solid matrix

p& 0.99

Dissociation
of intermediate

p& 0.01

F+C2H4 (2-C2H4F
.
)*

p is the reaction channel probability.

C2H3F+H

2-C2H4F
.

Table 4. Values of K coefficient in formula (17).

Reaction Products K Measuring technique

F+O2 FO2 45� 13 IR spectroscopy

29� 8 EPR

F+CO FCO
.

27� 8 IR spectroscopy

19� 5 EPR

F+NO FNO 24� 7 IR spectroscopy

F+O3 FO3 22� 7 "

F+C2H2 2-C2H2F
.

15� 4 "

F+C2H4 2-C2H4F
.

11� 3 EPR

F+NH3 H2N
.

HF 3.8� 1.0 IR spectroscopy

F+CH4 H3C
.

HF 1.8� 0.5 EPR

F+H2 H
.

HF 0.9� 0.3 "

Table 5. The kr/kd ratios for reactions of thermal fluorine atoms in an
argon matrix at 26 K. (The recombination constant of F atoms is
*2610721 cm3 s71 at 26 K.)

Reaction kr/kd Measuring technique

F+CO 0.4 ± 0.6 IR spectroscopy

0.35 ± 0.45 EPR

0.45 ± 0.6 IR spectroscopy in crystal

F+O2 0.6 ± 0.8 IR spectroscopy

0.5 ± 0.65 EPR

F+C2H4 0.2 ± 0.3 IR spectroscopy

0.15 ± 0.25 EPR

F+NH3 0.02 ± 0.03 "

F+CH4 0.001 ± 0.002 "

F+H2 0.0003 ± 0.001 "
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reactions (22) in low-temperature matrices have been consid-
ered.117 It was pointed out that stabilisation of the bound state
of products, R

.
HF, can be achieved only if the solid-phase

reaction is carried out. Information on such complexes provided
by IR spectroscopy is insufficient. High-frequency vibrations of
radicals change only slightly upon binding into complexes, while
the frequencies of characteristic intermolecular vibrations in the
complexes appear in the region below 300 cm71 and are unavail-
able for conventional measuring techniques. The frequency shift
of the HF stretching vibration (difference between the frequency
in complex and the vibrational frequency of isolatedHFmolecule)
can be indicative of binding the molecule into complex. However,
it provides only qualitative information on the binding energy of
the complex.

The possibility of stabilisation of pre-reaction complexes
F RH was shown taking low-temperature co-condensation of
fluorine atoms and CH3X (X=Cl, Br, I) molecules in excess of
argon as an example. The processes with participation of these
reactants, occurring in the solid matrix, can be schematically
depicted as follows:132

Complexes H3CX F are the major products. Weak addi-
tional satellite IR bands characterised by small frequency shifts
relative to the intense bands of isolated CH3X molecules were
assigned to the pre-reaction complexes F HCH2X.No reactions
with participation of CH3X in the ground electronic state were
observed; however, photolysis of the samples by visible light
(l>420 nm) led to disappearance of complexes F HCH2X
and production of complexes H2XC

.
HF. The experimental

HF vibrational frequencies in a number of related radical7
molecular complexes isolated in a solid argon matrix are listed in
Table 6. This seems to be the only spectroscopic characteristic of
intermediates obtained under such experimental conditions by IR
spectroscopy.

A radical7molecular complex H3C
.

HF was stabilised in
solid argon and identified by IR spectroscopy as an intermediate
of the reaction F+CH4 .135 Experiments with isotope substitu-
tion of the reactants (CH4?CD4) permitted the determination of
the HF vibrational frequency (3764 cm71) and the frequency of
the CH3 out-of-plane vibration (664 cm71) in the complex. Both
vibrations in the complex are characterised by rather large

frequency shifts relative to the frequencies of the corresponding
vibrations of isolated HF molecule and CH3 radical (3916 and
619 cm71, respectively).

The assignment of these frequencies to complexes H3C
.

