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Photodissociation and thermal reaction studies
in rare-gas solids
Esa Isoniemi

Abstract
Spectroscopic methods were employed in this thesis to study photodisso-
ciation processes of small sulphur containing compounds (H2S, H2S2, and
HSO2), and thermal reactions of hydrogen atom in solid rare-gases. The char-
acteristic e�ects of the solid environment on the spectra, photodissociation
processes, and annealing induced mobility of atoms were investigated. The
main focus was to understand the details of photodissociation of molecules,
dynamics of thermal mobilities of atoms and small molecules, and the control
of annealing-induced chemical reactions.

Several methods were employed simultaneously to interpret the infrared
spectra of the species studied by combining experimental and computational
results. The spectroscopic data of H2S, H2S2, and HS were re�ned and new
data on HS2, HSO2 and cis-HOSO were given.

Photolysis processes were studied on photodissociation of H2S and H2S2 at
193 and 266 nm, respectively, and on photodecomposition of HSO2. In these
studies, the separation of the photofragments in a solid environment gives
a characteristic nature to the individual photolysis process. In photodisso-
ciation, some channels that are important in the gas phase are not seen in
solids at all and new channels become important. The cage-induced reaction
of photofragments is found to play a role on photodissociation of H2S2 but it
is not found at all on H2S. In the photodissociation of HSO2 and cis-HOSO,
the cage exit of a hydrogen atom has two consequences: separation of photo-
produced fragments and in-cage photoisomerisation reaction. Photoinduced
isomerisation is found have two mechanisms: a direct one and a cage-induced
reaction of photodissociation fragments.

The thermally induced local and global mobilities of atoms and fragments
are addressed to understand the reactions of the fragments and especially
chemical reactions of mobile hydrogen atoms are studied. Solid environment
is also seen to stabilise photofragments allowing studies of their reactions
with mobile hydrogen atoms.
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1 Introduction
A molecular level understanding of dynamical processes in the solid state
is one of the longstanding challenges to chemistry and physics of materials.
Interactions in the solid environment have many-body nature. This bound to
in�uence the chemical and physical processes taking place. The main focus
of this study lies in the understanding of the details of photodissociation
processes of molecules, dynamics of thermal mobilities of atoms and small
molecules, and the onset and control of annealing-induced chemical reactions.
All such processes can be investigated by spectroscopic methods probing
various aspects of the microscopic world in the solid state.

During photodissociation molecules are broken by interaction with light
into atomic and molecular species. In the solid environment, the photodisso-
ciation process is a�ected by the cage of atoms or molecules of the surround-
ing medium. For example, the separation of dissociation fragments and reac-
tions induced by the cage play an important role in photochemistry of solids.
The solid medium restricts photodecomposition and the photofragments are
not separated as easily as in the gas phase. Furthermore, a reaction pair is
formed inside the cage if the dissociation is unsuccessful and this pair can
react further in cage-induced reactions. On thermal annealing of the sam-
ples, the mobility of the atoms, e.g. a hydrogen atom, and small molecules
is promoted. This enables the study of reactions in solids. By di�erent an-
nealing temperatures the extent of mobility can be controlled. The distances
between photolysis fragments in the primary photodissociation process can
also be characterised by annealing experiments. Both, photodissociation and
thermal mobility are studied by applying spectroscopic methods.

1.1 Matrix isolation technique
Matrix isolation (MI) technique was introduced as a method to inves-

tigate reactive intermediates and unstable species, for example radicals or
high-energy isomers, stabilised by low-energy barriers [1, 2]. Matrix isola-
tion is widely used with di�erent kinds of detection techniques including
infrared (IR), Raman, and electron paramagnetic resonance (EPR) spec-
troscopy [3, 4]. MI studies are mostly performed in inert rare-gas solids such
as argon, krypton, and xenon but molecular solids, for example nitrogen or
oxygen, can also be used. The matrix should be inert to the isolated species
in order to prevent undesired reactions. However, sometimes reactive media,
like solid O2, are preferred in order to investigate reactions between matrix
species (host or isolating species) and a dopant (guest or isolated species). In
a solid environment, the rigidity of the isolating medium prohibits reactions,
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aggregation and other loss processes of the isolated species. Low tempera-
tures, typically between 4 and 80 K, enable the study of chemical species
that are short-lived in the gas phase. Additionally, the solid medium should
be transparent to the radiation used for measurement to probe the species
under investigation.

1.2 Matrix morphology
In order to understand the dynamical processes in a solid environment, one
needs to have an overview of the morphology of the rare-gas solids used.
Rare-gas atoms, except helium, crystallise in the cubic closed-packed (ccp)
structure with a face centered cube (fcc) unit cell shown in Fig. 1. The lattice
atoms are represented with black balls. In the fcc lattice, the central atom
possesses 12 nearest neighbours, 6 nearest neighbours in the same layer and
three in layers above and below. At low temperatures, for example at 20 K,
the ccp form of solid Ar is stable in presence of impurity nitrogen [5].

a

a 3
4

a
2

Figure 1: Unit cell of a face centered cubic (fcc) lattice. Black balls represent
the lattice atoms. Interstitial sites are represented by white and gray balls
for octahedral and tetrahedral sites, respectively.
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Table 1: The site diameters (Å) and the lattice atom to site distances (Å) in
solid Ar, Kr, and Xe.

mode Ar Kr Xe
Diameter One-substitutional site 3.75 3.99 4.34

Octahedral site 1.56 1.65 1.80
Tetrahedral site 0.85 0.90 0.97

Distances Nearest neighbour 3.75 4.00 4.33
Octahedral site 2.66 2.83 3.07
Tetrahedral site 2.30 2.45 2.65

Site diameters Ref. [3].
Lattice parameters Ref. [4].

In rare-gas solids, there are three types of locations, so called sites, where
guest atoms may be located: substitutional, interstitial, and defect sites. In
a substitutional site one or more host atoms are replaced (see black balls in
Fig. 1). In an interstitial site the guest molecule is located in between the
host atoms forming the fcc lattice. In the closed-packed structure, two types
of interstitial sites can be found: an octahedral and a tetrahedral ones as
indicated in Fig. 1 with white and gray balls, respectively. The octahedral site
is surrounded by six rare-gas atoms as nearest neighbours and the tetrahedral
site is surrounded by four rare-gas atoms being the smaller of these two sites
(see dotted lines in Fig. 1).

Table 1 gives the diameters of the sites and the nearest-neighbour dis-
tances between the lattice atoms in solid Ar, Kr, and Xe, respectively. Esti-
mates of the sizes of the various sites can be obtained from the hard sphere
model. The diameters of the sites increases from solid Ar to Kr and to Xe,
respectively. However, the diameter of a tetrahedral site in solid Ar is so
small that no molecule is expected to occupy it. Another useful measure of
the lattice is the distance of lattice atoms to the nearest neighbours and to
the interstitial sites obtained from lattice constants [4]. The pair potentials
describing the interactions between an embedded guest and the matrix atoms
in the interstitial site are usually more repulsive in the interstitial than in
the substitutional site. For this reason, more energy is needed to insert an
impurity, for example a hydrogen atom, in the interstitial site.

The third type of site that can be found in the solid phase is a defect
i.e. a �aw or an imperfection of the periodic solid structure. In general,
they are lattice dislocations, vacancies, and multiple trapping sites. One
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type of dislocations are the edges of layers. An inhomogenous rare-gas solid
encompasses single grains of closed-packed structure. The borders of the
grains can act as surface sites. Inside the closed-packed solid, the edge of the
layer forms a site of unde�ned symmetry.

Larger molecules require usually multiple trapping sites in which the
molecule occupies a space of several lattice atoms. In contrast to the inter-
stitial and one-substitutional sites that result to plain infrared absorptions of
trapped species re�ecting the simple structure (high symmetry) of the site,
multiple substitutional and defect sites give rise to splitted vibration bands
of the guest. This is characteristic of several sites of low symmetry and thus
di�erent perturbations that the surrounding atoms direct on the isolated
molecule. Furthermore, several multiple sites of large molecules might pro-
duce a complex inhomogeneous structure of the rare-gas solid that a�ects the
spectroscopy characteristics of the trapped molecule. For example, several
pure vibrational absorption bands can be seen in IR spectrum for one mode
of the same type of molecule in di�erent lattice sites.

1.3 Photodissociation dynamics
Photodissociation dynamics in rare-gas solids is of extensive interest [6�20]
and the microscopic characterisation of the photolysis process is one of the
main issues pursued. One of the pertinent questions asked is whether the
photoproducts formed upon photolysis remain in the original vacancy of the
precursor or if the fragments are capable of moving out of the cage.

Generally, large molecular species including several atoms are regarded
stationary in a substitutional site. However, small atoms, such as �uorine,
oxygen, hydrogen, and small radicals like the hydroxyl radical (OH) [21], can
escape the parent cage upon photodissociation. Some fragments like �uorine
can move even substantial distances (on average∼ 70 Å) [22].

In the photodissociation process, breaking of a bond consumes a portion
of the energy gained by absorbing a photon and the leftover energy is called
excess energy. The excess energy is distributed between kinetic, vibrational,
and rotational modes of freedom [23]. It can also be dissipated into the
surrounding lattice. The probability of escaping from the cage for photodis-
sociation fragments depends on the excess energy provided by the photolysis
and on the interactive forces between the fragment and the surrounding cage.
The barrier for the cage exit of the hydrogen atom in rare-gas solids is 1 � 2
eV [10, 17]. For example, on the photolysis of hydrogen chloride (HCl), pro-
viding excess energy of 3 eV, the hydrogen atom and the chlorine atom can
be separated by a probability of 0.05 [20] which means that in 95% of the
photon absorptions the HCl molecule remains intact. The probability of the



1.4 Many-body reactions 5

hydrogen atom to escape increases with increasing excess energy. Although,
it may be improbable to separate fragments in one dissociation attempt and
the permanent separation of fragments may take several tryals. The reaction
pair, formed in photodissociation, is in a lattice cage sampling the space for
an exit channel, or the pair reacts back to the precursor. However, if the pair
reacts to form some other molecule than precursor, other photodissociation
pathways become relevant. The cage exit of hydrogen is considered to be
sudden if the excess energy is above 1.7 eV and delayed with energies be-
low that [19]. In the sudden cage exit the hydrogen atom is ejected straigth
trough an open window without signi�cant distortion of the rare-gas cage
[19]. In the delayed cage exit, the hydrogen atom opens its own window by
destorting the cage structure [19].

