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Abstract 

The spectroscopy and the chemical dynamics of atoms and small molecules 
in solid rare gas matrices are studied in this thesis. The many-body nature 
of the surrounding solid environment causes effects on the spectroscopy and 
chemistry of the species embedded in the solid environment. These effects 
may lead to very different behaviour than expected according to the gas 
phase results. For example, the reaction between two thermally mobilized 
hydrogen atoms in solid xenon is hindered by an energy barrier, and reaction 
products other than molecular hydrogen are favored. Not only the reactions 
between atoms or molecules, but also their photochemistry is greatly affected 
by the solid surrounding. 

The first half of the present thesis summarizes the studies of the novel 
rare gas compounds and the second half is dedicated to the studies of formyl 
fluoride and its dimers. 

The electronic absorption spectra of the thermal reaction product mole
cules HXeY (Y = Cl, Br, I, CN, SH, OH, or H) were measured in solid xenon. 
A broad and structureless UV absorption is characteristic of these molecu
les. Quantum chemical calculations were carried out in order to support the 
spectral assignments. A kinetic model was used to simulate the reactions of 
thermally mobilized hydrogen atoms. The experimental evidence and com
putational predictions of the HXeSH- • • H2S complex are also discussed. 

The studies of formyl fluoride were focused on its photodissociation 
and dimerization. Four stable dimer structures were found computationally, 
and an experimentally observed blue shifted C-H stretching vibration was 
assigned to a formyl fluoride dimer containing a double -CH-O- hydrogen 
bond. The photodissociation of formyl fluoride is affected by the cage effect of 
the surrounding solid. This effect prevents the separation of the photoprod
ucts and thus in-cage dynamics dominates. In-cage reactions yielded mainly 
molecular complexes between CO and HF. Computational predictions were 
made to rationalize the observed photodissociation of the complexes between 
CO and HF in solid krypton and xenon. 
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Chapter 1 

Introduction 

This thesis summarizes the results of four articles included at the end of the 
thesis and referred to as Papers I, II, III, and IV. The published articles 
cover three different topics. The connecting link between these studies is the 
chemical kinetics of small molecules in solid rare gas matrices, and matrix 
isolation combined with optical spectroscopy has been utilized throughout 
the studies. 

Electronic absorption spectra of novel rare gas compounds were studied 
in Papers I and II. The photodissociation of formyl fluoride in rare gas matri
ces was studied in Paper III, while the structure and the infrared spectrum 
of formyl fluoride dimer were studied in Paper IV. 

Some previously unpublished results have been included in the following 
discussion, in order to deepen the current understanding of the topic. Next, 
a brief introduction to current topics and the methods used is given, and 
then the results from Papers I-IV are presented and discussed. 

1.1 Matrix isolation 

Matrix isolation (MI) is an experimental method, which was initially devel
oped to provide experimental conditions for spectroscopic studies of reactive 
and unstable species [I]. The basic idea of this method is to preserve the 
compound under interest (guest) in a solid medium (host). Typically, a large 
excess of the host is used to ensure that the quests are surrounded by the 
host only. In the solid environment the guest species are prevented from 
diffusion and are therefore prevented from undergoing bimolecular reactions, 
except with the host. In other words, the trapped guest species are caged by 
the surrounding host atoms [2, 3]. 

Practically, experimentalists are often urged to find systems where the 

1 
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guest-to-host interactions are as weak as possible, so that the properties of 
the species under interest are not significantly changed by this interaction. 
In order to provide a weak guest-to-host interaction, inert hosts, such as rare 
gases from neon to xenon or nitrogen, are frequently used. The solidification 
of rare gases or nitrogen requires low temperatures; typically 6 - 70 K are 
required. These hosts have the advantages of being transparent throughout 
the UV-visible and the mid-lRregion [2, 3). This is an obvious and necessary 
requirement for the utilization of optical spectroscopy. In addition to optical 
spectroscopy, magnetic spectroscopy can be also used with the matrix isola
tion technique [2, 4). Reactive hosts are sometimes used to study reactions 
between the host and the guest or species generated within the matrix [2). 

Rare gas solids possess a cubic closed-packed structure with a face cen
tered cubic (FCC) unit cell. The guests are trapped in rare gas solids in well 
defined trapping sites, the size and geometry of which are dictated by the 
chemical nature and geometry of the guests and the host. Three different 
trapping sites, substitutional, interstitial, and defect sites, are often assumed 
to be available to trapped atoms and molecules. A substitutional site is 
formed when one or more host atoms are replaced by the trapped species. 
In interstitial trapping the guest is located at an octahedral or tetrahedral 
site. The short nearest neighbor distance in octahedral sites favors trapping 
of single atoms, or small molecules such as hydrogen fluoride, at these sites. 
Since the commonly used methods to grow solid matrices produce more or 
less ideal crystals, the defect sites are also possible trapping sites. However, 
very sharp vibrational bands of trapped molecules can be regarded as evi
dence for well-defined trapping sites. Typically the size and the geometry 
of the trapping site prevents molecular rotation, except for small molecules, 
where only the lowest rotational states are populated at low temperatures 

[3, 5). 
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1.2 Dynamics of Photodissociation 

The photon-induced dissociation of a single small molecule in the gas phase 
can be initiated by a direct electronic excitation onto a dissociative potential 
energy surface (PES), where dissociation takes place. Alternatively, dissoci
ation may proceed via a bound electronically excited state (predissociative 
state), if there exist an intersection between the bound and dissociative PESs, 
or if there exists a region of avoided crossing of two PESs [6]. If molecular 
impurities are embedded in a solid environment, more processes have to be 
considered. The electronic excitation of the host itself or a guest-host pair 
may be followed by photodissociation of a molecular impurity [7]. An elec
tronic exitation of a solid xenon host to excitonic bands and subsequent 
trapping of free excitons into the molecular site have been characterized as a 
dissociation mechanism of N2O in a xenon matrix [8]. Harpoon reactions are 
well studied examples of molecular photodissociation initiated by the excita
tion of a guest-host intermolecular charge-transfer transition in a solid xenon 
matrix [9-11]. A photochemically induced intermolecular electronic energy 
transfer of geminate guests can also provide a photodissociation pathway for 
molecular guests [12]. 

Although a molecule is excited above its dissociation limit in a solid 
matrix and dissociation is assumed to take place, the matrix cage effect 
has a substantial effect on the photodissociation dynamics of a molecule [7]. 
Hence, the matrix cage effect has to be considered when photodissociation 
dynamics of trapped molecules is studied. 

1.2.1 Matrix cage effect 

The matrix cage effect arises from the rigidity of the low-temperature matrix, 
and it influences the reaction pathway. The cage effect can be understood as a 
potential barrier around the trapped species formed by the surrounding host 
atoms. When two species are generated in a matrix cage by photodissocia
tion, the new species have the possibility to leave the cage, react in the cage, 
or stay in the cage unreacted [7, 13]. Photodissociation consumes a portion 
of the energy of the photon, and the difference between the dissociation en
ergy and the photon energy is called the excess energy. The excess energy is 
shared between the fragments and it is distributed among electronic, kinetic, 
vibrational, and rotational degrees of freedom after the photodissociation. If 
the species have enough excess energy after the photodissociation, there are 
generally two mechanisms for the cage exit, i. e. the permanent separation 
of the photochemically generated species. If a species has enough kinetic en
ergy it can blast out from the cage, either directly by displacing host atoms 
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or through an area of low energy barrier, a cage window. Alternatively, the 
kinetic energy can be used to distort the surrounding cage and to open a 
new cage window, a region of lower potential barrier. Two direct cage exit 
mechanisms are referred to forced and sudden, respectively, while the latter 
is delayed [7]. An excess energy above 4 eV is needed for forced cage exit, 
while an excess energy of ~ 1.8 eV is sufficient for sudden cage exit of hydro
gen atoms in argon and krypton matrices. A delayed cage exit of hydrogen 
atom is considered to happen at excess energies below 1.7 eV. In a xenon 
matrix the cage exit of hydrogen atoms takes place at an excess energy of 
~1.3 eV [7, 14-16]. 
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1.3 Rare gas chemistry in rare gas matrices 
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Rare gases are often considered as inert in general text books, although their 
capability to form chemical bonds with other elements was well demonstrated 
during the last century [17]. A new era started for rare gases in 1962, when 
Bartlett introduced the first stable rare gas containing compound XePtF 6 

[18, 19]. After Bartlett's successful experiment, an entire family of rare gas 
containing compounds has been introduced, not only in the gas and liquid 
phases, but also in low temperature matrices [17]. 

In this thesis, the main interest is focused on novel rare gas compounds 
in rare gas matrices. A good introduction to this issue can be found in the 
recent reviews of Refs. [20], [21], and [22]. The pioneering experiments in 
this field have been carried out in Helsinki by the Rasanen group, which 
for the first time characterized the novel rare gas containing molecules of 
type HRgY (or DRgY), where Rg was krypton or xenon and Y typically an 
electronegative atom or molecular fragment, such as Cl, Br, I, CN, SH, or 
OH, in low temperature rare gas matrices [23-26]. As distinct from a typical 
form of HRgY, where Y is electronegative, two hydrogen atoms can react 
with a xenon atom and form the HXeH molecule [27]. 