HF
generated in the reactions of diffusing fluorine atoms with CH4

molecules in solid argon was confirmed in more recent IR and
EPR studies.24, 126

Using the EPR technique it was found that reactions of `hot'
fluorine atoms with isolated CH4 molecules result in isolated
radicals CH3 as the major product (quartet of HFS lines with the
splitting aH=2.3 mT). The reactions of diffusing fluorine atoms
give a product characterised by a sixteen-component EPR spec-
trum. Each component of the HFS of radical CH3 is additionally
split into four components due to interaction between the
unpaired electron and the magnetic nuclei of the HF molecule
(aF=1.6 mT, aH0 4 0.2 mT). The structure of free complex
H3C

.
HF corresponding to the bound state on the PES in the

product valley has been calculated.25

According to calculations, the complex has a collinear config-
uration ofC3v symmetry and a binding energy of*8.4 kJ mol71.
The frequency of intermolecular vibration in the complex is
125 cm71 while the frequency of the H±F vibration in the
complex is *130 cm71 lower than in the free molecule. The
calculated IHFC constants of the complex are in good agreement
with the experimental values. The IHFC constants of the F and H
atoms dramatically decrease upon small variations of orientation
of the HF molecule relative to the equilibrium configuration.
Therefore, it was concluded that most of the reaction products are
stabilised in the form of collinear complex H3C

.
HF. This

lattice-stabilised complex of reaction products retains the symme-
try of the transition state of the reaction.

Gas-phase chemical reaction

F+H2 FH+H, DH �0 &7134.5 kJ mol71 (23)

has been the subject of numerous studies aimed at investigating
the reaction dynamics in elementary chemical processes (see, e.g.,
Refs 139 ± 141). Quantum-chemical calculations 142 predicted a
collinear configuration of complex H

.
HF in the output channel

of the reaction. The authors 142 pointed out that the presence of
such a bound state in the product valley affects the angular and
energy distribution of the end reaction products. Complex H2F
produced in the reactions of diffusing fluorine atoms with H2

molecules was first studied experimentally in solid argon by EPR
spectroscopy.143 Two bound configurations of the complex were
shown to exist. Their relative concentrations vary in the temper-
ature range from 10 to 30 K due to hindered internal rotation of
the HF molecule. Temperature dependence of the shape of the
EPR spectra was described using a model with allowance for
exchange between the energetically inequivalent configurations of
the complexes A?B and B?A. The IHFC on 19F and 1H nuclei
of the HF molecule were found to be aF=3.2 and aH<0.1 mT
for complex A and aF=0.5 and aH^ 0.4 mT for complex B.
Complex B appears to be more stable, since its contribution to the
EPR spectrum increases as the temperature decreases.

Figure 13 presents the isolines of the constants of IHFC with
the nuclei of fluorine atoms of the HF molecule calculated for
different configurations of the complex. The experimental IHFC
aF and aH of complex B are consistent with collinear configura-
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F

XC

HH

FC

H

H

X H

H

XC

HH

FF

H

XC

HH

C
2.249�A1.076�A

94.58

H F
0.926�A

H

H

a (calculated) /mT 72.8 0.3 1.6

a (experimental) /mT j 2:3 j 4 j 0:2 j j 1:6 j

H

Table 6. HF stretching vibration frequencies (cm71) of complexes
R
.

HF and M HF trapped in a solid argon matrix. (The stretching
vibration frequency of HF molecule trapped in a solid argon matrix is
3916 cm71).

Complexes Frequency Ref.

NC
.

HF 3753 133

HC2 HF 3756 133

H2FC
.

HF 3854 134

H3C
.

HF 3764 24, 135

H2N
.

HF 3267 47

HF HF 3825 136

HCN HF 3626 137

H3N HF 3041 138
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tion H
.

HF with a rHH0 distance of 0.22 nm, which corresponds
to a local minimum in the product valley on the PES of the
reaction.142 The nature of the second configuration of the com-
plex (A) is still unknown. The experimental IHFC constants of
this complex are in agreement with the calculated IHFC constants
for a bent configuration H

.
H7F characterised by the angle

y^ 1008 and the distance rHH0 =0.24 nm.Wewere unable to find
in the literature reliable computational data that would help to
decide between the presence or absence of the bound state on the
PES in this region of geometric parameters of the system.