It has been suggested, that on photolysis, the hydrogen atoms may mi-
grate away from the original photodissociation site by 19 to 100 Å [16, 18].
However, in these studies, all possible products were not considered and
the concentrations were measured unreliably employing luminescence spec-
troscopy not taking into account the self-limitation of the matrix [24]. It was
later shown that the mobility of hydrogen atom in rare-gas solids is a local
process [25, 26] ranging distances of only one or two lattice parameters.

1.4 Many-body reactions
In rare-gas solids, reactions of several atomic and molecular species are

inhibited by the surrounding medium. Species in solids are stabilised by
some energy, which can be overcome either by photoexcitation or thermally.
Photoinduced mobility is widely discussed in the literature, and a profound
review on the topic has been given by Apkarian and Schwentner [19]. For
example, an absorption of a photon may induce long-range migration of �uo-
rine, oxygen, and hydrogen atoms, displacing them several lattice sites away
from their origin [19]. However, this study focuses on thermally induced
mobility of atoms and fragments in the solid rare-gases. The mobility of
atoms and fragments can be global or local [25, 27, 28]. Global mobility
pertains to the migration of the embedded species over several lattice sites,
whereas local mobility concerns their movement to some nearby site, for ex-
ample from a interstitial to a substitutional site. During local movement
the species are stabilised by a smaller potential energy barrier than when
the mobility is global. Thus, the activation energy associated with the local
mobility is smaller than for the global mobility. Therefore, local movement
takes place �rst upon annealing the sample. Further increase of temperature
enable the global mobility. In solid environments, the temperature of the
onset of mobility gives us a good measure of the stabilising energy barrier.
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One of the best studied systems is the hydrogen atom trapped in solid
rare-gases [10, 14, 26, 29�40]. EPR studies of a trapped hydrogen atom in
these solids have shown that di�erent sites have di�erent hyper�ne coupling
constants [29, 30, 33]. The hydrogen atoms, produced on photodissociation,
can be located either in a substitutional or an interstitial site, and the ratio
between sites depends on the excess energy [37]. Accordingly, di�erent energy
barriers, i.e. di�erent energy onsets for the hydrogen atom mobility located
in di�erent trapping sites are also found.

Long-range mobility of hydrogen atoms upon annealing has been reported
at 35 � 50 K in solid Xe [34, 35]. At 10 K the hydrogen atoms were stable,
but at 40 K, the di�usion of hydrogen atoms leads to reactions with reaction
rates that depend on the deposition temperatures used [14]. The main loss
channel of hydrogen was suggested to be the regeneration of precursor from
photolysis fragments [38] which was later shown not to be the case [40]. The
loss channel of hydrogen atoms by tunnelling was also thought to be a minor
reaction channel [14, 38, 40]. After photolysis of the dopant molecules, the
hydrogen atoms are stabilised in the matrix and temperatures of about 30 and
45 K are su�cient to promote global migration of the hydrogen atoms in solid
krypton and xenon, respectively [40]. However, global di�usion of hydrogen
atoms is not seen in solid argon [26], but instead geminate recombination
of the parent molecule takes place and the kinetic behavior re�ects short-
range dissociation and recombination dynamics [26]. Thus, local movement
of hydrogen atoms takes place at temperatures of 16 and 24 K in solid Ar
and Kr, respectively [26]. The loss channels of hydrogen were thought to
be reactions between hydrogen and the other precursor fragment but soon it
was realised that hydrogen molecule and molecules containing rare-gas atoms
were the main thermal products [28, 39]. Upon annealing, the formation of
rare-gas molecules consume a large part of the hydrogen atoms [25, 28, 41, 42].
The rare-gas molecules are formed from neutral fragments (H + Rg + Y; Rg
is rare-gas atom and Y is some electronegative fragment) [41] produced in
the photolysis of the precursor (HY).

There have been some attempts to simulate the hydrogen atom mobility
upon annealing of solid rare-gases [40, 43�45]. In the classical variational
transition-state theory simulation the di�usion rates were found to rise with
temperature [43]. Tunnelling of hydrogen was found to be signi�cant at tem-
peratures below 12 K and it becomes insigni�cant at higher temperatures
[43]. The mobility of hydrogen atoms was also shown to be slow in a per-
fect lattice. It was predicted that increasing the number of vacancies in the
lattice would increase the rate of di�usion [45]. The calculations indicated
that the matrices used in the experiments consisted of 1 to 4 % vacancies.
The vacancies were observed to move in the lattice which was thought to
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lower the potential energy barrier for hydrogen atom di�usion and thus in-
crease the di�usion rates of hydrogen atoms [45]. However, it was later shown
that a substitutional site in krypton acts as a trap for the hydrogen atoms
and stabilised it up to evaporation temperatures of the matrix [26]. All
aspects of hydrogen mobility are important in order to obtain a better mi-
croscopic understanding of the consequences of photodissociation processes
of hydrogen-containing species like those studied here [I�V].

1.5 Solid state rotational spectroscopy
The perturbations on the vibrations and rotations of molecules in solids are
a good measure of the in�uence of solvation. The vibrational shifts and the
splittings of the vibrational lines provide information on the magnitude of
the interactions between the molecule and surrounding atoms. Furthermore,
the splittings can give information on the orientation of the molecule in the
matrix site.

In order to rotate in a solid environment, a molecule occupies a matrix
site that is su�ciently large. For large molecules, the rotational-vibrational
motion is restricted by the matrix mostly to vibrations. This causes the
infrared spectrum to reduce into an almost pure vibrational spectrum. On
the other hand, small molecules may rotate almost freely in rigid solids,
and the molecular rotational constants are similar to the gas-phase ones.
In low-temperature solids, the intensity distribution of infrared spectrum
can represent a room or matrix temperature population distribution of the
vibrational and rotational states. This depends on the relaxation rate of
the Boltzmann distribution from higher temperature to lower one. A good
example of the gas phase rotational constants and intensity distribution is
the rotation of water molecule. It shows almost unhindered rotation in solid
argon, and the time dependence of the absorption intensities of di�erent
transitions is interpreted to originate from the slow nuclear spin conversion
of the ortho�para equilibrium from room to matrix temperature equilibrium
[46�52].

In some cases, depending on the symmetry of the matrix site, rotation
around one or two axes may be blocked leaving the remaining axes free.
Furthermore, when the barrier to rotation is high enough, rotation can be
considered as libration. The in�uence of the solid environment on the ro-
tational degrees of freedom is seen in the infrared spectra of the trapped
molecule as splitting of the pure vibrational lines. Theoretically, this per-
turbation can be modelled with a crystal �eld model [53�58]. In this model,
external octahedral potential is interacting with the molecule which causes
the rotational levels to split into sublevels (MJ quantum number). Fig. 2 rep-
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resents schematically the splitting and shifting of the vibrational-rotational
levels predicted by the crystal �eld model [53�58] for the 9 lowest rotational
levels of H2S. The potential energy, excerted by the rare-gas cage, perturbs
the rotating system and separates the degenerate levels. When the barrier to
the rotation (VJ/B) increases the rotational levels are split and shifted from
the unperturbed level system (VJ/B = 0). VJ/B represents the rotational
barrier where B is the rotational constant around the axis of rotation. The
rotation-translation coupling (RTC) [3, 59] is another theoretical method
used to model the rotational movement of a molecule in solid lattice. In the
RTC model, the molecule is trapped in a substitutional site in an undistorted
matrix lattice. The potential energy governing the rotational and transla-
tional motion of the molecule depends only on the position of the molecular
center of interaction which is not coincident with the center of mass. The
rotational shifts are interpreted by treating the coupling between rotation of
the molecule and its constrained translational motion as a perturbation.
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Figure 2: The energies of rotational levels of H2S predicted by the crystal �eld
model. VJ is the potential energy barrier for rotation around primary axis of
inertia (primary symmetria axis). The quantity J is the primary quantum
number for rotation, andKa and Kc are K-quantum numbers for prolate and
oblate rotors, respectively. The quantityB is the rotational constant around
axis of inertia b.
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In this thesis, the spectroscopic and chemical properties of small sulphur
containing compounds (H2S, H2S2, and HSO2) have been studied in solid
rare-gases. One of the main interests is to understand the e�ect of the solid
environment on spectroscopic properties, on the photodissociation process,
and on the various chemical reactions. Photodissociation of molecules and
radicals, thermal mobility of atoms, and annealing induced reactions are
studied experimentally using spectroscopic methods and further insight to
experimental results are sought from computational results. The experimen-
tal spectra of atoms, molecules, and molecular fragments provide valuable
information on their motions in solids.

In addition to understanding the dynamical processes in rare-gas solids,
the H2S, H2S2, and HSO2 molecules have general interest as important species
in atmospheric and combustion chemistry, and in biological systems. For ex-
ample, in atmospheric chemistry, H2S and H2S2 are important compounds in
the sulphur cycle [60]. The photolysis of H2S is an important source of HS,
and furthermore, H2S2 is known to be formed in a self-reaction of HS radi-
cals, which are mainly produced via the oxidation of hydrogen sulphide [61].
H2S2 is the simplest molecule with a S�S bond and has therefore been the
subject of extensive experimental and theoretical studies [61�77].

This study focuses on the photodissociation of H2S, H2S2, and HSO2 mole-
cules using infrared absorption spectroscopy in solid rare-gases. The spectro-
scopic data of H2S, H2S2, and HS are re�ned and new data on HS2, HSO2 and
cis-HOSO are given. H2S is found to have structured IR absorption spectrum
which is ascribed to vibrational-rotational motion of the molecule inside the
rare-gas cage. Photoprocesses are studied in the 193 nm photodissociation
of H2S, in solid Ar, Kr and Xe, in the 266 nm photodissociation of H2S2,
in solid Ar, and in photoinduced isomerisation of HSO2. In these studies,
the separation of photofragments in a solid environment gives a character-
istic nature to the photoprocesses. The thermally induced local and global
mobilities of atoms and fragments are addressed to understand the reactions
of the fragments. Chemical reactions of mobile hydrogen atoms are studied,
for example formation of HSO2 from a hydrogen atom and an SO2 molecule.
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2 Methods
2.1 Experimental methods
Mixtures of dopants with argon, krypton, and xenon were prepared in a

gas manifold typically in absorber to matrix (M/A) ratios varying from 1:500
to 1:5000. Typically a few millimoles of the absorber was deposited on a CsI
window at temperature between 10 and 50 K. The deposition times ranged
from tens of minutes to a couple of hours in order to obtain a monomeric
sample and good optical quality. After deposition, the temperature was
lowered to about 7.5 K. To study multimers, the matrix ratios were varied
or higher deposition temperatures were used.