Since the discovery of HRgY type molecules, a number of low tempera
ture molecules containing xenon and krypton, including so called organoxenon 
compounds, such as HXeCCH [28], have been prepared and characterized in 
rare gas matrices [22]. Subsequent studies in argon matrix revealed the chem
ical activity of argon atoms; the first chemically bound argon compound, 
HArF, was observed by the Rasanen group [29]. A more extreme breakdown 
of chemical inertness was theoretically established when the HHeF molecule 
was predicted to be metastable [30-32]. HHeF is excepted to remain stable 
in solid helium at pressures well above 23 GPa [33], and its stabilization by 
complexation with Xe atoms has been discussed later [34]. 

The preparation of novel rare gas molecules is related to photodisso
ciation of a suitable precursor molecule in a suitable matrix, for example 
hydrogen halides in a xenon matrix [22]. The photodissociation leads to 
a separation of hydrogen and halogen atoms as long as the temperature is 
kept below the thermal mobilization temperature of hydrogen atoms in solid 
xenon. When the temperature is raised to ea. 45 K, hydrogen atoms become 
thermally mobile in solid xenon [35-39]. The mobile hydrogen atoms can 
then attack the Xe end of the XeY pair (Y = e.g. halogen or hydrogen) and 
form a HXe Y compound. 

A general feature of the rare gas molecules is their structure of form 
HRgY (Rg = Ar, Kr, or Xe), where Y is an electronegative atom or hydrogen 
atom, a molecular fragment such as CN radical, or a hydrocarbon radical such 
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as CCH in the HXeCCH molecule (22]. The bonding in HRgY is ionic, and 
can be described as (HRg)+y-, where Y has a negative partial charge and 
the covalently bound HRg fragment has a positive partial charge. The inter
action between HRg+ and y- is mainly Coulombic attraction [23, 27, 40, 41]. 
Since the HRgY rare gas molecules have extremely intense IR absorptions of 
the H-Rg stretching mode, the experimental observations of these molecu
les have been based on IR spectroscopy and supporting quantum chemical 
calculations (22]. 
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Besides isolated molecules, the trapped species in solid matrices can be molec
ular aggregates. The MI technique has been widely used to study the spec
troscopic properties of such aggregates [2, 3, 5]. The advantage of MI is that 
the weak guest-host interactions make the guest-guest interactions more 
important. In fact, the weak guest-host interactions can be regarded as a 
weak solvent effect. In a solid matrix the vibrational bands of aggregates 
are substantially narrowed in contrast to the liguid phase; this makes the MI 
vibrational spectroscopy a superior technique. In contrast to the gas phase, 
the MI technique enables the use of low temperatures, which is necessary 
in the study of weak interactions. Many weakly bonded systems, including 
systems that are unstable at room temperatures, can be studied well in low 
temperature matrices. In this thesis, hydrogen-bonded formyl fluoride com
plexes were studied in Paper IV. The general features of hydrogen bonds are 
presented below. 

1.4.1 Hydrogen bonded complexes 

A hydrogen bond can be described as an interaction within a � 
bound X -H pair, where X is electronegative relative to H, and Y, which 
possesses lone-pair electrons or polarizable 1r-electrons. Shortly, it is a bond 
between electron-deficient hydrogen and a region of high electron density 
of the form X-H• • • Y [42]. Many complexes are often classified as van der 
Waals- or hydrogen-bonded, but this classification is not unambiguous,'sFnce 
hydrogen bonds resemble a wide variety of interactions. The strongest hyd
rogen bonds are mostly covalent, while weak hydrogen bonds are close to van 
der Waals binding. 

A theoretical interpretation of a hydrogen bond can be realized as a 
sum of different contributions to the hydrogen bond wavefunction. First 
interpretions based on the valence bond theory and five contributions from 
the valence bond picture is adopted: 

,T, _ ,T,(covalent) + ,T,(ionic) + ,T,(CT) 
"' HB -C1 "'x-H C2 "' x--H+ C3 "' x --H, .. y+ 

,T,(ionic) ,T,(CT) 
+ C4 "' x+-H-

+ 
C5 "' x-H- ... y+ ' (1.1) 

where the contributions are covalent, ionic, and charge transfer (CT) and 
cofficients ci are found by energy minimization. The electrostatic part of the 
wavefunction, w(ionic), contains a large contribution to the hydrogen bond
energy [42]. This idea of energy decomposition can be extended; in a widely 
used energy decomposition method the total intermolecular interaction en-



8 CHAPTER 1. INTRODUCTION 

ergy is decomposed into electrostatic (ES), polarization (PL), exchange re
pulsion (EX), charge transfer (CT), and coupling terms (MIX) [43]: 

(1.2) 

The importance of each energy term depends on the type of the hydrogen 
bond. For strongly ionic hydrogen bonds the ES and CT terms are the 
most important ones; for moderately strong hydrogen bonds in which the 
proton donor and the proton acceptor are neutral ES is the most important 
term for the energy, while CT has a smaller contribution to the energy but 
a significant contribution to the electron distribution in the X-H region. 
The CT contribution comes mainly from a a-type charge transfer from the 
proton acceptor (Y) to the proton donor (X-H). Polarization is the largest 
contributor to the charge redistribution in molecules. 

The a-type charge transfer from Y to X-H increases the electron density 
in the antibonding orbital of X-H, and is assumed to cause a weakening 
of the covalent X-H bond [44]. However, this is not a fully satisfactory 
explanation, because changes in the electron distribution in a single molecular 
orbital can be very small and yet cause a substantial charge transfer [45]. A 
weakening and concomitant lengthening of the bond leads to a red-shift of 
the X-H stretching vibration. For a long time this was considered as an 
exclusive property of the hydrogen bond, but nowdays a large number of 
hydrogen bonded complexes are known where the X -H bond strengthens 
upon the hydrogen bond formation, while the stretching frequency is blue
shifted [44, 46]. Although there has been a debate about the origin of the 
blue-shift, it has been demostrated that there is no fundamental difference 
between hydrogen bonds showing blue- or red-shifts of the X-H stretching 
vibration [46]. 



Chapter 2 

Methods 

2.1 Experimental methods 

The preparation of samples is relatively straightforward in the matrix isola
tion technique sample since the guests are typically volatile. Thus, the host 
and guest can be mixed in the gas phase using partial pressures to achieve 
the desired mole ratio between the host and guest gases. The mole ratio is 
called matrix ratio, and it was typically within the range (guest/host) 1/100 
- 1/10000. The gas mixture was then deposited onto a low-temperature
substrate to form a low-temperature matrix. In the present investigation,
low-temperature substrates CsI, quartz and MgF2 were used and the gas
was condensed with a typical flow rate of 0.5-1.0 mmol/h. Typically, de
position temperatures between 10-55 K were used and maintained with a
closed-cycle helium cryostat (APD Cryogenics, DE-202). The higher the de
position temperature, the better optical quality of matrix is achieved, but
higher deposition temperatures favour the formation of multimers. Thus,
a compromise between the deposition temperature and the optical quality
is needed. A good optical quality is very essential for VUV, UV and VIS
absorption measurements, because scattering of light is stronger at shorter
wavelenghts. The reason why multimers are formed at higher temperatures
is due to the softening of the matrix-material which allows the diffusion of
the doped molecules, resulting in aggregation of these molecules.

Fourier-transform infrared (FTIR) spectroscopy and VUV-VIS absorp
tion spectroscopy were combined with the MI technique in order to char
acterize atoms and molecules and their spectroscopy in rare gas matrices. 
The advantages of FTIR and VUV-VIS absorption methods are related to 
the softness of the methods and their synchronous use, which enables data 
collection from the same sample on the same experimental stage by both 

9 
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methods. In this context the softness of a method means that the collec
tion of spectroscopic information does not destroy the sample or affect its 
chemistry. The FTIR measurements were carried out with a Nicoled Magna 
760 spectrometer equipped with a HgCdTe detector and a KBr beamsplitter. 
The spectral resolution was 0.125 or 0.5 cm-1. UV(VUV)/VIS measuments
were carried out with a simple setup composed of a light source (Drlamp 
(Cathodeon VOl or Beckmann) or Xe-lamp (Oriel)), a spectrograph (Oriel 
MS125 or Acton SP150), and a CCD (Princeton Instruments) or ICCD (Ac
ton) camera as a detector. Typically, the UV spectra were collected without 
any additional optics; if necessary, one collecting lens was used to focus the 
light to the spectrograph slit. ArF (Lambda Physik, Optex), KrF (Lambda 
Physik, Optex), and XeCl (Estonian Academy of Sciences, ELl94, ELl76E) 
excimer lasers and discharge lamps (Xe, D2) were use to irradiate samples 

2.2 Computational methods 

Quantum chemical calculations were used in Papers I, III, and IV to de
scribe the molecular properties and to support spectroscopic assignments. 
The geometries, vibrational properties, and excited states were computed 
by ab initio methods implemented in the Gaussian [47], MOLPRO [48], 
and GAMESS (US) (49] software packages. The methods used are well de
scribed in the literature, and a short description of the methods is given 
below [50, 51]. 