Interest in gas-phase reaction

F+NH3 HF+
.
NH2 , DH �0 &7130 kJ mol71 (24)

was due to attempts at implementing the process in gas lasers to
create an inverse population of rovibrational states of HF
molecules. However, no inverse population could be created
despite the high exothermicity of the reaction.144, 145 The existence
of a strongly bound complex in the output channel of the reaction
was predicted theoretically and discussed in the literature based on
indirect gas-phase kinetic data.146 Complex H2N

.
HF was first

stabilised in solid argon as a product of reactions of mobile
fluorine atoms with NH3 molecules.46, 47, 147 Table 7 lists the
spectroscopic characteristics of the complex, obtained by EPR
and IR spectroscopy as well as the results of quantum-chemical
calculations, which predict that the free complex has a planar
structure of C2v symmetry

The N H0 binding energy in the complex is 51.5 kJ mol71.
Comparison of the experimental and calculated vibrational fre-
quencies and IHFC constants reveals good agreement between
them. The calculated binding energy of the complex is comparable
with those of strongly bound hydrogen-bonded molecular com-
plexes (e.g., H3N HF). This conclusion is confirmed by the IR
spectrum of the complex: a large shift of the HF vibrational
frequency and intense librations with frequencies lying between
*800 and 900 cm71 (see Table 7) are characteristic of the

complexes with the binding energies of *50 ± 70 kJ mol71.
According to quantum-chemical calculations, even small distor-
tions of the geometry of the complex must cause significant
changes in the IHFC constants. Taking into account the results
of geometry optimisation and the arrangement of the complex at
the substitutional site of the argon lattice, it was concluded that
the geometry of the complex stabilised in solid argon is similar to
that calculated for free complex (Fig. 14).

5. Radical F2NO
.

Fox et al.148, 149 postulated the formation of a radical species
F2NO

.
in the synthesis of F3NO molecules

F+NO FNO, (25)

FNO+F F2NO
.
, (26)

F2NO
.
+F F3NO. (27)

Vibrationally excited radical F2NO
.
was considered 150 as an

intermediate species in other chemical reactions, e.g.,

O+NF2 (ONF2)* FNO+F, (28)
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Figure 13. Isolines of IHFC constants on the 19F nucleus in radical ±

molecular complex H
.

HF obtained from B3LYP/aug-cc-pVTZ cal-

culations.

The regions corresponding to themeasured IHFC constants are labelled A

and B; 70.46 (1), 70.05 (2), 0.27 (3), 0.75 (4), 1.82 (5), 2.33 (6), 2.70 (7),

2.83 (8), 2.92 (9), 3.16 (10), 3.44 (11), 4.07 (12), 4.39 (13), 4.49 (14), 4.70 (15)

and 4.71 (16).

Table 7. Calculated and experimental vibrational frequencies and IHFC
constants of radical7molecular complex H2N

.
HF.47

Parameter (vibration) Calculated a Experimental

Vibrational frequency /cm71

1a1 (HF stretching) 3486 3267

2a1 (NH2 stretching symmetrical) 3401 7
3a1 (NH2 scissoring) 1527 1512

4a1 (NH0 intermolecular) 257 7
1b2 (NH2 stretching asymmetrical) 3497 3211

2b2 (HF in-plane libration) 860 797

3b2 221 7
1b1 (HF out-of-plane libration) 817 791

2b1 280 7

IHFC constant /mT

aN 1.15 j1.20j
aF 70.70 j0.70j
aH 72.30 j2.40j
aH0 0.02 <j0.05j
aObtained from B3LYP/EPR-III calculations in the harmonic approx-

imation.

Z

Y

X
H

H

N

HF

Ar

Figure 14. Arrangement and equilibrium geometry of radical ±molecular

complex H2N
.

HF in the argon crystal lattice.47

Shown are twelve nearest Ar atoms.
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DH �0 &7277 kJ mol71.

Attempts at detecting this species experimentally in the
elementary reactions (25) ± (27) failed. The EPR spectra of radical
F2NO

.
were obtained in the experiments on radiolysis of solid

F3NO.151 This species was stabilised in solid argon (radical was
generated in successive reactions of diffusing fluorine atoms with
isolated NO molecule).152, 153 IR and EPR spectroscopic studies
revealed that in the temperature range 17 ± 35 K the radical
F2NO

.
exists in dynamic equilibrium with the pre-reaction com-

plex F FNO

F FNO F2NO
.
. (29)

At high temperatures, the equilibrium is shifted to the right,
while at low temperatures it is shifted to the left. The enthalpy and
entropy of direct reaction (28) determined using a linear approx-
imation of the temperature dependence of the experimental
equilibrium constant are respectively

DH=1240� 180 J mol71, (30)

DS=62� 10 J mol71 K71

per mole of reactants isolated in solid argon. This indicates that
the formation of the second N7F bond in radical F2NO

.
in the

solid-phase reaction is an endothermic process. At the same time
the formation of this radical is accompanied by a substantial
increase in entropy. It is the large positive entropy of reaction (29)
that plays a key role in stabilisation of a high equilibrium
concentration of radicals upon warm-up of the system when
TDS>DH. Radicals F2NO

.
can also be detected at T<20 K,

since the characteristic time of their dissociaition at these temper-
atures exceeds 10 h.