Throughout of the experiments performed here, MI was combined with
several di�erent spectroscopic methods, as well as computational analysis.
The con�guration of the experimental setup is presented in Fig. 3. Mainly,
Fourier-transform infrared (FTIR) spectroscopy, laser-induced �uorescence
(LIF) investigations and ab initio calculations played a key role in identi�-
cation and characterisation of the studied molecular species trapped in low-
temperature solids. In order to cover a wide spectral range, excimer lasers,
a Nd:YAG laser (266 nm), an Ar+ laser (488 nm) and an optical paramet-
ric oscillator (OPO, 226 � 4000 nm) were used in the photolysis to provide

FTIR                  

CsI
7.5 K

Excimer/Ar+

193(ArF)/488 nm

OPO
226 – 4000 nm

Nd:YAG
1064 and 266 nm

Wavemeter UV-VIS
monochromator

ICCD
Optical fiber

Energy meter

Figure 3: The con�guration of matrix isolation and applied techniques.
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e�cient irradiation in a desired spectral region. An excimer laser operating
at 193 nm (ArF) was employed in the study of the photodissociation of H2S.
The absorption maximum wavelength of H2S molecule is conveniently near
193 nm [78]. The 266 nm radiation of a Nd:YAG laser was used to photodis-
sociate H2S2 with the absorption maximum lying close to 266 nm [62]. This
wavelength also has the advantage that it does not photolyse H2S which is
present in small amounts in the prepared H2S2 samples. Tunable radiation
from OPO was also used to study LIF of the photoproducts HS, S, and S2.

FTIR spectroscopy was employed to study the vibrational properties of
H2S, H2S2, HSO2, and their photolysis products, HS and HS2. Typically
100 to 1000 interferograms were co-added to obtain one FTIR spectrum of
0.25 or 1.0 cm−1 resolution. FTIR spectra together with LIF provided a
good method to detect the presence of atoms and molecules and to measure
reliably the changes in their concentrations.

2.2 Computational methods
In order to apply the results of ab initio calculations succesfully, one has to
understand the basic ideas behind the programs employed in the calculations.
Good reviews on the subject can be found in several text books [79�81].Ab
initio methods are based on solving the electronic Schrödinger equation. The
time-independent Schrödinger equation is given as follows

HΨ(r, R) = EΨ(r, R). (1)

This is an eigenvalue problem that provides the energy (eigenvalue,E) of
a stationary state represented by a wavefunction (eigenfunction,Ψ) in elec-
tronic (r) and nuclear (R) coordinates. The analytical solution of the Schrö-
dinger equation (1) for molecular systems is impossible. The Born-Oppenhei-
mer approximation is used to separate electronic and nuclear motions. Thus,
equation 1 is reduced to a form which depends only on electronic coordi-
nates, and in which nuclear coordinates are handled as parameters. Solving
the Shrödinger equation using the Born-Oppenheimer approximation pro-
vides the e�ective electronic energy (Eeff (R)) of the molecule in a static
�eld of the nuclei.

HΨ(r; R) = Eeff (R)Ψ(r; R). (2)
The Born-Oppenheimer approximation allows the construction of a poten-
tial energy surface (PES) which describes the changes of molecular electronic
properties when the nuclear coordinates are changed. The PES is formed by
varying the molecular parameters (bond lengths and angles) by calculating
the electric energy for each set of parameter values. From the PES one
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can derive several properties of molecular systems, for example, equilibrium
geometries of a molecules, vibrational energies, and energy barriers for reac-
tions.

Even by using the Born-Oppenheimer approximation the Schrödinger
equation (2) is di�cult to solve for molecular systems consisting of several
atoms. One way to make the computational e�ort more tractable is to use the
Hartee-Fock approximation where the energy of a particular electron depends
on the electric �eld produced by the nuclei and by the other electrons. Thus,
in this method the n-electron equation is separable inton one-electron equa-
tions by using the Fock operator in which the electron�electron repulsion is
treated as a repulsion between an electron and an average �eld of the electron
charge density of all other electrons. In the Hartree-Fock approksimation, the
total electronic wavefunction comprises of the products of the one-electron
wavefuntions. The total wavefunction is antisymmetrised employing a Slater
determinant which involves the di�erent spins of the electrons. The self-
consistent �eld (SCF) method is used to solve the Hartree-Fock equation
employing an approximation in which wavefunctions are generated in an it-
erative way from an initial guess.

The Hartree-Fock approximation described above does not take the cou-
lombic electron-electron correlation since each orbital is a solution of one-
electron Schrödinger equation. In the exact solution, the motions of the
electrons are correlated, i.e. the electrons try to stay out of each others way.
One popular method to include the electron-correlation e�ects is to use the
perturbation theory. The Hamiltonian is written as a linear combination of
the Hartree-Fock Hamiltonian and the perturbation termV

(H0 + λV )Ψ = EΨ. (3)
where λ is a strength parameter. Expanding the eigenfunctions (wavefunc-
tion) and the eigenvalues (energies) in a Taylor series and grouping them by
the order of the strength parameter, equation 3 turns into a linear combina-
tion of a di�erent orders of perturbation. This series can be truncated by
the order of the perturbation. For example, acronym for the Møller-Plesset
perturbation method to the second order is MP2.

A basis set is a mathematical representation of a molecular orbital used to
construct the molecular wavefunction. The molecular orbitals are generated
from a linear combination of atomic orbitals (LCAO-MO)

Ψi =
K∑

µ=1

cµiψµ, (for atomic orbitals µ and molecular orbitals i) (4)

where K is the number of atomic orbitals. Hydrogen type orbitals can be
used to represent one-electron atomic orbitals. However, these are tedious
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to apply in practical calculations and they can be approximated by a linear
combination of Gaussian type orbitals

ψµ =
L∑

p=1

dpµgp(αpµ, r −Rp) (5)

where dpµ and αpµ are the expansion coe�cients and exponentials, L gives
the number of the Gaussian functions and the p is the type of the electron
orbital. The Gaussian primitives gp are given as

gp(αpµ, r) = c(α)xnymzle−αr2 (6)

where c is the normalising constant and n, m, and l are the powers of x, y,
and z coordinates.

The Gaussian 98 program [82, 83] was employed for all geometry, energy
and harmonic vibrational calculations. The electron correlation was con-
sidered via the Møller-Plesset perturbation theory to the second (MP2) and
fourth (MP4) orders. In general standard basis set, the split-valence, triple-ζ,
6-311G-type Gaussian basis set, added with multiple sets of di�use and po-
larization functions (6-311++G(2d,2p)) was used for hydrogen, oxygen, and
sulphur atoms. The calculated harmonic wavenumbers are presented as un-
scaled due to arbitrary selection of scaling factors. For example, scaling
factor of 0.95 can be used for the MP2 values. The ab initio calculations
were carried out on SGI Power Challenge and SGI Origin 2000 computers at
the CSC - Scienti�c Computing Ltd. (Espoo, Finland).



14 2 METHODS

2.3 Simulation of a vibration-rotation spectrum
The vibration-rotation spectrum of H2S was calculated using the rotational
constants obtained by the spectral analysis of combination di�erences [84].
The symmetric stretching band of H2S is of type B [84] having strong R and
P branches (weight 0.3) and a weak Q branch (weight 0.25). The antisym-
metric stretching band is of type A [84] having a strong Q branch (weight
1) and weak R and P branches (weight 0). In the simulation, the weights of
the symmetric and asymmetric bands, shown in paranthesis, were chosen in
accordance with the intensities of experimentally observed spectra.

The A-type band of asymmetric top has the following selection rule for
allowed transitions

∆J = 0,±1 (7)
∆Ka = 0,±2,±4, ... (8)
∆Kc = ±1,±3,±5, ... (9)

and the B-type band selection rule is following

∆J = 0,±1 (10)
∆Ka = ±1,±3,±5, ... (11)
∆Kc = ±1,±3,±5, ..., (12)

where J is the primary quantum number for rotation andKa and Kc are the
K quantum numbers for prolate and oblate rotors, respectively.

Using known analytic expressions for low-lying energy levels [84] pre-
sented in Table 2 and with a suitable assignment of the allowed vibration-
rotation transitions [II] we obtain the rotational constants of the upper vi-
brational state. To estimate the transition wavenumbers, rotational energy
levels were calculated applying the same expressions for the energy levels us-
ing the obtained rotational constants. The rotational constants of the upper
and ground vibrational states were assumed to be equal for both vibrations,
because the data are too limited for obtaining all three rotational constants
for both vibrational states. This assumption is supported by the fact that
the rotational constants of H2S in the gas phase are within 0.2 cm−1 in the
vibrational ground and the �rst excited states [85, 86]. This is smaller than
our experimental resolution (0.25 cm−1) and the observed line widths.

The calculated vibration-rotation spectrum is obtained by assuming that
the transition intensities depend on the Boltzmann distributions of the ground
states, on the MJ degeneracy of the upper and lower levels, on the type of
the transition band (weights show above), and on the statistical weights due
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Table 2: Expressions for vibration-rotation levels of an asymmetric top.a

JKaKc E(JKaKc)
000 0
110 A+B
111 A+C
101 B+C
220 2A+2B+2C+2[(B�C)2+(A�C)(A�B)]1/2

221 4A+B+C
211 A+4B+C
212 A+B+4C
202 2A+2B+2C�2[(B�C)2+(A�C)(A�B)]1/2

a Ref. [84] Table 4.4 page 121.
J is the primary quantum number for rotation andKa and Kc are the
K-quantum numbers for prolate and oblate rotors.

to nuclear spins. The Boltzmann distributions of the rotational states of the
ground vibrational states are calculated at the experimental matrix temper-
ature (7.5 K). Experimentally, absorption intensities do not change over time
scale of 24 h, so fast conversion of the nuclear spins to matrix temperature
equilibrium of the nuclear spins is assumed; i.e. population of ortho states is
weighted by a factor of 3 and para states by a factor of 1. Gaussian functions
were used to reproduce the line shapes of the transitions.
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3 Results and Discussion
3.1 Infrared spectra of H2S and H2S2

3.1.1 Infrared spectrum of H2S
H2S is found to have a complex IR absorption �ne structure in solid Ar, Kr,

and Xe at the 2651 � 2615 cm−1, 2640 � 2600 cm−1, and 2625 � 2580 cm−1 re-
gions, respectively [I, II]. This is demonstrated in Fig. 4a by showing the sym-
metric and antisymmetric stretching regions of H2S in solid Ar at 7.5 K. The
concentration dependence of the spectrum indicates that the �ne structure
is due to monomeric H2S [II]. Such a complicated spectrum suggests that the
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Figure 4: a) The vibration-rotation spectrum of H2S in solid Ar at 7.5
K. The spectrum depicts the symmetric and antisymmetric stretching re-
gions recorded with a resolution of 0.25 cm−1. b) The simulated vibration-
rotation spectrum of H2S with reduced rotational constants. c) The analysis
of vibration-rotation spectrum with two non-rotating sites (denoted by nr).