Quantum mechanics is needed, for describing the electronic structure 
of molecules in detail. Quantum mechanical methods are based on solving 
the time-independent Schrodinger equation 

H\Ji(r;R) = E\Ji(r;R), (2.1) 

where His the Hamilton operator of the system, \Ji(r;R) is the wavefunction 
of electronic (r) and nuclear (R) coordinates within the Born-Oppenheimer 
(BO) approximation. However, there is only one molecular system, namely 
Ht, for which the Schrodinger equation can be solved exactly. The difficulty 
in solving 2.1 arises from the complexity of the electron-electron potential 
energy in a many electron system. This problem can be overcome by the 
Hartree-Fock (HF) approach, in which the electron-electron potential en
ergy is described by the motion of one electron in the average electric field 
due to all the other electrons and nucleus. This is done by introducing the 
Fock operator, which accounts for the electron motion in the average electric 
field. The total wavefunction in the HF approach is the product of one
electron wavefunctions (spin orbitals), in which the antisymmetry require-
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ment is fulfilled by constructing the wavefunction from Slater determinants. 
An iterative solution of the Schrodinger equation within the HF approach can 
be obtained by the self-consistent-field (SCF) method. In this procedure trial 
spin orbitals are used to formulate the Fock operator. The HF equations are 
solved and a new set of spin orbitals are generated, and they are then used 
to formulate new Fock operator equations. This is repeated until a satifac
tory convergence is obtained. Since the HF approach neglects instantaneous 
electron-electron interactions, it neglects quantum mechanical effects on the 
electron distribution. In other words, the HF approach ignores electron cor
relations. Thus, in order to increase the accuacy of calculations, electron 
correlation methods need to be utilized. Such methods include configuration 
interaction (CI), the M0ller-Plesset perturbation theory (MP), and coupled 
cluster (CC). The HF wavefuntions are used as a starting point for post-HF 
electron calculations including electron correlation. 

In the Cl theory, a single HF Slater determinant can be used to gen
erate singly (S), doubly (D), triply (T)... excited determinants, and the 
trial wavefunction is written as a linear combination of ground and excited 
determinants 

Wcr = ao<fJHF + L as</Js + L an</Jn + L aT<fJT + · · · = L ai</Ji, (2.2)
S D T 

where ai is the cofficient for determinant </Ji, and I: ai</Ji sums over all excited 
i 

determinants i, (i = 0 corresponds to the ground state). The cofficients ai are 
found by minimizing the energy. Computational resources and the size of the 
system set limits to the applicability of the Cl theory, and the sum in equation 
2.2 has to be truncated. At the CIS level of theory, only the singly excited de
terminats are included, and at the CISD level both singly and doubly excited 
determinant are included. The Cl method can be used to describe the prop
erties of excited states. Since the first (lowest) eigenvalue of the Schrodinger 
equation represents the ground state of the system, the second eigenvalue 
corresponds to the first excited state. The simplest approach is CIS, where 
only singly excited determinants are employed. The CIS method is used in 
Paper III to estimate electronic excitation energies of molecular complexes. 
Alternatively, equation-of-motion coupled cluster (EOM-CC) [52] or time
dependent density funtional theory (TD-DFT) [53J were used to estimate 
vertical excitation energies. More accurate methods were used to calculate 
excited states in Paper I, in which multi-configuration self-consistent field 
(MCSCF) calculations were used to describe the ground and excited state 
orbitals, and multi-reference configuration interaction (MRCI) calculations 
with the MCSCF orbitals were used to describe the ground and excited states 
of a system. 

i
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When the size of the system increases, more computational resources 
are needed. One of the common electron correlation methods is based on 
the M0ller-Plesset perturbation theory. The Schrodinger equation can be 
written in the frame of the many-body perturbation theory as 

(Ho+ >-.H') w = Ew, (2.3) 

where Ho and H' are the unperturbed Hamilton operator and a small per
turbation, respectively, and >-. is a parameter determining the strength of the 
perturbation. In the MP theory H0 is treated as a sum over one-electron Fock 
operators. Wavefuntions and energies can be expanded as Taylor expansions 
in the powers of the parameter >-.. The truncation of the Taylor series deter
mines the level of the MP theory. The first order MP theory gives the HF 
energy, and the electron correlation starts at second order. The acronym for 
the M0ller-Plesset perturbation theory is MPn, where n = 2,3, ... defines 
the order of the perturbation. Since the accuracy of electron correlation is 
quite satisfactory and its computational requirements are often lower than in 
the corresponding Cl and CC methods, MP2 is commonly used to calculate 
structures and vibrational properties of larger systems [54]. The MP2 theory 
in utilized in Paper IV in order to find structures and vibrational properties 
of molecular complexes. 

Basis sets are used to construct molecular orbitals from well-behaving 
functions. According to the molecular orbital theory, a linear combination 
of atomic orbitals is used to describe a molecular orbital. Gaussian type 
orbitals are commonly used in electronic structure calculations due to their 
computational efficiency. A split-valence 6-311 ++G** basis set was used in 
Paper III and Paper IV for hydrogen, carbon, oxygen, and fluorine [55-57]. 
In Paper I, an augmented correlation consistent polarized valence double 
zeta (aug-cc-pVDZ) basis set was used for hydrogen [58], while halogens and 
xenon were treated with an effective core potential (ECP), and only valence 
electrons were described explicitly [59-61]. 



Chapter 3 

Results and discussion 

3.1 Novel rare gas compounds 

3.1.1 Electronic absorption spectra 

The photodissociation of hydrogen halides, HCl, HBr, and HI, as well as 
HCN, H2S, H2O and H2CO, in a xenon matrix and, especially, the electronic 
absorption spectra of the thermally induced products, are studied in Papers 
I and II. 

The preparation of novel rare gas compounds is described in Chapter 
1.3. Briefly, it can be simplified as a reaction between the thermally mobi
lized hydrogen atoms and XeY (Y = e.g. a halogen atom) pair. Hydrogen 
and halogen atoms can be easily produced in rare gas matrices by photolyz
ing hydrogen halides at photon energies sufficient for photodissociation and 
subsequent cage exit. Figure 3.1 shows the UV-absorption spectra of UV 
irradiated hydrogen halide-doped xenon matrices. After photolysis, the ab
sorptions of halogen-xenon charge-transfer (10] and the caged hydrogen atom 
[62, 63] were observed due to the photodissociation of the hydrogen halide 
molecule. After extensive photolysis, the temperature was increased to 45-50 
K, at which diffusion of H atoms take place in solid xenon [35-39]. Upon 
annealing the absorption of caged hydrogen atoms disappeared and the in
tensity of the halogen-xenon charge transfer absorption was reduced by ea. 
30 % due to the reaction of the thermally mobilized hydrogen atoms with 
the XeY pairs to form HXeY molecules (Fig. 3.1). The broad and structure
less UV absorptions of HXeCl, HXeBr, and HXeI were assigned according to 
their correlation with the known IR absorptions (23]. 

Interestingly, the regeneration of HY via reaction H + Y-----, HY was ob
served to be a minor loss channel for hydrogen atoms. This means that ea. 
70 % of the initially formed hydrogen atoms disappeared via different routes. 

13 
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Figure 3.1: Electronic absorption spectra of HCl/Xe (top), HBr/Xe (mid
dle), and HI/Xe (bottom) matrices: (a) after UV photodissociation of pre
cursor, (b) after annealing at 45-50 K. Spectra measured from a free standing 
xenon crystal are marked with an asterisk. The weak absorption of the caged 
hydrogen in HI/Xe spectrum is most likely due to the low transmittance of 
the scattering matrix, not due to lower hydrogen concentration. 

The formation of HXeH has been observed to be a significant trapping mech
anism for hydrogen atoms [64]. These numbers are approximately consistent 
with the observation that ea. 40 % of the hydrogen atoms form HXeI [65]. 
However, the efficient UV photocfo:socia.tion of HXeY molecules yielded only 
a partial recovery of hydrogen atoms, but full recovery of halogen atoms. 
This clearly indicates that some hydrogen atoms are lost in the annealing 
cycle. One suggested loss mechanism for hydrogen atoms is the formation of 
H2 via the reaction H + HXeY - H2 + Xe + Y [66]. 