A feature of the electronic structure of radical F2NO
.
is that it

is characterised by low energy of the N7F bond and a rather high
N7F stretching vibration frequency (>700 cm71). Because of
this, reasonable agreement between the calculated and experimen-
tal vibrational frequencies can be obtained only using computa-
tional methods with correct inclusion of configuration
interactions [QCISD(T)].153 According to calculations, the N7F
bond dissociation energy is merely *10 kJ mol71. However, the
formation of F2NO

.
in solid-phase reaction (29) is endothermic

(by 1.2 kJ mol71). Direct comparison of these two values is
impossible, since the initial reactant in the solid-phase reaction
was the bound complex F FNO, whereas the bond dissociation
energy was calculated relative to the noninteracting reactants F
and FNO. In addition, one should take into account the inter-
action of the reactants with the atoms of the argon lattice, which
must be different for complex F FNO and radical F2NO

.
.

6. Complex FO O2

Asymmetric chlorine trioxide ClO3 was postulated 154, 155 as a
reactive intermediate and unstable product of photodecomposi-
tion of ozone by chlorine. However, it is impossible to draw
unambiguous conclusions about the stability of such intermedi-
ates based on the results of quantum-chemical calculations.156 The
assumption of the existence of a bound particle FO3 was never
made in the experimental and theoretical studies of fluorine oxides
FO

.
, FOO

.
, FOF,OFOand FOOF. It was found that a product of

the reaction F+O3 in photolysed solid Ar/F2/O3 mixtures is
characterised by two intense IR bands at 968 and 1522 cm71 in
the region of the vibrational frequencies of FO and O2, respec-
tively.157 In the experiments with 18O-enriched ozone these bands
were assigned to the F7O and O7O vibrations of reactive
intermediate F7O O7O. Based on the results of kinetic
measurements and spectroscopic data, it was concluded that
reactions of translationally excited and diffusing fluorine atoms
with O3 molecules result in a highly reactive complex FO O2 .
However, at present the results of quantum-chemical calculations

prevent us from drawing unambiguous conclusions about the
nature of chemical bonding and the geometry of the complex.

7. Structural isomers of [HFCN]
.

The possibility of the existence of two structural isomers in radical
systems containing the CN group (e.g., H2C=N

.
and HC

.
=NH,

F2C=N
.
and FC

.
=NF, HFC=N

.
and FC

.
=NH) was predicted

by numerous quantum-chemical calculations.158 ± 160 However,
detailed experimental studies were carried out only for p-radicals
H2C=N

.
and F2C=N

.
(see, e.g., Refs 161 ± 165). Therefore,

quantum-chemical calculations of the structure and properties of
such types of radicals are well substantiated experimentally. Until
recently, almost no data on free s-radicals HC

.
=NH, FC

.
=NF,

FC
.
=NH were available. It was assumed 162, 163, 166 that radicals

HC
.
=NH and FC

.
=NF can be the secondary products of

photolysis of solid mixtures Ar/HI/HCN and Ar/trans-N2F2/
FCN. The band at 886 cm71 in the IR spectrum was assigned to
radical HC

.
=NH while the band at 1053 cm71 was assigned to

radical FC
.
=NF. This assignment is tentative, since it is to a great

extent based on the experience and professional intuition of
researchers.

Recent EPR and IR spectroscopic studies 167, 168 allowed the
conditions for stabilisation of radical conformers HFC=N

.
and

FC
.
=NH in solid argon to be determined for the first time. It was

shown that a p-radical is generated in the reaction of diffusing
fluorine atoms

F+HCN HFC=N
.
, (31)

while radical FC
.
=NH is produced in the solid matrix as a result

of photoinduced conversion of stabilised radical HFC=N
.

HFC=N
.