3.1 Infrared spectra of H2S and H2S2 17

Table 3: The experimental and calculated harmonic wavenumbers (cm−1)
and rotational constants (cm−1) of H2S.

mode Gas Ar Kr Xe MP2
H2S ν1 (sym. str.) 2614.4 a 2624.6 2607.5 2596 2757.8 (<1)

ν2 (bending) 1182.7 b 1180 1176.9 1229.1 (3)
ν3 (asym. str.) 2628.5 a 2648.5 2636.8 2620 2775.8 (<1)
A 10.2 a,c 3.5 3.9
B 8.9 a,c 2.6 3.4
C 4.7 a,c 2.0 2.4

Ab initio values calculated at the MP2 level using the 6-311++G(2d,2p)
basis set. Vibrational intensities (km/mol) are in parenthesis.
a Ref. [85]. b Ref. [140]. c Ref. [86].

molecule is not tightly trapped by the rare-gas lattice but the molecule is
able to undergo rotational motion. Since the spacing of the spectral lines is
about 1 � 3 cm−1, the �ne structure is too closely spaced to originate from a
nearly free rotation. This is seen from the values of the rotational constants
of H2S in the gas phase (A = 10.2, B = 8.9, and C = 4.7 cm−1 [85, 86])
which cannot be used to reproduce spectral lines with such close spacings
[II]. The vibrational properties of H2S in a matrix will be discussed �rst and
thereafter the investigation of the origins of the �ne structure complicating
the low-temperature vibrational spectrum of H2S.

The assignment of the IR spectra of H2S in rare-gas solids has been con-
troversial [87�91]. In solid Ar, the antisymmetric and symmetric stretchings
were assigned at 2629.1 and 2582.5 cm−1 by Barnes and Howells [87] but at
2581.8 and 2568.8 cm−1 by Pacansky and Calder [88]. In solid Kr, the cor-
responding values were 2617.7 and 2576.0 cm−1 [87] compared with 2575.7
and 2566.1 cm−1 [88]. Tang and Brown measured the Raman spectrum of
matrix isolated H2S, and they reported the symmetric stretching to be at
2619 cm−1 in solid Ar [89]. In solid nitrogen, the IR spectra of monomeric
H2S reported by di�erent groups are in good agreement with each other
[87, 89, 92] and the antisymmetric and symmetric stretchings are found at
2633 and 2620 cm−1, respectively [87]. In free-standing crystals of Kr and Xe,
Koga et al. [91] have found that monomeric H2S undergoes rotation. They
assigned the rotational structure mainly to the antisymmetric stretch (ν3).

Due to the disagreement in assignment of the IR spectra of H2S in rare-gas
solids [87�91], discussed above, the matrix (M/A) ratio is varied to study the
concentration dependence of the monomeric and multimeric species in order
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to have reliable assignment of the IR spectrum of H2S [II]. The experimental
vibration wavenumbers are compared with the band-origins in the gas-phase
[85] and ab initio calculated harmonic wavenumbers in Table 3. In this work,
ab initio calculated wavenumbers are unscaled due to arbitrary selection of
scaling factors. For example, the MP2 results can be corrected by multiplyer
of 0.95. The band origins are seen to be in good agreement with the gas-
phase data, ab initio wavenumbers and the results of Tang et al. [89]. On
the other hand, mode intesities presented by Kogaet al. [91] in free-standing
crystals are in contradiction to ours [II] and the gas-phase data [85]. In
the gas phase, band intensities for the symmetric and antisymmetric stretch
are 0.1776 × 10−19 and 0.4520 × 10−20 cm−1/molecule cm−2, respectively
[85]. Thus, the assignment involving both symmetric and antisymmetric
stretching vibrations is more plausible. However, Koga et al. [91] assigned
the antisymmetric stretch (ν3) to be the stronger vibration in the hindered
vibrational-rotational spectrum.

Further comparison of these values with band-origins in the gas phase
indicate that the gas-phase to matrix shift is about 10 to 20 cm−1. In solid
Ar, the ν1 and ν3 band origins are blue shifted1 from their gas-phase values
about 10 and 20 cm−1, respectively. In solid Kr and Xe, ν1 is red shifted2
about 7 and 18 cm−1, respectively, and ν3 is blue shifted 8 cm−1 in solid Kr
and red shifted 8 cm−1 in solid Xe. The reason for the di�erent directions
of shifts of ν1 and ν3 in solid rare-gases is not completely understood at
the present time but it can be due to di�erent interactions of the rotating
molecule and the rare-gas atoms in the �rst solvation shell. In solid Ar, the
van der Waals potential felt by both the ν1 and ν3 vibrations of H2S may
be repulsive. This causes extra force on the H�S bond of H2S that moves
the equilibrium distance to shorter bond distances, and the steepening of the
H�S bond potential increases the vibrational wavenumber of these vibrational
modes. In solid Kr, the interaction distance might be larger than in solid
Ar due to the larger cavity size (see Table 1). This results in a smaller
repulsive interaction or even an attractive interaction which decreases the
vibrational wavenumber compared to the ones in solid Ar. Depending on the
nature of interaction potentials the ν1 and ν3 modes are either blue or red
shifted. In solid Xe, the red shifts feature an attractive interaction between
H2S and the rare-gas cage. Here, blue shift is thus concequence of a charge
redistribution of molecule induced by tight cage. The interaction between
rare-gas atoms and molecule moves electrons of the molecule closer to the
bond strengthening it and increasing the vibrational wavenumber.

1Blue shift: the increase of vibrational wavenumber from the gas-phase value.
2Red shift: the decrease of vibrational wavenumber from the gas-phase value.
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3.1.2 H2S: vibrational �ne structure

The vibrational �ne structure, shown in Fig. 4a, can be interpreted as a
strongly perturbed vibrational-rotational structure of H2S [II, 91]. The origin
of the �ne structure can be understood by simulating the spectrum using re-
duced rotational constants. From the results of this analysis, the vibrational-
rotational spectrum can be assigned to both symmetric and antisymmetric
stretching with signi�cantly smaller rotational constants in solid Ar and Kr
than in the gas phase. The simulated spectrum is shown in Fig. 4b and the
band origins of H2S, and the rotational constants obtained from the analysis,
are collected in Table 3. In solid Xe, the rotational constants are di�cult
to calculate using the spectral analysis of combinational di�erences due to
the overlapping and poorly resolved transitions but it seems that the rota-
tional constants are larger than in solid Ar or Kr. An exceptionally large
gas�matrix change can be observed at rotational constants, 70 % (Ar) and
50 % (Kr), which may be an in�uence of a tight site. The increase of the
rotational constants from solid Ar to Kr originates from a larger cage size in
Kr. If the rare-gas cage diameter increases, the perturbation of the lattice
becomes smaller and thus the rotational constants will be closer to the gas-
phase values. Similar trend of increasing rotational constants with cavity size
is seen in the rotation of the CN radical in solid Kr and Xe [93]. In addition,
a signi�cant decrease of the rotational constants of CN by 35 % (Kr) and 14
% (Xe) from the gas-phase values is found in matrices [93].

As seen in Fig. 4b, the intensity distribution of the �ne structure is not
reproduced completely. It is known that molecules can occupy several dis-
tinct sites in the rare-gas solid. A similar analysis, taking into account the
possibility of several trapping positions in solid rare-gases and considering
the extra sites as non-rotating ones, the experimentally observed spectrum
is reproduced well (simulation shown in Fig. 4c). The non-rotating bands for
the �rst site are at 2630 and 2648 cm−1 for the ν1 and ν3 modes, respectively.
The second site yields 2632 and 2654 cm−1 for ν1 and ν3, respectively. The
calculated rotational constants of H2S are now larger than in the previous
analysis (A = 5.675, B = 4.600, and C = 3.775 cm−1 in solid Ar). The
intensity ratio between the non-rotating sites is taken as 1:0.33. Introducing
the new parameters, such as non-rotating bands and their intensities, makes
the analysis somewhat more arbitrary than the original hindered rotation
analysis. However, the rotation of the H2S molecule in the rare-gas cage is
evident.

Comparison of the results obtained for H2S with other molecules known
to rotate in the solid rare-gases: H2O [46�52], CH3F [58], CN [93], HF [94],
NH3 and ND3 [95, 96], CH4 [97�99], SO2 [100], and HNCO [101] implies
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that the rotation of H2S possess new features. The rotation of H2S cannot
be considered as free rotation, libration, or rotation around one or two axes
of inertia. In the employed analysis, the rotational constants are �tted to
reproduce the experimental spectra. The use of the non-rotating site model
is supported by the H2O rotation where rotating and non-rotating sites in
solid Ar and Kr are seen [51]. From the classical point of view, this can be
rationalised as a connected motion of molecule inside the rare-gas cage. The
potential energy excerted by the cage slows down or hinders the motion of
the molecule and the e�ective moment of inertia is increased reducing the
rotational constant and, thus, decreasing the separation of rotational levels
and absorption peaks. The reduction of the rotational constants re�ects the
redistribution of the mass of a molecule with respect to the center of mass,
that is, the momentum of inertia is changed. However, the forces excerted
by the lattice atoms are not large enough to change the geometry of the
molecule required for such larger redistribution of masses. This increase of
the moment of inertia should be thought to rise from the interaction of the
surrounding atoms and the rotating molecule. From the quantum mechanical
point of view, the perturbation of the lattice cage lowers the symmetry of the
molecule and splits the degenerated rotational levels and they are shifted as
the potential energy barrier for the rotational motion is increased (as shown
in the Fig. 2) and the IR spectrum shows more narrowly spaced vibrational-
rotational absorption bands.

The simulated vibrational-rotational spectra of H2S strongly support the
idea that the infrared spectrum of H2S in rare-gas solids is too complex to
be only vibrational. The present model interprets the hindered vibrational-
rotational structure of the spectrum. A more proper way to model the in-
frared spectra would be to use a crystal �eld theory. However, the method
has almost as many �tting parameters as the one used here for asymmetric
tops making the simulation arbitrary and di�cult.