The spectral widths and the absence of vibrational structure of the 
electronic absorptions of HXe Y molecules indicate that these transitions are 
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from a bound ground state to a repulsive electronic excited state. Since the 
ground state possesses a strongly ionic character and photodecomposition 
of HXeY leads to the formation of a neutral species [65], these transitions 
involve a charge transfer process, where Y acts as a charge donor. This is 
consistent with the MRCI calculations on HXeCl, which predict that the 
electronic transition to the first excited state is a relatively pure intermolec
ular charge transfer transition from Cl to H whereas for less electronegative 
atoms Br and I, the charge tranfer c aracter of the transition is weaker. Very 
large transition dipole moments exceeding 7.0 D were estimated for HXeCl, 
HXeBr, and HXeI in Paper I. 

The photodissociation of H2O/Xe, H2S/Xe, and H2CO/Xe samples 
and, especially, the electronic absorption spectra of the thermally induced 
absorptions were studied in Paper II and in Ref. [67] (Fig. 3.2). In all sam
ples very prominent absorption of the caged hydrogen was observed upon 
UV irradiation of the sample [62, 63]. In a HCN doped xenon matrix, the 
CN radical and the CN/Xe charge transfer absorptions were also observed 
[68]. In H2O- and H2S-doped xenon matrices, the absorptions of OH and 
SH radicals, as well as XeO and XeS charge transfer, were observed, and 
the spectral assignment were supported by the literature data [69-72]. The 
broad electronic absorptions of HXeY (Y = H, CN, SH, OH) appeared upon 
annealing the sample. An H2CO-doped xenon sample was used to indentify 
the absorption of HXeH, which overlaps with other absorptions in other sam
ples. The advantage of the H2CO precursor is that only the absorption of 
HXeH was observed upon annealing. Again, the spectral assignment of the 
broad structureless UV absorptions was based on the correlation with the IR 
spectra and the photodecomposition profiles of the HXe Y molecules. 

The electronic absorptions can be most likely ascribed to transitions 
from a bound ground state to repulsive excited states and they are thus 
responsible for the efficient photodecomposition of the HXe Y molecules. The 
efficient recovery of the neutral fragment Y during the photodissociation 
of HXe Y implies a charge transfer character in the transition. The peak 
positions of the observed electronic absorption spectra are collected in Table 
3.1. 
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Figure 3.2: Electronic absorption spectra of HCN/Xe (top left), H2S/Xe 
(top right), H20/Xe (bottom left), H2CO/Xe (bottom right), matrices: (a) 
after UV photodissociation of precursor, (b) after annealing at 45-50 K. The 
negative peak in the H2CO /Xe spectra is due to the bleaching of the precursor 
absorption upon photolysis. 

Table 3.1: The wavelengths Atrs of the electronic absorption spectra of 
HXeY. 

Atrs (nm] Reference 

HXeH 230 Paper II 
HXeCN 234a Paper I 
HXeOH 240 [67] 
HXeCl 246 Paper I 
HXeBr 262 Paper I 
HXeSH 290 Paper II 
HXeI 310 Paper I & Paper II 
HXeI 410 Paper II 

a Uncertain. Overlap with the HXeH absorption. 
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In Paper II the absorptions at 234 nm and 242 nm in the UV irradiated 
H2S/Xe matrix were both assigned to the XeS charge transfer, but present 
analysis indicates that these absorptions in fact belong to different absorbers. 
Figure 3.3 shows the correlation between the integrated absorbances of the 
242 nm absorption and the UV absorption of the SH radical. Based on 
this comparison, the absorption at 242 nm more likely belongs to the SH 
radical and it can be understood as a charge transfer absorption of the SH/Xe 
pair. This assignment is also supported by an empirical observation that 
charge transfer energy of Y /Xe (Y = halogen atom, CH, or SH) pair is 
linearly dependent on the electron affinity of Y (Fig. 3.4). SH and CN are 
pseudohalogens and hence similar energetics can be expected for them in 
solid xenon. 
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Figure 3.3: The correlation between UV absorbances of the 242 nm band 
and the SH radical absorption in irradiated H2S/Xe matrix. 
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Figure 3.4: The transition energy of Y /Xe charge transfer plotted aginst 
the electron affinity of Y (Y = SH, I, Br, Cl, CN). Electron affinities of I, 
Br, and Cl are from Ref. [73] and for SH and CN from Refs. [74] and [75], 
re:,pectively. Transition energies are from Paper I, Paper II, and Ref. [68]. 

3.1.2 On the formation and decomposition mechanisms 

The formation of rare gas compounds is clearly related to the mobilization 
of hydrogen atoms in rare gas crystals. When matrices are annealed at tem
peratures above 40 K, a global, or in other words, long-range, migration of 
hydrogen atoms takes place. It has been observed that most of the hydrogen 
atoms disappear upon annealing and, simultaneuosly, rare gas molecules are 
formed [22 , Paper I, Paper II]. This clearly indicates that the formation of 
rare gas molecules is related to the hydrogen atom trapping process. The 
partial recovery of hydrogen atoms upon photodissociation of HXe Y molecu
les imply the excistence of some permanent loss channels for hydrogen atoms. 
A kinetic model has been developed to describe solid phase reactions due to 
thermally mobilized hydrogen atoms [66]: 

H + Xe + H � HXeH 

H + Xe + Y � HXe Y 

H + HXeH � H2 + Xe + H 

H + HXe Y � H2 + Xe + Y 

H+HXeY � H+Xe+HY 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

These Reactions are considered to be controlled by hydrogen atom diffusion. 
Since the reaction radius d is assumed to be the same for all reactions, k 
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represents the rate constant (k = k1 +k2). The rate constant for the diffusion
controlled reaction 3.1 can be written in the form 

(3.6) 

where NA is the Avogadro number and DH is the diffusion coefficient of the
hydrogen atom [76]. The same rate constant can be used for all reactions,
because only the hydrogen atom is diffusing and the other reactants are
stationary. This is true as long as the reaction radius dis assumed to be the 
same for all reactions. The rate laws for the reactants involved in reactions 
3.1-3.5 can be written as 

di�]
= -2k[H]2 - k[H][Y] - ki[H][HXeY] 

d
i�

]
= -k[H][Y] + k1[Hl[HXeY] 

d[HXeH] 
= k[H]2 - k[H][HXeH]dt 

d[H
:

eY]
= k[Hl[Y] - (k1 + k2)[H][HXeY] 

t '-.,,--' 

k 

d�2]
= k[Hl[HXeH] + k1[Hl[HXeY] 

d[HY] 
= k2 [H] [HXe Y] dt 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

This model can be used to estimate the relative number of trapped
hydrogen atoms in different trapping sites such as HXeY, HXeH, H2 , and
HY. A general agreement between the experimental and computed values
has been found in the case of HI doped xenon [66]. However, in Ref. [66] the
experimental data for hydrogen atoms were not provided in the comparison.
The following data are obtained from H2S doped xenon and the results are
compared with the predictions of the kinetic model. 

Annealing of an irradiated H2S-doped xenon matrix caused the forma
tion of HXeH and HXeSH molecules and only a minor recovery of H2S. Upon
annealing, one third of the SH radicals were lost in reactions, while all hyd
rogen atoms disappeared. A subsequent photodecomposition of the rare gas
molecules yielded a ea. 80 % recovery of hydrogen atoms; nearly full recovery
of SH was observed. Moreover, a second annealing-irradiation cycle yielded
a still higher relative recovery of hydrogen atoms. The recovery of hydrogen
atoms in consecutive annealing-photodecompostition cycles is shown in Fig
ure 3.5. While ea. 0.5 % of the initial amount of hydrogen atoms is lost after 
annealing at 42 K, HXeH has already reached its final absorbance and the 
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Figure 3.5: Integrated absorbances (in relative units) of the caged hydro
gen(-□-), the SH radical (-v-), HXeH (-L-), and HXeSH (-0-). 
Numbers on x-axis: 1: after UV irradiation of H2/Xe (1:1000) matrix; 2-6: 
annealing at 35 K, 40 K, 42 K, 44 K, and 48 K; 7 -10, 20-23, 28, 30, 32, 34, 
and 36 irradiation at 308 nm; 14-18, 24-26, 38, 40, 42, and 44 irradiation at 
193 nm; 11-13 a broad band deuterium lamp irradiation; 19, 27, 29, 31, 33, 
35, 37, 39, 41, 43, and 45 annealing at 48 K 

HXeSH absorbance is ea. 80 % of its final value. Since the reactions between 
hydrogen atoms and HXeH have been proposed to set a limit to the amount 
of HXeH, the result means that the decomposition rate of HXeH has reached 
its formation rate. This agrees remarkably well with the kinetic model of the 
Helsinki group [66]. Finally, all hydrogen atoms disappeared while ea. 30 % 
of the initial SH radical content was consumed. A subsequent irradiation at 
308 nm bleaches the HXeSH absorption, but it leaves the HXeH absorption 
unchanged and recovers 30 % of hydrogen atoms and nearly all the SH rad
icals. This is in agreement with the kinetic model, although the hydrogen 
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recovery is higher than proposed by the kinetic model [66]. The higher re
covery of hydrogen is probably due to an initally higher relative hydrogen 
concentration, because dissociation of the SH radical increases the hydro
gen atom concentration and decreases the SH radical concentration. The 
rapid evolution of hydrogen atoms at the early state of photolysis indicates 
that some amount of hydrogen atoms are formed in the photodissociation 
of the H2S dimer. An irradiation at 193 nm bleaches the HXeH absorption 
and recovers 50 % more hydrogen. The total recovery of hydrogen atoms is 
80 % after the first annealing-photodecomposition cycle. Second annealing
photodecomposition recovers nearly all hydrogen atoms and the SH radicals, 
but the relative amounts of HXeH and HXeSH are changed significantly. 
The first two annealing-photodecomposition cycles show that the recovery 
of hydrogen atoms from HXeH is about 60 % higher than the recovery from 
HXeSH. This is consistent with the results of Ref. [66]. 