FC
.
=NH. (32)

Selective excitation to the absorption band of theeX2A0? eA2A00 electronic transition of radical HFC=N
.
causes a

complete conversion of this species into the other structural
isomer. The resolved EPR spectra of both structural isomers are
shown in Fig. 15. Based on the results of kinetic measurements
and analysis of the absorption and fluorescence spectra of

k+

k7

hn

a

FO2
aN

aH
aF

b

aN
aH

Ak�F�
A\ �F�

304 309 314 319 324 H /mT

Figure 15. EPR spectra of HFC=N
.
(a) and FC

.
=NH (b) radicals

stabilised in solid argon at 35 K.169

The radical was produced in the reactions of diffusing fluorine atoms with

HCN molecules (a); the radical was generated by photolysis of trapped

HFC=N
.
radicals with light at l=450 ± 490 nm (b). Shown are the HFS

of the spectra of the radicals.
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HFC=N
.
and DFC=N

.
, it was concluded that irreversible

reaction (32) is due to intramolecular tunnelling of hydrogen
atoms on the PES of the electronically excited state.169, 170 The
structure of these species was determined by comparing the
calculated and experimental spectroscopic characteristics (a com-
plete set of vibrational frequencies and IHFC constants).

VI. Chemical reactions involving oxygen atoms

Chemical reactions with participation of oxygen atoms in cryo-
genic matrices were mostly investigated in order to study the
elementary processes initiated by photolysis of ozone molecules.
In particular, it was found that the O3 molecule is an efficient
photolytic precursor for generation of oxygen atoms. In the text
below we will consider the following aspects of these studies: the
behaviour of photogenerated oxygen atoms in inert matrices,
photochemical reactions in isolated molecular complexes
[O37M] and chemical transformations initiated by photolysis of
ozone in solid O3 and O2 .

1. Oxygen atoms in solid matrices and crystals of inert gases
Photolytic generation of oxygen atoms in solid matrices has been
studied in the course of photodissociation of isolated molecules
O3 , O2 and N2O. In the gas phase excitation of O3 molecules by
light to the Hartley absorption band, X1A1? 1 1B2 , causes
generation of a singlet oxygen atom with a quantum yield of 0.9

O3 O2(1Dg)+O(1D). (33)

Another dissociation channel, with a quantum yield of 0.1,

O3 O2(3Sg)+O(3P) (34)

arises due to interception of the excited term 1 1B2 with the
dissociative term that correlates with the ground state of the
ozone molecule. UV-Photolysis of ozone in solid argon occurs
with a low quantum yield (*1071 ± 1073) due to a strong cage
effect.171 ± 173 The quantum yield of photolysis of ozonemonomers
in solid argon as a function of temperature is presented Figure 16.
A dramatic weakening of the cage effect with an increase in
temperature was rationalised by an increase in the amplitude of
the O3 librations at the lattice site.171 The quantum yield of
photolysis of ozone in solid xenon is close to unity. However,
nearly 80% of the stabilised atoms recombine with the neighbour-
ing oxygen molecules after warm-up to 30 ± 40 K.174 Other atoms
react with distant dioxygen molecules or undergo bulk recombi-
nation. By analysing the kinetics of geminate recombination

O+O2 O3 ,

it was concluded 174 that the thermalisation length of `hot' oxygen
atoms (*0.2 nm) is comparable with the binding distance
between the diffusing atom and the dioxygen molecule. The
weak influence of the cage effect on photodissociation of ozone
was rationalised by the fact that the effective radius of the
interactionRg ±O(1D) ismuch smaller than that of the interaction
Rg ±O(3P).71, 175 Therefore, ozone molecules are considered as

convenient photolytic precursors for generation of reactive oxy-
gen atoms, O(1D), in low-temperature matrices.173, 176, 177 For
instance, the formation of N2O in the photolysis of ozone
molecules in solid nitrogen 177 is energetically possible only in the
reaction of a singlet atom with an N2 molecule

[O3]N2
[O(1D)+O2]N2

N2O O2 . (34a)

Another channel of O3 photolysis causes stabilisation of the
O(3P) atom outside the reaction cage

[O3]N2
[O(1D)+O2]N2

[O2]N2
+O(3P). (34b)