3.1.3 Infrared spectrum of H2S2

The IR spectrum of H2S2 in solid Ar is shown in Fig. 5b depicting the HS-
stretching and HSS-bending regions. The IR absorptions at 2556.6, 2553.8,
and 880.3 cm−1 show a nearly linear dependence on the M/A ratio in solid
Ar which indicates that these absorptions belong to monomeric H2S2 [III].
Guided by the gas-phase spectrum [69] and ab initio results, these three
observed bands of H2S2 can be assigned as the antisymmetric and symmetric
stretchings, and antisymmetric bending. The observed vibrational bands of
H2S2 in solid Ar are collected in Table 4 along with the gas-phase and ab
initio data. It can be seen that the gas phase to matrix shifts are only a few
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Table 4: The experimental and calculated harmonic wavenumbers (cm−1) of
H2S2.

mode Gas Ar MP2
H2S2 ν1 (sym. str.) 2555.8 a 2553.8 2730.8 (<1)

ν2 (sym. bend) 883.0 a 899.2 (<1)
ν3 (SS-str.) 515.9 a 522.4 (<1)
ν4 (torsion) 417.5 a 436.0 (14)
ν5 (asym. str.) 2558.6 a 2556.6 2731.4 (<1)
ν6 (asym. bend.) 880.0 a 880.3 893.2 (7)

Ab initio values calculated at the MP2 level using the 6-311++G(2d,2p)
basis set. Vibrational intensities (km/mol) are in parenthesis.
a Ref. [69] and references there in.

wavenumbers and that the ab initio calculated spectrum correlates well with
the experimentally observed band positions. The H2S2 samples contain some
H2S, its amount varying between 10 and 50 %. The IR spectrum of H2S in
solid Ar at 7.5 K is shown in Fig. 5a and it can be distinguished easily from
the H2S2 vibration bands.
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Figure 5: The infrared spectrum of a) H2S, b) H2S2 and c) HS2 in solid Ar at
7.5 K. Trace c) is a di�erence spectrum after photolysis of H2S2 at 266 nm.
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Previous work on H2S2 in solid Ar reported tentatively that H2S2 absorbs
at 2513, 912, and 864 cm−1 [102]. Based on our results and a comparison
with the gas-phase and computational data, these reported bands probably
belong to some complexes of H2S rather than to H2S2. More interestingly,
the new bands in Ref. [102] were obtained after annealing of a photolysed
H2S/Ar sample. However, the H2S2 bands assigned in this work are visible
already in a pure H2S2/Ar sample, whereas, no similar bands to Ref. [102]
appear upon annealing of our photolysed H2S/Ar samples.

3.2 The infrared spectra of the photolysis products of
H2S and H2S2: HS and HS2

H2S possesses an UV absorption between 180 to 270 nm having a maxi-
mum near 193 nm [78]. Qualitatively, on irradiating at 193 nm, H2S pho-
todissociates e�ciently to a hydrogen atom and an HS radical [I, II]. Sulphur-
containing molecules absorb weakly infrared radiation (see Tables 3, 4 and
5) making their observation di�cult. However, luminescence spectroscopy
provides a complementary method for monitoring the photolysis products
of H2S and H2S2 [I�III]. In this section, IR spectroscopy of HS and HS2 is
focused on.

3.2.1 Infrared spectrum of HS
To identify the IR absorption of HS in solid Kr, the method of speci�c res-
onant decomposition of HS radicals is used. First, the maximum amount of
HS was produced on photolysis at 193 nm. The predissociation of HS under
UV excitation at the A2Σ+ ← X2Π transition via the 4Σ− state is blocked in
solid Kr, but the dissociation is possible by a two-photon process via vibronic
transition (0,0) at 332.5 nm, (1,0) at 315 nm, and (2,0) at 300.3 nm [I, 11].
O�-resonance radiation of HS, for example at 323.3 nm, has no dissociative
e�ect on HS. Fig. 6 presents the result of the experiment verifying the IR ab-
sorptions of HS radical in solid Kr. Fig. 6a shows the formation of HS radical
absorption at 2594 cm−1, marked with an asterisk, under photolysis (1500
pulses) of H2S at 193 nm. Resonance irradiation of HS at 300.5 nm (5000
pulses) and 315.0 nm (3000 pulses) destroys this HS absorption completely
(Fig. 6b). It is to be noted that HS luminescence also disappears completely
during the resonance irradiation. Annealing of the matrix at 30 K regener-
ates the HS radical absorption at 2594 cm−1 (Fig. 6c). The HS luminescence
is also recovered. Fig. 6d shows the result of o�-resonance irradiation at
323.0 nm (5000 pulses) which has e�ect neither on the HS absorption nor on
the observed luminescence. Further resonance irradiation at 332.5 nm (5000
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Figure 6: Identi�cation of the HS radical absorption in solid Kr. The HS ab-
sorption is marked with an asterisk (?), C is the H2S· · ·H2O complex, D is
the H2S dimer, and C' and D' are the H2O and H2S complexes of HS rad-
ical, respectively. Spectrum (a) is the UV-irradiated H2S sample and (b)
the situation after irradiation at 300.5 and 315.0 nm. The spectra (c) af-
ter subsequent annealing, (d) o�-resonance irradiation at 323.0 nm, and (e)
resonance irradiation at 332.5 nm are shown.

pulses), shown in Fig. 6e, destroys the HS absorption and luminescence com-
pletely. It is important to note that the resonance irradiation has no e�ect
on the other absorptions except on the HS absorption at 2594 cm−1 in solid
Kr. The assignment of the IR absorptions of HS in solid Ar and Kr is
shown in Table 5. In solid Xe, the HS absorption was not observed, which
can be explained by reduced decomposition of H2S due to self-limitation of
H2S photolysis [24] together with the low sensitivity in the IR detection of
HS, or conciderably faster photodissociation of HS than in solid Ar and Kr.
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Table 5: The experimental and calculated harmonic wavenumbers (cm−1) of
HS and HS2.

mode Gas Ar Kr MP2 CCSD(T)
HS ν(HS stretch) 2592 a 2607 2594 2740.1 (<1) 2660.0

HS2 ν1(HS stretch) 2463 2675.6 (<1) 2595.0
2460

ν2(bend) 904 b 903 913.0 (<1) 899.1
ν3(SS stretch) 595 b 592.5 (10) 562.3

Ab initio values calculated at the MP2 and CCSD(T) levels using
the 6-311++G(2d,2p) basis set. Vibrational intensities (km/mol)
are in parenthesis. a Ref. [105]. b Ref. [66].

In free-standing crystals of Kr, HS radical was found to have IR absorp-
tion at 2594 cm−1 [103], which corresponds to IR absorption of HS radical
assigned in this work. Furthermore, in free-standing crystals of Xe absorp-
tion at 2576 cm−1 was assigned to HS, which shows reasonable krypton to
xenon matrix shift from. In solid Ar, the IR absorption of HS is reported at
2540.8 cm−1 [102, 104] which contradicts with our assignment at 2607 cm−1.
The 2540.8 cm−1 absorption was obtained from a multimeric and complexed
matrix as judged from the H2S absorptions. Thus, it is possible that the
2540.8 cm−1 absorption is due to a complex of HS with some other matrix
impurity like N2 or H2O. The HS vibrational band found at 2607 cm−1 in
solid Ar [II] is in good agreement with the experimental gas-phase value of
2591.8 cm−1 [105] and the computed CCSD(T) value of 2660.0 cm−1. The
gas phase to matrix shift is of similar magnitude as for H2S. The blue shifts
of HS observed between the gas phase and solid Ar represent larger repulsive
interaction of HS radical than in solid Kr (see section 3.1.1 on page 16).

3.2.2 Infrared spectrum of HS2

On irradiation of H2S2 at 266 nm, the main products are suggested to
be HS, HS2, and S2. In the gas phase, the HS radical dominates the other
photoproducts [63, 64], but no IR absorption of the HS radicals were found
in solid Ar experiments neither from photolysis of H2S2 nor H2S present in
samples. As observed in the LIF spectrum, formation of HS was negligible
during the photolysis of H2S2 at 266 nm, therefore, other photoproducts are
looked for [III]. However, both S2 and H2 are IR-inactive, which leaves the
HS2 radical as the only potential IR-active photoproduct.
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In the gas phase, HS2 is found to absorb at 904 and 595 cm−1 [66]. These
bands correspond to the bending and S�S stretching modes. In solid Ar,
bands at 2463/2460 and 903 cm−1 are found after H2S2 photolysis. The lat-
ter agrees with the 904 cm−1 absorption reported for the gas-phase molecule.
Computationally, the HS2 radical is predicted to possess vibrations at 2675.6,
913.0, and 592.5 cm−1, of which the S�S-stretching at 592.5 cm−1 is the
strongest [III]. However, the MP2 level of theory can be misleading since
HS2 is an open shell molecule, which could cause di�culties at this computa-
tional level. Therefore, CCSD(T) calculations were carried out to verify the
results obtained with the MP2 method. The qualitative agreement between
the two computational levels is good (see Table 5). The harmonic CCSD(T)
lowers all the modes of HS2 and a better agreement with the gas-phase ab-
sorptions is found than in the case of the MP2 method. The gas-phase andab
initio results provide help in assigning the new absorption bands, observed
after the H2S2 photolysis, to the HS2 radical. Fig. 5c demonstrates the pho-
todissociation process. The trace in Fig. 5c is a di�erence spectrum where
the spectrum before UV irradiation is subtracted from the one after the UV
irradiation. In Fig. 5c, the negative peaks are the absorptions of H2S2 being
photodissociated. On irradiation at 266 nm, the new positive absorptions
belong to the photolysis product HS2.

3.3 Photochemistry of H2S and H2S2.
3.3.1 Photochemistry of H2S

Photolysis of H2S has been studied in the gas phase both theoretically [23,
106�112] and experimentally [78, 113�118] to a great extent. The �rst elec-
tronic absorption A1B1 � X1B1 is found to extend from 180 to 270 nm having
an absorption maximum near 193 nm [78]. The bound A1B1 state crosses
with the repulsive 1A2 state in the Franck-Condon region leading to predis-
sociation of the 1B1 via the 1A2 state [23, 108]. The main photolysis channel
is the formation of HS(X2Π3/2, 1/2) radical in the vibrational ground state
[23, 113, 114] with a cold rotational state distribution [23, 110, 112]. The
excess energy released in the photodissociation is distributed to the transla-
tional energy of the photofragments in a ratio depending on the topology of
potential energy surface and molecular weights. The secondary photodissoci-
ation channel of H2S is the formation of a sulphur atom and an H2 molecule
which has been studied experimentally by a two-photon excitation in the
285 to 297 nm region [119, 120]. However, the S+H2 channel is found to be
minor on photolysis at 193 nm [117], even though the theoretical PES does
not show enough torque on fragments to produce S and H2 [110].
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In rare-gas solids, a number of photochemical studies on H2S has appeared
[11, 15, 102�104]. In particular, H2S has been chosen as a model system to
study photodissociation dynamics in rare-gas solids [11, 15]. H2S was found
to have two photodissociation channels: H+HS and S+H2 with nearly equal
quantum yields on photolysis at 225 nm, but the H+HS channel becomes
more important on photolysis at 193 nm. The HS radical appearance has
a threshold between 242 and 248 nm in free-standing crystals of Kr [103],
which implies that minimum excess energy for the hydrogen escape would be
1.07 � 1.18 eV. The S+H2 channel is not observed in the gas phase [110, 117],
and thus, it has been argued that this channel is due to condensed-phase
e�ects [15].