The rate laws were solved numerically and the results obtained are 
compared with the experimental observations (see Figure 3.6). The ini
tial concentrations were taken from an experimental estimate, which was 
[H] = 4.5 x [SH]. Then branching the ratio between reactions 3.3 and 3.4 
was set to 1 : 1 (k1 : k2 = 1, k1 + k2 = k). Although the kinetic model 
is able to reproduce the experimentally observed relative amounts of HXeH 
and HXeSH, it fails to model correctly the hydrogen atoms and the SH rad
icals. The k1 and k2 values used are most probably too large, and thus 
the formation of H2 and H2S is overestimated. Almost 90 % of the intial 
hydrogen atom content is stored in H2 molecules at the end of the kinetic 
modelling in Figure 3.6, while experimentally there is a substantial hydrogen 
atom concentration still left. The experimental data suggest smaller yields 
for HY and H2, and thus a higher recovery of Y and H is obtained. The 
full recovery of the SH radical means that Reaction 3.5 is a minor reaction 
channel. Small losses of the SH radicals during annealing suggest a small 
probability for Reaction 3.2 or a high probability for Reaction 3.5. Since the 
reactions are diffusion controlled, the rate constants of Reactions 3.1 and 3.2 
are assumed to be identical, so that the decomposition of HXeSH via Reac
tion 3.4 can be expected to be responsible for the small decrease of the SH 
radicals. The higher experimental recovery of the hydrogen atoms and SH 
radicals may indicate that other reaction channels could also exist. The re
action H + S -+ SH could be one possible explanation for the small decrease 
of SH, but the insignificant changes in the S atom concentration during the 
experiments do not support this possibility. 

The complexity of the present experimental data does not provide a 
simple and confident test field for the kinetic model. Similar experiments 
in HI doped xenon matrix would afford a better and simpler test. However, 
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Figure 3.6: Relative amounts of caged hydrogen ( experimental -□-; ki
netic model-■-), SH radical (-V-; -T-), HXeH (-6.-; -1.-), and 
HXeSH (-0-; -e-) 

the present tests give more or less quantitative results about the reactivity 
of hydrogen atoms in solid xenon. 

3.1.3 Comment on the usability of the UV absorption 

technique 

Since the rare p;as molecules have extremely intense IR absorptions of the 
H-Rg stretching vibration, IR spectroscopy has become a very powerful tool
in the indentification of rare gas molecules (22]. However, in many cases the
lack of information about atoms in IR spectroscopy leaves some open ques
tions. One intresting question is the initial amount of hydrogen atoms and
their recovery in the formation-decomposition cycles described earlier in this
thesis. EPR is a very sensitive method for following the relative amounts of
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hydrogen atoms, but it is limited to open shell species only. Moreover, com
bining EPR and IR is not a straightforward task. Typically, separate samples 
are needed for EPR and IR spectroscopy, and then very careful preparation 
of samples becomes essential. To obtain two identical matrices may be ex
hausting, since matrix morphology and matrix ratio are the most important 
parameters. Laser induced fluorecence (LIF) is a sensitive method for the 
detection of atoms, but its use has some limitations as well. LIF methods 
may destroy some information of the sample; for example, the LIF detection 
of hydrogen atoms in solid xenon efficiently destroys rare gas molecules. The 
detection of atoms in a rare gas matrix by UV absorption spectroscopy is a 
gentle method. The photon flux of an UV light source needed for UV ab
sorption spectroscopy is relatively low and thus rare gas molecules are not 
significantly dissociated in the time scale of the detection. Of course, more 
work is needed to extract data from complex UV spectra as can be seen in 
Figure 3.7. From an experimentalist's point of view, UV (VUV-VIS) and IR 
absorption tehniques can be easily combained and the data can be collected 
from the same sample. 
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C 
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Figure 3. 7: Fit of 13 gaussian functions to the experimental UV spectrum 
of UV irradiated H2/Xe matrix. Upper trace: experimental spectrum, mid
dle trace: fitted spectrum (sum of 13 gaussian functions), and lower traces: 
individual gaussian functions used in the fitting procedure. 

3.1.4 Does HXeSH· • • H2S exist? 

The capability of rare gas molecules to form complexes with neutral molecules 
has been confirmed both theoretically and experimentally. The vibrational 
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properties of rare gas compounds are very sensitive to intermolecular interac
tions and, hence, large blue-shifts of the H-Ar, H-Kr, H-Xe stretching vibra
tional modes are experimentally observed for the HArF· • • N2, HKrF· • • N2, 
HKrCl· • • N2, and HXeOH- • • H20 complexes [77-79]. The stability and blue
shift of the H-Rg stretching mode of HXeH· • · H2 and HArF· ••CO complexes 
are theoretically predicted, while a large red-shift of the H-Ar stretching 
mode of HArF· · · P2 is predicted [80-82]. 

The HXeOH· · • H20 complex provides the most relevant comparison 
with the present discussion, because the proposed HXeSH· • • H2S would be 
its sulfur analog and somewhat similar properties could be expected [79]. 
The indirect observation that supports the formation of the proposed com
plex is the decrease of the IR absorbance of the SH· • • H2S complex at 2550.3 
cm-1 [83], when a UV-irradiated H2S/Xe matrix is annealed at 48 K. One 
could expect a recovery of the H2S dimer, when thermally mobilized hydro
gen atom undergo a reaction with SH· • • H2S. However, the IR absorption of 
H2S dimer remains unchanged, while the absorption of SH· • • H2S decreases 
by 40 %. Figure 3.8(a) shows the decrease of the SH· · · H2S absorption at 
2550.3 cm-1 upon annealing, and its 90 % recovery during subsequent irra
diation at 308 nm. The IR absorptions of the thermal products and their 
photostabili ty are shown in Figure 3. 8 (b). The appearance of the IR absorp
tions of HXeH and HXeSH are indicators for reactions between thermally 
mobilized hydrogen atoms and XeH and XeSH pairs, respectively [25, 27]. 
In addition to the known bands, weaker absorptions appeared on the blue 
side of the HXeSH absorptions. Irradiation at 308 nm bleached these ther
mally induced absorptions as well as the absorptions of HXeSH, while the 
absorptions of HXeH were unchanged. In addition, the irradiation recovered 
the SH· • • H2S absorption. 

The thermally induced absorptions at 1326 cm-1, 1231 cm-1
, and 

around 1192 cm- 1 are blue shifted by ea. 207 cm-1, 112 cm-1, and 73 cm-1, 
respectively, withrespect to the H-Xe stretching fundamental of HXeSH. 
If these shifts are compared with the blue shift of ea. 103 cm-1 and 164 
cm-1 of HXeOH· • • H20 and HXeOH· • · (H20)2, respectively, it can be con
cluded that the observed peaks are not too much blue-shifted to belong to 
the HXeSH· • • H2S complex. 

A computational analysis of the vibrational spectrum of the complex 
was carried out during this study. The initial structure of the HXeSH-• • H2S 
complex was built from the structural parameters of the HXeSH molecule 
[25] and the HXeOH· · • H20 complex [79], its and geometry and harmonic
frequencies were computed at the MP2 level of theory with the aug-cc-p VDZ
basis set for H [58] and S [84]; for Xe The Stuttgart RLC ECP [59] was used
[57]. The results obtained are collected in Table 3.2 and the structure of the
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Figure 3.8: The IR spectrum of a H2S/Xe matrix (1:1000, Tct = 48 K). 
Lower spectra: after UV irradiation, middle spectra: annealing at 48 K, 
upper spectra: irradiation at 308 nm. i indicates impurity peaks that are 
stable against irradiation and annealing. The thermally induced absorptions 
are marked with an asterisk. 

HXeSH· • • H2S complex is shown in Figure 3.9. 

Figure 3.9: Optimized structure of the HXeSH· · • H2S complex. 