The mass-balance equation for the reaction products
showed 177 that the formation of one N2O molecule in reaction
(34a) `costs' a total of fifteen dissociated O3 molecules. The fact
that the N2O molecules are formed only in complexes with O2

unequivocally indicates that reaction (34a) occurs with participa-
tion of the N2 molecules surrounding the ozone molecule and that
the oxygen atoms outside the parent cage do not react with distant
nitrogen molecules. At the same time a value of 0.7 was
reported 176 for the quantum yield of O3 photodissociation in a
solid nitrogen matrix at 10 K. Taking into account the results
obtained by Schriver-Mazzuoli et al.,177 this means that the main
process is exit of the `hot' atom from the cage followed by
stabilisation of the O(3P) atom [reaction (34b)]. If the atom does
not escape the parent cage, either the O+O2 recombination or
`concerted' reaction (34a) with participation of the oxygen atom
and O2 and N2 molecules occur. Therefore, the efficiency of
reaction (34a) should be compared with that of the competing
reaction of inverse recombination to the cage. Comparison of the
data reported in Refs 176 and 177 suggests that the ratio of yields
of these reactions is*1 : 6.

In the example just considered the reaction involved theO(1D)
atom located within the parent cage. Chemical reactions of
photogenerated atoms O(1D) outside the cage were discovered in
studies of photolysis of ternary mixtures Ar/O3/hydrocar-
bon.178, 179 In particular, it was shown that the main channel of
the reaction of the O(1D) atom with methane and methanol
molecules is insertion of this atom into the C7H bond, which
causes stabilisation of the reactive intermediates:

O(1D)+CH4 CH3OH, (35)

O(1D)+CH3OH CH2(OH)2 .

These results supported the effect of insertion of the oxygen
atom into the C7H bond, which was reported earlier.180, 181 The
results of recent studies of the O+CH4 interaction in molecular
beams and analysis of its dynamics in the framework of the
Rice ±Ramsperger ±Kassel ±Markus (RRKM) statistical theory
showed that the end products (mostly CH3+OH and
CH2O+H) are formed after dissociation of vibrationally excited
intermediate (CH3OH)* characterised by a lifetime of *10711 s.
Direct reaction of hydrogen abstraction contributes insignifi-
cantly to the balance of end products (see, e.g., Ref. 182).

The problem of distinguishing the reaction channels associ-
ated with the oxygen atoms generated by photolysis of O3

molecules consists in that the van der Waals complexes of ozone
with other molecules are, as a rule, characterised by small
frequency shifts in the IR spectra. Therefore, discrimination
between the reaction products formed by photolysis of binary
complexes [O3 ±M] and the products of reactions of migrating
`hot' atoms with distant molecules is not necessarily successful.
The best results were obtained in studies of ozone photolysis in
charge-transfer complexes. A correlation was found between
consumption of the photolysed [O3 M] complexes and the
formation of the products of photolysis. As a rule, such reactions
are completedwith transfer of oxygen atom from the photoexcited
O3 molecule to the partner in the complex

[O3 M] [O2+OM]. (36)
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Figure 16. Quantum yield (F) of photolysis of ozone monomers in solid

argon as a function of temperature.171
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Table 8 lists the data on the products of photoinduced
reactions (36). Reliable distinction between the reaction channels
was reported recently 193 in a study of photolytic reactions of O3

with SO2 molecules. Using spectral and kinetic methods, they
distinguished between the reactions of photogenerated O(1D)
atoms with distant SO2 molecules and transformations in the
photolysed complexes [O3 SO2]. The only product detected was
a symmetric oxide SO3. Besides, experiments with the 16O?18O
isotope substitution revealed an efficient exchange of oxygen
atoms between the reactants

18O+16OS16O [OSO2]* 16O+16OS18O, (37a)

[16OS16O+18O3] [16OS18O+16O18O18O]. (37b)

Taking into account the results obtained, the authors sug-
gested the existence of vibrationally excited asymmetric isomer
(OSO2)* as reactive intermediate.

Among five structural isomers of SO3 predicted by quantum-
chemical calculations,61 the above-mentioned isomer is less stable
than symmetric SO3 (the energy difference is 230 kJ mol71). The
conclusion 193 that the excited intermediate does not correspond
to the symmetric structure of the most stable isomer (D3h

symmetry) was based on the assumption that the isotope compo-
sition of the products of reactions (37a) and (37b) does not
correspond to the structure of the (SO3)* intermediate containing
three equivalent oxygen atoms.