In this work, the H2S/Rg samples were irradiated at 193 nm, which
leads to dissociation into a hydrogen atom and an HS radical, or a hydrogen
molecule and a sulphur atom. HS radical dissociates further to sulphur and
hydrogen atoms. In the case of the �rst products (HS+H), the HS radical
can undergo further photodecomposition into atomic fragments: hydrogen
and sulphur. This can occur by excitation at 193 nm to the repulsive 2Σ−

and 2∆ states [117]. The HS radicals are also known to predissociate under
UV excitation at the A2Σ+−X2Π transition via the 4Σ− state in the gas
phase. In Ar and Kr solids, the predissociation of the HS radicals is believed
to be blocked [11, 15]. However, the decomposition of the HS radical by a
two-photon process at 332 nm via ionic potentials in solid Kr was observed
[15]. Therefore, when considering the H2S photolysis in rare-gas solids, the
following photolytic reactions are taken into account:

H2S + hν → HS + H k1 (13)
HS + hν → S + H k2 (14)
H2S + hν → S + H2 k3, (15)

where ki denotes the corresponding rate constant. The photolysis scheme of
H2S (reactions 13 � 15) is schematically shown in Fig. 7.

Fig. 8 shows the experimental concentrations of H2S and its photolysis
products during the 193 nm irradiation in solid Ar at 7.5 K. The H2S con-
centration was deduced from IR spectrum. The sulphur atom and HS radical
concentrations were deduced from the luminescence spectra. The lumines-
cence spectroscopy of HS and S have been widely studied in solid argon and
krypton [11, 15, 121]. The A→ X emission of the HS radical between 350
and 550 nm is observed by exciting the A← X transition at 332 nm in solid
Kr [11]. The HS luminescence was observed to originate from two di�erent
complexes which are in the excited state [I, 122]. Sulphur atoms can be mon-
itored at the 1S→ 1D emission exciting close to the 1S← 3P transition. Two
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Figure 7: Photolysis scheme of H2S.

matrix sites of sulphur atoms were found with di�erent lifetimes and line-
shapes [15]. On annealing, the high-energy site is converted into the lower
energy site.

Using the photolysis of Fig. 7 (reactions: 13, 14, and 15), the di�erential
rate equations are derived as

d[H2S]

dt = −(k1 + k3)[H2S] (16)
d[HS]

dt = k1[H2S]− k2[HS] (17)
d[S]

dt = k3[H2S] + k2[HS] (18)

and integrated rate equations are

[H2S] = e−(k1+k3)t (19)

[HS] =
k1

k2 − k1 − k3

(e−(k1+k3)t − e−k2t) (20)

[S] = 1− [H2S]− [HS]. (21)
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Figure 8: Kinetics of H2S, HS, and S in 193 nm photolysis of H2S in solid Ar
at 7.5 K. The experimental concentrations of H2S, HS, and S are shown as
triangles (4), circles (◦), and squares (2), respectively. The concentrations
are normalised to one. The photolysis pulse energy is typically 10 mJ and
pulse duration is 10 ns. The solid lines represent the �tted concentrations
according to photolysis scheme.

The �tted concentration time evolution of H2S and its photolysis products are
shown as lines in Fig. 8. The agreement between the �tted and experimental
data is good. The rate constants used arek1 = 0.00215 pulse−1, k2 = 0.00068
pulse−1, and k3 = 0 in solid Ar. The corresponding values in solid Kr arek1

= 0.0019 pulse−1, k2 = 0.0011 pulse−1, and k3 = 0.
The k2/k1 ratio is 0.32 and 0.58 in solid Ar and Kr, respectively, whereas

the reported gas-phase ratio is 0.17 [117]. The enhancedk2/k1 value from the
gas phase to solid Ar and to solid Kr indicates a relative enhancement of the
HS photodissociation (reaction 14) or relative discrimination of the H2S pho-
todissociation (reaction 13). The increase in photodissociation e�ciency of
HS radical from Ar to Kr means a higher cage-exit probability for hydrogen
atom in solid Kr than in Ar. On the other hand, the decrease in photodisso-
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ciation e�ciency of H2S indicates an opposite behaviour. The reason for the
observed dissimilarity in cage exit of hydrogen atom in various solids can be
in a di�erent cage-exit mechanism in the H2S and HS photodissociation. It
is known that H2S rotates in rare-gas solids [II, 91], thus, the H2S molecule
has uncertain orientation prior to photodissociation and the hydrogen atom
can be ejected in random directions. This kind of mechanism results in a
delayed cage exit [19] where the distortion of cage consisting of heavier Kr
atoms does not happen so easily as in solid Ar. However, the HS radical
is not observed to rotate and it can be oriented so that hydrogen atom is
pointing to a cage-exit window which may be larger in solid Kr than in Ar.
This increases the cage-exit probability for the hydrogen atom and shows a
sudden cage-exit type mechanism [19].

On further analysis of the rate constants, value of k3 = 0 indicates that
reaction 15 is a minor channel in Ar and Kr. Reaction 15 describes both
direct photodissociation of H2S into S and H2 and cage-induced reaction
(22). In the latter case, the dissociated H2S forms a reaction complex of
HS and H inside the rare-gas cage which can further react to S and H2, or
regenerates the precursor as described by reaction 23.

H2S + hν → {HS · · ·H}in cage → S + H2, (22)
H2S + hν → {HS · · ·H}in cage → H2S. (23)

The relative discrimination of reaction 13 can be due to the cage-induced
recombination reaction 23. The studies of Zoval et al. [11, 15] give chan-
nels 13 and 15 with nearly equal quantum yields on irradiation at 225 nm.
The nominal cage-induced reaction forming H2+S means that photolysis at
193 nm provides enough excess energy (∼ 2.5 eV) for the hydrogen atom to
escape from the parent cage. The cage exit of the hydrogen atom is evident
from the observation of HS radicals during the photolysis. In addition to
high probability for cage exit of hydrogen atom and recombination of H2S,
the abscence of channel 15 in our studies and in the gas phase indicates
that channel 15 is induced by rare-gas cage and it can be in�uenced by the
morphology of the rare-gas solid.

3.3.2 Photochemistry of H2S2

In the gas phase, the electronic absorption of H2S2 begins at ∼ 400 nm and a
maximum is near 266 nm [62]. In �ash photolysis, H2S2 is known to produce
HS, HS2, and S2 fragments among which the HS radical is the main photolysis
product [63, 64]. The electronic absorption of the HS2 radical occurs in the
300 � 380 nm region [63, 64, 123].
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Figure 9: Photolysis scheme of H2S2.

Adapting the methods used in the photodissociation of H2S and neglecting
minor channels [III], the following photodissociation reactions of H2S2 are
considered:

H2S2 + hν → HS2 + H k1 (24)
H2S2 + hν → S2 + H2 k2 (25)
HS2 + hν → S2 + H k3, (26)

where ki denotes the corresponding rate constant. The photolysis scheme of
H2S2 is depicted in Fig. 9. Similarly to the analysis of the H2S photolysis,
the di�erential and integrated rate equations are derived for the photolysis
of H2S2 (equations 24 � 26). The di�erential rate equations are derived as

d[H2S2]

dt = −(k1 + k2)[H2S2] (27)
d[HS2]

dt = k1[H2S2]− k3[HS2] (28)
d[S2]

dt = k2[H2S2] + k3[HS2] (29)
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Figure 10: Kinetics of H2S2 (2), HS2 (•), and S2 (4) in 266 nm photolysis
of H2S2 in solid Ar at 7.5 K. The solid lines are the �tted concentrations
according to the photolysis scheme. The dotted line represents the double
exponential decay of H2S2.

and integrated rate equations are

[H2S2] = e−(k1+k2)t (30)

[HS2] =
k1

k3 − k1 − k2

(e−(k1+k2)t − e−k3t) (31)

[S2] = 1− [H2S2]− [HS2]. (32)

Fig. 10 shows the experimental concentrations of H2S2 and its photolysis
products during the 266 nm irradiation in solid Ar at 7.5 K. The concentra-
tions of H2S2 and HS2 are obtained from IR spectra and the concentration
of S2 is monitored by LIF. The B→ X emission of S2 molecule, exciting the
B← X transition, is used to track the amount of sulphur molecules, showing
vibrational progression in the 355 � 480 nm region [11, 124].
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The �tted concentration time evolution of H2S2 and its photolysis prod-
ucts is shown in Fig. 10 as solid lines using following rate constants: k1 =
0.041 min−1, k2 = 0.035 min−1, and k3 = 0.006 min−1 in solid Ar. The agree-
ment between the �tted and the experimental data is good and con�rms the
validity of the constructed photolysis scheme. The scattering of experimental
HS2 concentration points from �tted concentrations is due to low sensitivity
of the IR absorption of HS2. The small deviations of H2S2 concentrations
from simulated kinetics is discussed in Ref. [III]. These may originate from
secondary reactions of hydrogen atoms, from self-limitation of the photolysis
[24], from some unknown intermediates, or from several sites with di�erent
photolysis kinetics.

In contrast to the H2S photolysis, the cage-induced reaction (25) is found
to play a role in photodissociation of H2S2 at 266 nm. This irradiation does
not provide enough excess energy for the hydrogen atom or the HS radical
to escape from the parent cage. Another contributing channel in reaction 25
is a channel where H2S2 can dissociate directly to S2 and H2. In fact, the
cage pair can be formed in two ways: from HS2 and H (reaction 33), or from
HS and HS (reaction 34). The formed radical pairs reacts further to S2+H2.
These radical�radical reactions take place with small activation energies or
without activation.

H2S2 + hν → {HS2 · · ·H}in cage → S2 + H2 (33)
H2S2 + hν → {HS · · ·HS}in cage → S2 + H2. (34)

The cage exit of a hydrogen atom in the former pair should be more probable
than cage exit of HS in the latter reaction. If the cage exit takes place after
the �rst step of reaction 33, it turns into reaction 24 producing isolated
HS2 and a hydrogen atom. Both of these cage pairs formed upon photolysis
can recombine to the H2S2 precursor. The ratio between the two cage-induced
reactions to S2+H2 or H2S2 depends on the energetics and the orientation of
the complexes inside the cage. In reaction 34, the less probable cage exit of
HS most likely surpresses the in�uence of reaction

H2S2 + hν → 2HS (35)
in the photodissociation scheme.