Computationally the H-Xe vibrational frequency of HXeSH is blue 
shifted by ea. 65 cm-1 upon complexation. This is roughly half of the 
blue shift obtained for the HXeOH-water complex [79]. The comparison of 
hydrogen bond lengths in both complexes shows that the -0• ··HOH- hydro
gen bond is nearly 1 A shorter than the corresponding -S• • • HSH- hydrogen 
bond. The proposed weaker hydrogen bonding in the HXeSH • • • H2S com
plex causes smaller effects on the remote part of HXeSH, and consequently 
smaller shifts in the H-Xe vibrational frequency. Although the S-H vibra-
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Table 3.2: The calculated structural parameters and harmonic vibrational 
frequencies of HXeSH and HXeSH · · • H2S. The Bond distances are given in 
A and the bond angles in degrees. The predicted IR intensities are given in 
parenthesis. 

r(Hl-Xel) 
r(S1-Xel) 
r(H2-S1) 
a(H2-Sl-Xel) 
a(S1-Xel-Hl) 
r(H3-S1) 
r(H3-S2) 
r(H4-S2) 
a(H3-S2-H4) 

MP2 

Structure 
1.776 
2.731 
1.345 
91.4 
179.3 

HXeSH 
MP2 
Ref. [25] 

1.774 
2.729 
1.334 
91.0 
180.0 

Frequencies (in cm-1)
H3-S2-H4 asym. str. 
S1-H2 str. 
H3-S2-H3 asym. str. 
Xel-Hl str. 
H3-S2-H4 bend 
asym. benda 

Hl-Xel-S1 bend 
sym. bendb 

H3 OPLAC 

Xel-S1 stretch 

2722.l (7) 

1476.9 (2718) 

631.2 (2) 
526.7 (0.02) 
450.0 (3) 

254.3 (45) 

a Hl-(Xel-Sl)-H2 antisymmetric bend 
b Hl-(Xel-S1)-H2 symmetric bend 
c Out of H4-S2-Xel plane vibration of H3 

2729.9 (8) 

1520.6 (3149) 

652.6 (2) 
546.6 (4) 
472.5 (11) 

251.4 (37) 

Expt. 
Ref. (25] 

1118.6 

1.754 
2.752 
1.355 
91.9 
179.2 
2.527 
1.363 
1.350 
92.7 

2764.9 (2) 
2719.6 (5) 
2588.9 (291) 
1542.3 (2485) 
1201.1 (6) 
623.5 (3) 
525.8 (0.4) 
440.5 (2) 
406.9 (35) 
248.2 (50) 

tional frequency in the -HS-H· • · S- hydrogen bond is red-shifted only by 
few wavenumbers, the Xe-H frequency possesses a significant blue shift. The 
sensitivity of the H-Xe vibrational frequency to the complex formation can 
be understood by the charge transfer nature of the HXeY compounds [22]. 

The experimentally observed IR absorptions on the blue side of the 
HXeSH absorptions are in agreement with computational data. However, 
these absorptions can not be unambiguously assigned to the HXeSH · · • H2S 
complexes, although their behaviour upon annealing and irradiation is very 
similar to that the HXeSH molecule. The formation and the decomposition 
of unknown bands are related to the decrease and increase, respectively, of 

______________________________________________________________
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the SH· • · H2S absorption intensity, as well. The most intensive unknown 
thermally induced IR absorption was ea. 207 cm- 1 blue-shifted with respect 
to the HXeSH. This is far too much for it to belong to the complex. In the 
case of HXeOH· · • (H20)n the blue shift of the H-Xe vibrational frequency 
increased with increasing n, while the IR intensity of the H -Xe vibration 
decreased [79]. It is not very obvious that the 207 cm-1 blue shifted band
belongs to complexes with n > l, since the experiments were carried out 
in relatively monomeric matrices. The absorptions that are blue-shifted by 
ea. 112 cm-1 and 73 cm-1 are closer to the computational values, and these
absorption can be tentatively regarded as candidates for the IR absorptions 
of HXeSH· · · H2S complexes. However, a more systematic study of these 
absorptions should be carried out to provide a clear-cut assignment. 
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3.2 Formyl fluoride 

3.2.1 Infrared spectrum of HCOF and HCOF dimer 

The infrared spectra of HCOF and HCOF dimer in Ar, Kr, and Xe matrices 
are shown in Figure 3.10. In a dilute sample (HCOF /Rg = 1:2000) five 
out of six vibrational moclP.s of monomP.r and two dimer bands were reliably 
observed. It was found that all monomer vibrational bands are split into two 
lines due to matrix site effects [3]. In Kr and Xe matrices the corresponding 
monomer and dimer absorptions are shifted from the argon matrix values. 
The IR absorptions of HCOF and its dimers in Kr and Xe matrices were 
assigned according to the Ar matrix data [85, Paper III, Paper IV]. 
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Figure 3.10: IR absorptions of HCOF and HCOF dimer in rare gas matri
ces. Lowest spectra: in Ar (Tct = 15 K, annealed at 35 K), middle spectra: 
in Kr (T d = 20 K, annealed at 40 K), uppermost spectra: in Xe (T d =

35 K, annealed at 50 K). D indicates dimer absorptions and (*) and (**) 
indicate impurity-induced absorption and gas-phase CO2 absorption, respec
tively. Note: the absorbances of different bands are scaled. The shown 
spectral regions from the left to right correspond to C-H stretching, C-O 
stretching, C-F streching, and FCO bending regions of HCOF. 

Another feature of the HCOF monomer absorptions was the appear
ance of broad red-shifted shoulder bands. A broad red-shifted shoulder band 
of monomeric CO absorption was observed, too. Typically, minor amounts 



3.2. FORMYL FLUORIDE 29 

of carbon monoxide were present in the samples due to the decomposition 
of HCOF on the walls of the deposition system [85, Paper III]. Despite the 
decomposition of HCOF, no absorption of hydrogen fluoride was observed in 
the IR spectrum [PaperIII, PaperIV]. Upon annealing the matrix, the red
shifted shoulder bands disappeared and the known dimer bands increased in 
intensity (Fig. 3.11). The intensity of the CO absorption decreased upon an
nealing, as well. These shoulder bands were absent in the samples deposited 
at higher temperatures. According to experimental observation these shoul
der bands were assigned to some thermally unstable species, for example, 
two or more HCOF molecules located nearby in a non-equilibrium geometry, 
or HCOF interacting with another molecule. Experimental observations sug
gested non-equilibrium structures of HCOF dimers and HCOF· ··CO com
plexes [Paper IV]. 
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Figure 3.11: The IR absorption of the CO stretching mode of HCOF in 
argon matrix (HCOF / Ar = 1/500) Upper trace: after deposition at 10 K, 
lower trace: annealing at 30 K. D indicates dimer band. 

In samples of higher concentration (HCOF /Rg = 1:500-1:250, Rg =
Ar, Kr), a number of new lines appeared around the monomer and dimer 
absorptions and, interestingly, new absorptions became visible on the higher 
energy side of the C-H streching absorption of the monomer (Fig. 3.12) 
[Paper IV]. This absorption showed the same behavior as the known HCOF 
dimer absorptions when experimental parameters, such as deposition tem
perature and matrix ratio, were varied. Thus, the absorptions at 3013 cm-1

in Ar and 3007 cm-1 in Kr are tentatively assigned to the HCOF dimer. The
spectral assignments of these bands were supported by the computational 
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studies of the HCOF dimer by Kovacs et. al. [86], and by the author of this 
thesis in Paper IV. 
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Figure 3.12: IR spectra of C-H and C-O stretching region of HCOF in Ar 
(1:500, Td = 25 K) and in Kr (1:500, Td = 30 K). 

Experiments on CO-doped HCOF / Ar matrices were carried out in or
der to exclude the HCOF· ··CO complex absorptions as the origin of the 
3013 cm-1 absorption. New absorptions appeared on the left side of the
C-H stretching mode when CO was added, while the 3013 cm-1 absorption
disappered (Fig. 3.13). Additionally, the HCOF monomer and dimer ab
sorption intensities were signifigantly reduced and new lines appeared close
to the isolated CO absorption. This indicates that CO has a great tendency
to form complexes with HCOF. These observations supported the assignment
of the 3013 cm-1 absorption to the HCOF dimer.
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Figure·3.13: The IR spectrum of a CO-doped HCOF/Ar matrix. Upper 
trace: CO/HCOF/Ar = 1:1:500, T<l = 25 K. Lower trace: HCOF/Ar =

1:500, Td = 25 K. M indicates the HCOF monomer. 