At present, the available experimental data on the mobility of
thermalised oxygen atoms in the solid cryogenic matrices and
crystals are inadequate to correctly describe diffusion of such
atoms even phenomenologically. The kinetics of thermally
induced loss of oxygen atoms in a solid xenon matrix in the
temperature range 30 ± 40 K 69, 195, 196 was described by two rate
constants corresponding to the diffusion coefficients of
1.4610715 and 5.4610718 cm2 s71 at 32 K. Thermal diffusion
of oxygen atoms in the crystals of krypton and xenon was also
studied.68 The loss of the O atoms was described by three
activation barriers assuming the existence of three types of atomic
sites in the crystal lattice. Calculations of the mobility of oxygen
atoms in a xenon crystal, carried out in the framework of the

transition state theory using various types of pair potentials for
the interaction of the O(3P) atom with the atoms of the crystal,
gave somewhat contradictory results. For instance, the diffusion
coefficients reported by Guo and Thompson 197 are three to five
orders ofmagnitude higher than those calculated by Ford et al.,198

whereas the corresponding experimental values 68, 69 lie between
them. These discrepancies can be understood if we take into
account the fact that the barriers to diffusion are determined by
the short-range terms of the pair interaction potentials and that
thermally activated processes occurring at ultralow temperature
are very sensitive to the height of the activation barrier. In
addition, differences in morphology between the matrices and
crystalline samples predetermine a wide scatter of the activation
barriers.

Another phenomenological model of thermally activated
mobility of atomic oxygen was proposed by Danilychev and
Apkaryan 68, 71 who postulated that the oxygen atom in the
ground state, O(3P), in the crystal is immobile. It was also assumed
that thermally induced intersystem crossing O(3P)?O(1D),
which occurs with participation of the lattice phonons, is followed
by migration of the atom across the singlet PES O(1D) ± (Xe)n
until recrossing and stabilisation in the crystal. According to
calculations,71 O ± (Xe)n intersystem crossing is possible in crys-
talline xenon. Bringing forward arguments in support of this
diffusion mechanism, it was emphasised that the length of
thermally activated migration appears to be comparable with the
migration length of theO(1D) atoms generated by photoexcitation
of stabilised atoms. Nevertheless, the possibility for this diffusion
mechanism to occur is still a moot question (see review 10). The
multiplicity of diffusing atoms can be experimentally determined
by following their reactions with impurity molecules, which
proceed involving the singlet atoms only. Earlier, such reactions
were observed for `hot' O(1D) atoms generated in the photo-
dissociation of ozone molecules in solid argon (see, e.g., Refs 173
and 178).

2. Chemical transformations initiated by photolysis of ozone
in solid oxygen and ozone matrices
Photodecomposition of ozone upon UV photolysis to the Hartley
absorption band in the gas phase occurs with a quantum yield of
*4.199 Both products of primary photodissociation [see Eqn (33)]
participate in further reactions to give a total of six oxygen
molecules

O(1D)+O3 2O2 , (38)

O2(1Dg)+O3 O(3P)+2O2 , (39)

O(3P)+O3 2O2 . (40)

Photolysis of thin films of pure ozone at 10 K occurs with a
quantum yield of 2.0� 0.3 (see Ref. 171). This means that photo-
decomposition of ozone in the solid phase involves two successive
stages, namely, photodissociation (33) characterised by a quan-
tum yield close to unity and the reaction of one photodecompo-
sition product with the O3 molecule. Among the three feasible
secondary reactions (38) ± (40), reaction (38) with participation of
the O(1D) atom seems to be the most probable,171 since the
activation barriers to the other two reactions in the gas phase are
rather high (>15 kJ mol71). Analogous transformations were
found in the case of UV photolysis of ozone dimers isolated in
solid argon 171

[O3 O3] [O2+O(1D)+O3] [O2+O2+O2]. (41)

The results obtained by Schriver-Mazzuoli et al.200 supported
high efficiency of photolysis of the [O3 O3] dimers in solid argon.
However, based on the kinetic data, they proposed another
mechanism of loss of the dimers which leads to stabilisation of
the oxygen atom

[O3 O3] [O2+O�4] O2+O+O3 . (42)
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Table 8. Primary products of photoinitiated reactions in [O3 M] com-
plexes isolated in solid argon.