In �ash photolysis, HS is known to be the main photolysis product of
H2S2 in the gas phase. However, HS is not seen on our photolysis study
at 266 nm in solid Ar. This is an indication for a low probability for the
cage exit of HS radical. For comparison, cage exit of HO radical is probable
during photolysis of H2O2 at 193 and 230 nm in solid Ar [21]. Khriachtchevet
al. [21] found a photochemical balance between H2O2 and H2O· · ·O complex,
but a similar H2S· · ·S complex was not formed in our H2S2 study.
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3.4 Photochemistry of HSO2 and cis-HOSO:
photodecomposition and photoisomerisation

Here, the knowledge of photolysis and cage exit acquired from H2S [I, II]
and H2S2 [III] experiments is applyed. By choosing a suitable precursor
(H2S) and mixing it with another molecule (SO2), the chemistry following
the photodissociation of the hydrogen containing precursor can be studied.
Moreover, using SO2 as the second component the formation processes of
HSO2 can be understood at a microscopic level and address its photo and
thermal isomerisation reactions in a controlled manner [IV, V].

Isomers of HSO2 play an important role in athmospheric and combus-
tion chemistry [125�137] and therefore, it has been of interest in many the-
oretical and experimental studies recently. The HSO2 molecule was �rst
detected experimentally by McDowell et al. using EPR spectroscopy in a
low-temperature Kr matrix [125], and they tentatively described its struc-
ture with a hydrogen atom attached to the SO2 sulphur. Two isomers of
this molecule: cis-HOSO and HSO2, were reported in the gas phase by
neutralisation-reionisation mass spectrometry [133, 135].
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Figure 11: A schematic potential energy diagram for HSO2. The calculated
energies (in kJ mol−1) are taken from Ref. [134] (italic font) and Ref. [136]
(normal font).
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The ab initio calculations show that the cis-HOSO isomer is the global
energy minimum, HSO2 is a local minimum in the potential energy sur-
face, and trans-HOSO is a �rst order transition state. All other isomers of
the same stoichiometry are higher in energy than these three lowest energy
forms. Fig. 11 shows schematic energetics of these HSO2 species according
to Refs. [134] and [136]. The ab initio calculations at the MP2 level of theory
by Qi et al. [134] and the calculations by Goumri et al. [136] using G2 theory
agree well with each other, except for the energy of cis-HOSO dissociation
to H+SO2 which is about 1.4 times smaller in the latter study.

3.4.1 Infrared spectra of isomers of HSO2

In this section, the IR spectra of HSO2 and cis-HOSO are dicussed. The
thermally induced reaction of hydrogen and SO2 and the photoinduced iso-
merisation of HSO2 to cis-HOSO are discussed in sections 3.5 and 3.4.2,
respectively. In short, in the hydrogen and SO2 containing samples, HSO2 is
formed in a reaction between thermally mobilised hydrogen and SO2 [IV,
V] and the IR absorption bands of HSO2 (Kr: 2142, 1281, 1074, 797, and
465 cm−1) are observed to appear after the photolysis and subsequent an-
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Figure 12: The infrared spectrum demonstrating the photoisomerisation of
HSO2 to cis-HOSO in solid Kr at 7.5 K.
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Table 6: The experimental and calculated harmonic wavenumbers (cm−1) of
cis-HOSO and HSO2.

mode Ar Kr Xe MP2
cis-HOSO ν1(torsion) 159.2 (132)

ν2(OSO bend) 370.1 (25)
ν3(SO str.) 776 773 767 753.3 (231)
ν4(HOS bend) 1093.4 (23)
ν5(SO str.) 1168 1164 1158 1282.7 (367)
ν6(OH str.) 3544 3525 3504 3757.7 (36)

HSO2 ν1(OSO scissors) 466 465 463 455.3 (25)
ν2(deformation) 797 789 835.2 (7)
ν3(HSO bend) 958 948 1077.6 (82)

954 946
ν4(OSO sym. str.) 1077 1074 1068 1104.0 (54)
ν5(OSO asym. str.) 1285 1281 1274 1412.0 (922)
ν6(SH str.) 2159 2147 2121 2342.7 (36)

2154 2142 2117
2139

Ab initio values calculated at the MP2 level using the 6-311++G(2d,2p)
basis set. Vibrational intensities (km/mol) are in parenthesis.

nealing at 30 and 45 K, in solid Kr and Xe, respectively. When the annealed
sample is irradiated by visible light, the HSO2 bands decrease and simultane-
ously the IR absorption bands of cis-HOSO (Kr: 3525, 1164, and 773 cm−1)
are observed to increase as demonstrated in Fig. 12.

Based on a comparison between the experimental wavenumbers andab
initio results, the observed IR absorptions are assigned to HSO2 and cis-
HOSO. The ab initio calculated and experimental IR spectra of HSO2 and
cis-HOSO in solid Ar, Kr, and Xe are tabulated in Table 6. All vibrations
that are predicted to be strong are observed, and furthermore, the experimen-
tal wavenumbers and intensities correspond well to the calculated wavenum-
bers and intensities. The assignments of HSO2 and cis-HOSO are con�rmed
by deuteration experiments. The analysis of the DSO2 and cis-DOSO spectra
shows expected isotopic shifts, predicted byab initio calculations, especially
for the D�S and D�O stretches [V]. The intensity comparison between the
calculated and the experimental values and spectra of deuterated compounds
can be found elsewhere (see Table 1 of Ref. [V]).
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3.4.2 Mechanism of photodecomposition and photoisomerisation
The formation of HSO2 in the annealing induced reaction

H + SO2 → HSO2 (36)

suggests a small energy barrier or no barrier for this reaction. This is in agree-
ment with the literature, where it is found that HSO2 can be formed without
reaction barrier from a hydrogen atom and a SO2 molecule [125, 134, 136].
On the contrary, there should be a signi�gant barrier for the

H + SO2 → cis-HOSO (37)

reaction and for the HSO2 to cis-HOSO isomerisation. Otherwise, cis-
HOSO would be generated even more in annealing than in present study.

HSO2, formed in annealing, is isomerised into cis-HOSO by visible light
the process having a threshold at 580 nm (∼ 200 kJ mol−1) [V]. Along with
the isomerisation, irradiation at 488 nm is observed to promote formation
of SO2 [IV, V]. This indicates that two photochemical processes can take
place: a direct photodissociation of HSO2 to a hydrogen atom and SO2,
and an isomerisation of HSO2 to cis-HOSO. The experimentally observed
energy range that is observed to promote the reaction andab initio calculated
energy barriers for HSO2 dissociation (∼ 60 kJ mol−1) and HSO2 to cis-
HOSO isomerisation (∼ 120 kJ mol−1) [134, 136] shown in Fig. 11, indicate
that both channels are plausible with the photon energies used.

In the isomerisation of HSO2 to cis-HOSO, two cases must be considered:
a direct isomerisation and a photoinduced in-cage reaction. Irradiation below
580 nm provides energy more than∼ 200 kJ mol−1 which is well above the
dissociation energy of the H�SO2 bond (∼ 60 kJ mol−1). On the other
hand, the barrier for HSO2 isomerisation to cis-HOSO is calculated to be
∼ 120 kJ mol−1 [134, 136]. Even though the dissociation barrier is lower
than the isomerisation barrier, and thus considered more favourable, the
e�ect of the solid environment should be taken into account. The cage exit
of hydrogen atom involves an excess energy of 1 � 1.5 eV (96 � 145 kJ mol−1)
[15, 19] which is in accord with our excess energy (∼ 140 kJ mol−1). It has
been reported that even with an excess energy of 3 eV (∼ 290 kJ mol−1),
hydrogen atoms have only a 5% probability to escape the krypton cage [20].
The photodissociation products may take several attempts before a successful
separation process occurs. In the case of HSO2, irradiation below 580 nm
dissociates HSO2 and the hydrogen atom forms an in-cage complex with
SO2 prior to their separation. If the kinetic energy of the hydrogen atom is
su�cient, separation may happen according to reaction 38. On unsuccesful



3.4 Photochemistry of HSO2 and cis-HOSO 37

cage exit, either HSO2 or cis-HOSO (reaction 39) are formed.

HSO2 + hν(< 580 nm) → {SO2 · · ·H}in cage → H + SO2 (38)
HSO2 + hν(< 580 nm) → {SO2 · · ·H}in cage → cis-HOSO. (39)

The formation of cis-HOSO from in-cage pair is justi�ed since some cis-
HOSO is generated along with HSO2 upon annealing of the UV photolysed
H2S/SO2 matrices. On isomerisation by in-cage reaction, HSO2 is dissociated
into a reaction pair which reacts to cis-HOSO isomer. Indeed, photoisomeri-
sation of HSO2 to cis-HOSO is the major channel and the photodissociation
the minor one on irradiation at 580 nm. Shorter wavelengths than 580 nm
provide more excess energy for the hydrogen atom and the probability of the
cage exit of hydrogen increases making photodissociation of HSO2 eventually
dominant.

Irradiation below 400 nm (∼ 300 kJ mol−1) photodissociates cis-HOSO ef-
�ciently [V]. There are two photodecomposition channels for irradiation of
cis-HOSO below 400 nm: formation of HSO2 and photodissociation to a hy-
drogen atom and SO2 [V]. The calculated energy barrier for dissociation is
about 200 kJ mol−1 which corresponds reasonably well to our experimental
value of∼ 300 kJ mol−1 (400 nm) taking into account required excess energy.
A direct isomerisation of cis-HOSO to HSO2 is energetically allowed [136],
the minor formation of HSO2 in the photolysis of cis-HOSO is most likely
explained by a reaction between hydrogen and SO2. In the cage-induced iso-
merisation, a contact pair trapped by cage is formed fromcis-HOSO and the
hydrogen atom that cannot escape the cage will react with the SO2 molecule
to yield either HSO2 (reaction 40) or regenerate cis-HOSO. On hydrogen
atom escape, the separation of the hydrogen atom and SO2 should be seen
(reaction 41). Indeed, some buildup of SO2 is observed and the photodisso-
ciation of cis-HOSO is the main pathway upon∼ 400 nm photolysis. With
increasing photolysis energy the direct photodissociation from HSO2 becomes
even more important than the photolysis of the intermediatecis-HOSO ob-
served at photodecomposition around threshold at 400 nm.

cis-HOSO+ hν(< 400 nm) → {SO2 · · ·H}in cage → HSO2 (40)
cis-HOSO+ hν(< 400 nm) → {SO2 · · ·H}in cage → H + SO2. (41)
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3.5 Thermal mobility of atoms and fragments
During annealing of fully photolysed H2S matrices, dominant recovery of
HS radicals was observed based on the LIF and IR spectra, and minor re-
covery of H2S was also recorded [I, II]. In the UV photolysed H2S matrices,
the �nal photolysis products are hydrogen and sulphur atoms, and hydrogen
molecules. In the following annealing of the matrices, the hydrogen atoms
become mobile featuring global migration at 30 and 45 K in solid Kr and
Xe, respectively. A mobile hydrogen atom reacts with another hydrogen or
sulphur atom forming a hydrogen molecule or an HS radical, respectively.