3.2.2 Structure of the HCOF dimer 

In order to describe the IR spectrum and the structure of the HCOF dimer, 
MP2/6-311 ++G** calculations with all electrons correlated were carried out 
for the six structures, that have been found stable [86]. The basis set super
position (BSSE) error for the dimerization energies was corrected according 
to the counterpoise (CP) method [87]: 

(3.13) 

where b.5:tE(R) is the BSSE correction for the interaction energy of two 
molecules A and B at distance R, EAB(R) is the total (BSSE uncorrected) 
interaction energy, and E'i._P(R) represents the energy of the individual A 
molecule calculated by adding the basis set of molecule B at a distance R 
from molecule A. Similarly, E�P represents the energy of the molecule B, 
when A's basis set is included. The BSSE leads to an artifical lowering of 
the dimerization energy, and it needs to be corrected in order to find the 
correct structures. Typically, the error originating from the BSSE in weak 
hydrogen-bonded complexes at the MP2/6-3ll++G** level of theory is 30-
50 % of the total interaction energy [88]. Often, the BSSE is corrected only 
for the final structure, while the optimization follows a BSSE-uncorrected 
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route. Including the BSSE correction in optimization of the geometry might 
lead to substantially different results from those of the BSSE-uncorrected 
procedure. This was demonstrated for the HCOF dimers in Paper IV. The 
BSSE correction by CP procedure is implemented in the geometry optimiza
tion procedure in the Gaussian03 software, which provides a straightforward 
method for the BSSE-corrected optimization [47]. 

The optimized structures of Lhe HCOF Jimen; are :,;howu iu Figure 
3.14. Four structures (I-IV in Fig. 3.14) were found stable when geome
try optimization was carried out with the BSSE correction. Two structures 
(V and VI in Fig. 3.14) were stable only if the geometry optimization was 
carried out without the BSSE correction. This was a surprising result, be-

Table 3.3: Computed (MP2(FULL)/6-311++G**) dimerization energies 
(in kJ/mol). The BSSE-uncorrected energies (MP2/6-311++G**) are from 
Ref. [86]. Dimerization energies are corrected for zero-point energy from a 
harmonic frequency analysis. 

I II III IV V VI 

BSSE-corrcctcd -6.6 -9.6 -7.4 -5.0 
BSSE-uncorrected -8.5 -13.2 -10.9 -8.4 -11.9 -9.7 

cause structure V has the second lowest dimerization energy according to the 
BSSE-uncorrected calculations [86]. The comparison of the BSSE-corrected 
and -uncorrected energies in Table 3.3 shows that the corrected energies are 
substantially higher than the uncorrected ones. Thus the effect of the BSSE 
correction is to compensate for the reduction of the dimerization energy aris
ing from the BSSE. The BSSE in the HCOF dimers was 20-40 % of the 
dimerization energy at the MP2/6-311++G** level of theory. However, it 
is observed that the MP2/6-311 ++G** level of theory underestimates the 
dispersion energy of formaldehyde (H2CO) dimers and thus gives too low 
<limerization energies, which leads to an increse of the intermolecular bond 
lengths [86]. The BSSE correction futher decreases the dimerization energy 
of H2CO dimers. The BSSE-corrected optimization of HCOF dimers caused 
elongation of -H· · · 0- and -H• · · 0- hydrogen bonds by ea. 0.07 A and 
0.1-0.13 A, respectively, relative to the BSSE-uncorrected values [Paper IV]. 
The inability of the 6-311 ++G** basis set to describe dispersion energy, 
combined with the effect of the BSSE correction, lead to a substantially 
smaller dimerization energy than obtained with the augmented diffuse basis 
sets [86]. It has been suggested that the BSSE-uncorrected calculations on 
H2CO and HCOF dimers give a better description of molecular properties 
than the BSSE-corrected ones at the MP2/6-311++G** level of theory.[86] 

______

________________________________________
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The calculations of dimer properties become more time demanding if 
large diffuse basis sets are used. In paper IV a compromise between the 
accuracy and computer time led us to select the MP2/6-311++G** level of 
theory. It is necessary to emhasize that the methodological differences of the 
BSSE corrections give somewhat different results, but these calculations are 
allways approximations of real systems and the methods used in Paper IV 
are believed to yield a satisfactory description of the system. 
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Figure 3.14: Optimized structures of the HCOF dimer obtained at the 
MP2(FULL)/6-311++G** level of theory. Hydrogen bond lengths are shown 
in Angstroms. Values in parenthesis are obtained without the BSSE correc
tion. 

The harmonic frequencies of HCOF and HCOF dimers were computed 
for the optimized structures I-IV (Fig. 3.14) in order to support the IR 
assignments of the blue-shifted C-H bands. The spectral shifts of the dimer 
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vibrations with respect to the HCOF monomer vibrations are shown in Table 
3.4 and in Figure 3.15. It is obvious that the observed IR spectra are not 
likely to belong to structures I, III, and IV, because both red- and blue-shifted 
bands should be observed for the FCO bending and CF stretching modes of 
structures I, III, and IV. This leaves only one candidate for the observed 
dimer, which is structure II. The computed vibrational shifts of structure II 
match very well the observed IR shins in Figure 3.lG. B�eJ uu Lhe guuJ 
correlation between experimental and computational results, the most stable 
structure II is suggsted to be the most abundant dimer in the matrix. 
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Figure 3.15: Experimental and computed vibration spectra of HCOF 
monomer (M) and HCOF dimers (structures I-IV). The values on the x
axes correspond to the relative shift from the monomer line. The computed 
spectra are shifted to match the experimental monomer lines. 
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Table 3.4: The spectral shifts Vctimer - Vmonomer (in cm-1) of different vibra
tional modes. 

calcd. 
expt. I II II IV va vi

a 

v(OH) 16.3/17.1 8.4/26.0 20.3 13.1/24.7 18.8 10.0/21.8 14.3/23.5 
v(CO) -10.8 - -11.9 -3.0/-7.5 8.3 -9.2/1.6 -1.9 -10.4/-4.0 -6.1/-0.5
v(HCF) vwb 1.6/12.5 0.2 2.0/-5.5 1.6 -1.0/5.5 -3.7/1.3
v(CF) 0.2/0.7 18.8/-14.1 0.5 17.8/-37.3 -20.7 5.1/16.5 -27.8/4.2
v(oplaj° vwb 4.6/14.0 15.5 11.2/9.3 2.1 -1.1/12.4 0.8/8.0
v(FCO) 7.7/7.9 5.3/-2.3 7.4 -7.5/6.3 7.5 3.5/7.6 -4.8/4.9

a BSSE-uncorrected data. 
b Not reliably observed, very weak absorption. 
c Out of plane vibration of hydrogen atom. 

3.2.3 Photodissociation of formyl fluoride 

The photodissociation of formyl fluoride following the electronic excitation 
from electronic X (1 A") ground state to electronic A (1 A') exited state has 
been studied in the gas phase [89-96]. Based on the experimental observa
tions photodissociation of HCOF follows the following pathways: 

HCOF (X 1A") � HCOF (A 1A') -+HF (X 1E+) + co (X 1E+) 
-+H (28) + FCO (X 2 A')
-+F (2P) + HCO (X 2 A')
-+H (28) + F (2P) + CO (X 1E+) 

(3.14) 
(3.15) 
(3.16) 
(3.17) 

Since the HCOF molecule is excited to the first electronic singlet state (Si), 
the radiationless decay can proceed via channels 3.14-3.17. Internal conver
sion (IC) to the ground state (80) is involved in the molecular dissociation 
channel 3.14, and the dissociation on the 80 surface proceeds via highly ex
cited vibrational levels of HCOF [90]. An intersystem crossing (ISC) from 80 

to the T1 surface, and subsequent passage over the energy barrier (or through 
it by tunneling) to the T 1 product asymptote, is assumed to be responsible 
for the C-F and C-H bond cleavage channels 3.15 and 3.16 [92]. However, 
theoretical analysis gives a very small rate coeffiecient for channel 3.16 rel
ative to channel 3.15 on the T1 surface; thus, an alternative mechanism is 
proposed for the C-F bond cleavage [97]. Theoretical RRKM calculations 
support the C-F bond cleavage on the 81 surface at excitation wavelengths 
shorter than 233 nm, which is consistent with experimental results [93, 96]. 
Channel 3.17 is not studied in detail, although some experimetal evidence 
exists for its role [91]. 
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Photodissociation studies of HCOF were carried out at 193 nm and 
248 nm in Ar, Kr, and Xe matrices. In the Ar matrix, a number of prod
uct absorptions were observed in the C-O and H-F stretching regions of 
the CO··· HF and OC· ··HF complexes upon photodissociation (Fig. 3.16). 
Upon annealing the photolysed sample, the absorptions of the CO· • • HF and 
OC· · • HF complexes increased significantly, while others decreased. Thus, 
the photodissociaLion 1,1rnJud:s were mainly in-cage complexes between CO 
and HF in a more or less distorted geometry, hereafter referred as CO /HF as 
distinct from the more stable geometry. No photodissociation products due 
to C-F or C-H bond cleavage channels were observed in the argon matrix. 
This is interesting, because the gas phase branching ratio for channel 3.14 
at 193 nm is 0.06, while it is 0.66 and 0.28 for the C-F and C-H bond 
cleavage channels, respectively [96]. 