Complex Photoinitiation wavelength Product Ref.

range /nm

[O3 H2O] 266 H2O2 183

[O3 Cl2] 800 ± 360 ClClO 184

[O3 Br2] 800 ± 360 BrBrO 184

[O3 BrCl] 800 ± 360 ClBrO 184

[O3 ICl] 750 ± 470 ClIO 185

[O3 CH3I] 470 ± 360 CH3IO 186

[O3 C2H5I] < 800 C2H5IO 187

[O3 CF3I] 1000 ± 470 CF3IO 188

[O3 PH3] 633 ± 515 H3PO 189

[O3 PCl3] 1000 ± 360 Cl3PO 190

[O3 PBr3] 1000 ± 360 Br3PO 190

[O3 P4] 1000 ± 590 P4O 191

[O3 AsH3] 1000 ± 630 H3AsO 192

[O3 SO2] 266 SO3 193

[O3 H2O2] 266 H2O3 194
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The main difficulty distinguishing between the reaction chan-
nels (41) and (42) is that only consumption of the ozone molecules
was studied by IR spectroscopy.171, 200 In this case kinetic meas-
urements cannot provide ameans for reliable determination of the
product ratios for reactions (41) and (42). The results of IR
spectroscopic investigations can be essentially supplemented by
carrying out experiments with isotope substitution in the mole-
cules of initial reactants. For instance, photolysis of ozone
molecules in solid oxygen was studied using the isotope substitu-
tion of oxygen atoms.201 The main idea of this experimental
strategy was to trap the 18O-enriched ozone molecules in the
solid oxygen matrix containing the 16O atoms only. Figure 17
illustrates the evolution of the IR spectrum of ozone in the region
of the n3 vibration during continuous photolysis with light at a
wavelength of 693 nm to the Chappuis absorption band. Changes
in the spectrum show that the number of the O3molecules remains
constant during long-term irradiation. However, the isotope
composition of ozone molecules changes radically, namely, the
18O3(18-18-18) molecules are replaced by the 16O3(16-16-16)
molecules during photolysis. Kinetic analysis showed that the
atom produced upon photodissociation of O3 is added to the
neighbouring O2 molecule to give an O3 molecule with altered
isotope composition. Subsequent photolysis of products of these
reactions causes further transfer of the 18O atoms in the O2

molecules and, correspondingly, enrichment of the ozone mole-
cules with the 16O isotope

O3(16-16-18) O2(16-16)+O(18), (43a)

O3(16-16-18) O2(16-18)+O(16), (43b)

O3(16-18-16) O2(16-18)+O(16), (43c)

O(16)+O2(16-16) O3(16-16-16). (43d)

In fact this reaction mechanism describes a photoinduced
chemical migration of ozone molecules in solid oxygen. The use of
isotope substitution allowed reliable establishment of reaction
channels in the case where the reactants and products are
comprised of oxygen atoms only.201

VII. Conclusion

The results of experimental and theoretical investigations consid-
ered in this review show that chemical reactions of mobile atoms,
which occur in an inert crystalline environment at ultralow
temperature, cause stabilisation of free radicals and radical7
molecular complexes (short-lived intermediate particles in the gas
phase). The use of mobile atoms for generation of reactive
intermediates permitted obtaining spectroscopic data on new
metastable molecular structures which were not observed by
other methods. This type of reaction is characterised by a rather
high extent of conversion of the initial reactants, which makes it
possible to detect matrix-isolated products of primary reactions.
Stabilisation of a particular type of isolated particles is due to high
selectivity of cryochemical reactions. This permits detection of
matrix-isolated products of primary reactions using conventional
methods of low-temperature spectroscopy. Joint use of the IR,
optical and EPR spectroscopy allows reliable identification of
products and establishment of their structure by comparing the
measured spectroscopic characteristics with the results of quan-
tum-chemical calculations.

The use of mobile atoms for cryochemical synthesis of new
compounds is not limited to the atoms of three elements and their
reactions considered in this review. In particular, of considerable
interest is the use of photostimulated mobility of the rare-earth
metal atoms and transition metal atoms. The results of such
studies carried out before 1999 were generalised in a mono-
graph.202 Experimental approaches to low-temperature synthesis
of particles containing variousmetal atoms and clusters have been
reviewed.203

The fact that international conferences on the chemistry and
physics of matrix-isolated species and on low-temperature chem-
istry are held on a regular basis (in particular, the last two
conferences were held in Poland 204 and Finland 205) points out
that this review is topical. When preparing the manuscript, the
authors of this review used not only original communications but
also information obtained in discussions, which is useful for
refinement of researchers' views of particular (including moot)
questions.

This review has been written with financial support from the
Russian Foundation for Basic Research (Project No. 01-03-
33171).
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