H + H → H2 (42)
H + S → HS. (43)

The HS radical reacts further with a mobile hydrogen atom forming an H2S or
H2 molecule and a sulphur atom.

H + SH → H2S (44)
H + SH → H2 + S. (45)

Correlation between the decrease in the amount of sulphur atoms and the
increase in the concentration of the HS radicals was monitored by LIF [I]. The
annealing induced formation of the HS radicals is observed to begin at about
20 K in solid Kr. This temperature is not su�cient to activate the global
migration of hydrogen atoms [40]. The formation of the HS radicals at 20 K
in solid Kr is a clear indication of the short-range separation of the hydrogen
atom from sulphur atom on photolysis at 193 nm. Local mobility of hydrogen
atoms is also evident. At higher annealing temperatures, close to 30 K,
where the global mobility of hydrogen atoms takes place, the luminescence
of HS radicals is recovered more e�ciently. During the 30 K annealing,
about 50% of the sulphur atoms are recovered as HS radicals and the other
half remains as sulphur atoms. Whereas in 20 K annealing, about 10% of
the sulphur atoms are recovered.

Further evidence on thermal mobility of hydrogen atoms in UV photol-
ysed rare-gas matrices is the formation of rare-gas molecules [25, 28, 41, 42,
138] which has been employed succesfully in the study of annealing induced
hydrogen mobility in solid Xe [139]. Especially, in this study, the HXeSH
molecule is formed in annealing of UV photolysed H2S/Xe matrices [138].

Another manifestation of the global migration of hydrogen atoms is the
formation of HSO2 on annealing of the photolysed H2S/SO2 matrices [IV, V].
H2S is observed to photodecompose into a hydrogen atom and an HS radical
on photolysis at 193 and 245 nm. The HSO2 molecule is formed on annealing
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at 30 and 45 K in solid Kr and Xe, respectively. These temperatures are
su�cient to promote the global migration of hydrogen atoms [40]. However,
the observed signi�cantly smaller production of HSO2 in solid Ar than in Kr
or in Xe is explained by a lack of global mobility in solid Ar [26], thus, the
photodissociation is considered to be local.

In addition to the photoisomerisation of HSO2 to cis-HOSO, some amount
of HSO2 is decomposed to hydrogen atoms and SO2 on irradiation at below
580 nm [IV, V]. In subsequent annealing to 23 K in solid Kr some of the
HSO2 is recovered. Also, in photodecomposition ofcis-HOSO on irradiation
below 400 nm, hydrogen atoms and SO2 are produced [IV, V]. On subse-
quent annealing, formation of HSO2 is observed at 23 and 30 K in solid Kr
and Xe, respectively. These temperatures do not promote the global mi-
gration of hydrogen atoms indicating an initial short-range separation of the
photofragments and local mobility of hydrogen atoms. The short-range sepa-
ration of a hydrogen atom and an SO2 molecule in the photolysis of HSO2 and
cis-HOSO, and the following reaction due to local mobility of hydrogen atom
on low-temperature annealing are describe as

HSO2 + hν(< 580nm) → {SO2 · · ·H}close pair (46)
{SO2 · · ·H}close pair → HSO2, T (47)

cis-HOSO+ hν(< 400nm) → {SO2 · · ·H}close pair (48)
{SO2 · · ·H}close pair → HSO2, T (49)

where annealing temperature (T) is 23 K in solid Kr and 30 K in Xe.
In the resonant photodecomposition of the HS radical, maximum amount

of HS was produced which is about one half of the amount of H2S. On
further irradiation at 300.5 and 315.0 nm, all HS decomposes in solid Kr [II].
On subsequent annealing at 30 K, all or almost all of the HS radicals are
recovered as is evident in the IR spectrum (see Fig. 6) and the luminescence
spectrum [II]. If the recovery of the HS radical took place during global
migration of the hydrogen atoms, greater loss of hydrogen atoms would be
expected. Thus, the recovery of HS radicals occurs at temperatures where
local mobility of hydrogen atoms is dominant.

On annealing of photolysed H2S matrices, some formation of S2 is ob-
served [I]. This indicates thermal mobility of sulphur atoms. The sulphur
atoms may be separated in some nearby sites during the photolysis. During
subsequent annealing thermoluminescence of S2 is observed, which indicates
mobility of sulphur atoms and recombination reaction to S2. On photolysis
of S2 at 193 nm, the sulphur atoms are separated in geminate vicinity in solid
Ar [27]. A low-temperature annealing below 15 K is su�cient for recover the
S2 molecule indicating short-range mobility [27].
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4 Conclusions
This thesis employed spectroscopic methods to study the photodissociation
processes of small sulphur containing compounds (H2S, H2S2, and HSO2),
and thermal reactions of hydrogen atom in solid rare-gases. The charac-
teristic e�ect of the solid environment on spectra and the photodissociation
processes of these species, and on the annealing induced mobility of atoms
was evaluated.

Several methods were employed simultaneously to interpret the infrared
spectra of the species studied by combining experimental and computational
results. IR spectra of several small sulphur containing species were reas-
signed or measured for the �rst time. E�ect of the solid environment on
the spectroscopy was observed in the IR �ne structure of H2S which is sug-
gested to originate from vibration-rotation transitions where the rotation of
a molecule is distinctly a�ected by the solid environment. Here, H2S2 and
HSO2 isomers are characterised by IR absorption spectroscopy for the �rst
time in solid rare-gases. Additionally, the infrared spectra of photodissocia-
tion products of H2S and H2S2 were studied. The IR absorption of HS radical
was reliably identi�ed with simultaneous LIF and IR measurements where a
correlation between the luminescence and IR absorption of HS radical was
found. On photolysis of H2S2 at 266 nm the emerged IR absorptions were
assigned to HS2 radicals.

In rare-gas solids, photolysis of H2S at 193 nm show similar characteris-
tics as in the gas phase. The main photodissociation channel of H2S is the
formation of a HS radical and a hydrogen atom, whereas the cage-induced
reaction to a sulphur atom and a hydrogen molecule is not observed. The ab-
scence of the cage-induced reaction is due to the morphology of solids, higher
excess energy, the high cage exit probability of hydrogen atom, and the high
recombination probability of H2S on photodissociation. However, during the
photolysis of H2S2 at 266 nm, the in�uence of the solid is evident and two
dissociation channels were observed: the formation of an HS2 radical due to
the escape of the hydrogen atom from the cage and the formation of S2 and
H2 molecules. The latter reaction involves most probably a cage-induced re-
action of either two HS radicals, or a reaction of HS2 and a hydrogen atom.
However, the HS radical, relevant in the gas-phase photolysis, was not seen
due to its improbable escape from the cage.

The photoprocesses of HSO2 are summarised in Fig. 13. Photolysis of
mixtures of H2S and SO2 at 193 nm in solid rare-gases produces di�erent
HSO2 isomers, of which the formation of HSO2 is the main channel upon
annealing. Formed HSO2 molecule is photoisomerised to cis-HOSO at wave-
lengths below 580 nm, but the photodissociation channel becomes the dom-
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Figure 13: Photoprocesses of HSO2. Annealing temperatures (T) are 27, 30,
48 K for solid Ar, Kr, and Xe respectively. The bold arrows represent the
main channels.

inant channel at increased photon energies. The photoisomerisation process
can be reversed by irradiating the cis-HOSO molecule by light shorter than
400 nm which also promotes the photodissociation of cis-HOSO to SO2+H
which is observed to be the major channel.

In the photodissociation of HSO2 by visible light and near UV photodisso-
ciation of cis-HOSO, the cage exit of a hydrogen atom has two consequences:
separation of photoproduced fragments and in-cage photoisomerisation reac-
tion. In these experiments, the irradiation of HSO2 and cis-HOSO provides
enough excess energy for the hydrogen atom to leave the rare-gas cage and
it can simultaneously isomerise HSO2 and cis-HOSO. The mechanism for
isomerisation remains to be con�rmed. Whether the isomerisation is a di-
rect one or it involves a cage-induced reaction is still an open question that
could not be given a speci�c answer based on these experiments. At least, it
can be stated that the rare-gas cage enhances the probability of a reaction
of the photodissociation fragments providing a new mechanism for the iso-
merisation process compared to the gas phase where the photodissociation
fragments are separated by the kinetic motion and the reaction pair is bro-
ken. In solids the reaction pair is held together by the cage for a longer time
providing more favourable conditions for the isomerisation reaction to take
place.
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The global and local mobilities of hydrogen atoms are evident in several
of the systems studied. The global mobility of hydrogen atoms was utilised to
generate HSO2 in the photolysed H2S/SO2 matrices. In addition to HSO2, a
minor amount of cis-HOSO is formed in this process. Similarly, in photolysed
matrices of H2S, the formation of the HS radical and the recombination of
the H2S molecule were found to occur below temperatures which promote
global migration of hydrogen atoms. This indicates local mobility of hydrogen
atoms in the matrices, and probably most of the photofragments formed upon
precursor photolysis are coordinated in close-contact pairs even though they
do not form chemical species evident in recorded IR spectra.

The local mobility of atoms was studied by annealing induced regener-
ation of the HS radical at 23 and 30 K in solid Kr and Xe, respectively,
after selective photodecomposition of HS radical. In addition, HSO2 and
cis-HOSO molecules were photodecomposed at wavelengths above 580 and
400 nm, respectively, to a hydrogen atom and an SO2 molecule at close vicin-
ity to each other. This close-contact pair reacts to form HSO2 upon annealing
at temperatures promoting local movement of hydrogen atoms.

Dynamical processes are found to be in�uenced by the solid environ-
ment. Spectroscopic properties of all the molecules studied show characteris-
tic changes in comparison to the gas phase. Furthermore, photodissociation
of molecules is a�ected by the solid media. On photodissociation, some chan-
nels that are important in the gas phase are not seen in solids at all and new
channels become important. For example, photofragments produced in rare-
gas cage are forced to react with each other to form photoproducts that are
not accessed in the gas phase. Solid environment is also seen to stabilise
photofragments and in the following annealing mobile hydrogen induces re-
actions that are of great interest.
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