Photodissociation at 193 nm provides 2.1 eV excess energy to be shared 
between the dissociation products of channel 3.15 [93]. If 233 nm (5.3 eV) 
is mnsi<lP.rP.<l ;:u, thP. thrP.shold wavelength for photodissociation via channel 
3.16 on the S1 surface, the photodissociation at 193 nm provides 1.1 eV 
excess energy. It is estimated that 49 % and 40-46 % of the total excess 
energy involved in the <li:ssuciation via channels 3.15 and 3.16, respectively, 
is released as translational energy [96]. As a light particle, a hydrogen atom 
absorbs nearly all of the excess translational energy. This yields 1 eV of 
kinetic energy for the hydrogen atom, which is well below the energy needed 
for cage exit in a solid matrix [7]. Obviously, the excess energy provided at 
248 nm is not sufficient to promote cage exit either. The same argument 
can be used to explain the unsuccessful cage exit of the fluorine atom. Thus, 
the formation of the CO /HF complexes can be rationalized as the result 
of in-cage reactions of the dissociation products, i.e., H + FCO-----, CO/HF, 
F + HCO -----t CO/HF, and HF+ CO-----, CO/HF. 

In Kr and Xe matrices, photodissociation products appeared in the C

O and H-F stretching regions of the CO· • • HF and OC· • • HF complexes, as 
in the argon matrix. However, the absorptions of these CO/HF c:omplexes 
were subsequently photobleached at 193 nm and 248 nm. In Kr and Xe 
matrices traces of H, F, CO, CO2, F2CO, FCO, and HRg+ (Rg = Kr or 
Xe) were also observed, which could imply the importance of other disso
ciation channels. However, the photodissociation of dimers, and, of course, 
the photodissociation of CO /HF complexes, can also be the origin of these 
photodissociation products. It should be noted that the CO /HF complexes 
were stable in photolysis in an Ar matrix, and isolated CO and HF were not 
dissociated in our experiments. 

The progress of photodissociation of HCOF was followed by monitoring 
the integrated absorbance of the C-H stretching mode as a function of the 
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Figure 3.16: IR spectrum of the products formed in the photolysis of HCOF 
in an argon matrix: (a) after photolysis at 248 nm, (b) subsequent annealing 
at 35 K, and (c) at 40 K. 

number of laser pulses deposited in the sample. Figure 3.17 shows decay 
curves of HCOF in the Ar, Kr, and Xe matrices. The rate of disappearance 
of HCOF follows first-order kinetics: 

(3.18) 

where A is the integrated absorbance, A0 = A(n = 0), n is the number of 
photons/cm2 accumulated in the sample, and k = L

i 
ki represents the effec

tive photodissociation cross-section (in cm2) due to all possible dissociation 
channels i. The photodissociation cross sections obtained for HCOF at 193 
nm and 248 nm are collected in Table 3.5. The higher photodissociation 

Table 3.5: Photodissociation cross sections of HCOF (in 10-21 cm2) at 193
nm and 248 nm. For details see equations 3.18 and 3.19 and Figures 3.17 
and 3.19 

248 nm 193 nm 
k k1 k2 k k1 k2 

Ar 5.4 6.4 300 340 
Kr 13 12 1.3 240 210 3.5 
Xe 67 85 2.2 360 110 15 

efficiency of HCOF at 193 nm is explained by a larger gas-phase absorption 
cross section at 193 nm than at 248 nm [98]. An order of magnitude higher 
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Figure 3.17: Decay of the IR absorbance of HCOF in Ar, Kr, and Xe 
matrices in 248 nm photolysis. Solid line represent fit of first-order kinetics. 

UV absorbance of HCOF at 193 nm is observed in rare gas matrices, as well 
(Fig. 3.18). In heavier rare gases the photodissociation efficiency increases 
and it is ea. 10 times more efficent in Xe than in Ar. 

The growth and decay of CO /HF complexes upon photodissociation of 
HCOF at 193 nm and 248 nm folllows first-order kinetics (Fig. 3.19): 

HCOF � CO/HF complexes� products, 

which leads to an integrated formula: 

k A(O) 
A _ A(O) -k2n + 1 1 ( -kin _ -k2n) 2- 2 e k k e e , 

2 - 1 

(3.19) 

(3.20) 

where A2 is the integrated absorbance of the CO /HF complexes, A�o) and 
Alo) represent the initial integrated absorbances of the CO /HF complexes 
and HCOF, respectively. k1 and k2 are cross sections for the decay of HCOF 
and the CO /HF complexes, respectively. The obtained cross sections are 
collected in Table 3.5. 

In Paper III, the photodissociation of the CO /HF complexes in Kr was 
reported as a single-photon process at 248 nm. Since photoinduced exci
tonic processess and harpoon reactions involve multiphoton excitation, these 
processes can be excluded (7]. Quantum chemical calculations were carried 
out to estimate the electronic vertical excitation energies of CO· • • HF and 
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Figure 3.18: A difference UV absorption spectrum of HCOF / Ar after ex
tensive 193 nm irradiation. The broad negative signal at ea. 200 nm is due 
to photobleaching of HCOF at 193 nm irradiation. 
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Figure 3.19: Growth and decay of CO/HF complexes upon photolysis of a 
HCOF /Rg sample at 248 nm. Experimental data are fitted to the formula 
of equation 3.20. 

OC· ••HF complexes in their ground state equlibrium geometry [PaperIII]. 
These calculations showed that the electronic states of HF and CO are only 
slightly perturbed in complexes, and the first excited electronic states of the 
complexes are inaccessible to photon energies at 193 nm and 248 nm. This 
rules out dissociation processes due to electronic exitation to excited states 
within the intemolecular potential of the geminate guests [12]. It should be 
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noted that calculations were carried out only for CO- · · HF and OC-· · HF 
complexes and the effects of the solid environment were neglected. 

In the present investigation, the effects of the zero-point vibration of 
the HF molecule are taken into account. The wavefunction of the lowest 
vibrational level was built up within the harmonic approximation, and ex
perimental parameters are obtained from the literature (99]. In this approx
imation, the zero-poinL viLraLiuu uf Lhe H-F stretching is approximated by 
the zero-point vibration of the HF molecule, and the effects of the complex 
formation on the zero-point motion are neglected. Since the fluorine atom 
is heavier, the H-F stretching is approximated as a hydrogen atom move
ment relative to a stationary fluorine atom. Figure 3.20 shows the vertical 
excitation energies of the CO-·· HF complex when the H-F bond length is 
varied. In this model, only the hydrogen atom is moved, while the others are 
stationary. The vertical excitation energy of CO-•• HF is constant within the 
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Figure 3.20: Computational (CIS/6-311 ++G**) vertical excitation ener
gies of the CO-HF complex when the H-F bond length is varied. The dashed 
line represents the harmonic wavefunction of the lowest vibrational state of 
the H-F stretching. 6:..r represents changes in the intermolecular O-H bond 
length, while the H-F bond length is varied. 

amplitude of the zero-point vibration of the hydrogen atom. The excitation 
energies decreased by ~1 eV, when the H-F bond was stretched by 0.4 A 
from its equilibrium value. A further increase of the H-F bond length by 
0.1 A decreased the excitation energy by an additional 0.85 eV. However, an 
elongation of the H-F bond by 0.5 A is too much to be caused by the zero
point motion of the hydrogen atom itself. Similarly, the amplitude of the 
zero-point vibration of the hydrogen atom is too small to cause signifincant 
changes in the excitation energy of the OC-· · HF complex. 
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The longest intramolecular distance between atoms in the HCOF mo
lecule is 2.2 A, and if the carbon atom is placed at the origin, the molecule 
can fit in a spherical cavity with a radius of ~ 1.4 A. If the van der Waals 
radii of the atoms are taken into account, the cavity radius would be ~2.1 
A [73]. Thus, the HCOF molecule could fit in a volume of one hard-sphere 
xenon atom (diameter 4.38 A) in a solid xenon lattice. In lighter rare gases, 
however, the cavity diameter is too small to provide trapping in a single sub
stitutional site. In the photodissociation of HCOF, the products are formed 
in the cage of the parent HCOF molecule with a minor probability for cage 
exit. This trapping site, if its diameter is taken as ~4.4 A, is too small for the 
CO- • · HF and OC- • · HF complexes. According to this assumption, distorted 
structures of CO- • • HF and OC- • · HF are expected. This is consistent with 
the annealing experiments of UV-irradiated HCOF /Rg samples in Paper III. 
The sum of the bond lengths and van der Waals radii gives radii ( or "effec
tive lengths") of 5.8 A and 5.9 A for the CO-· · HF and OC- · · HF complexes, 
respectively. In order to fit into a spherical cavity with a diameter of 4.4 A, a 
1.4 A shortening of their "effective length" would be needed. If this shorten
ing is assumed to take place by a contraction of the intermolecular bond, the 
excitation energy would be decreased by ~0.8 eV. In this picture the H-F 
and C-O bond lengths are kept constant, which may lead to a qualitatively 
and quantitatively wrong description of the system. In a small cavity the 
intramolecular bond lengths may be distorted by the perturbation induced 
by nearby molecules and the dimensions of the CO-·· HF and OC- ··HF 
complexes could be relatively far from their equilibrium structures. 
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Conclusions 

The photochemistry of small molecules embedded in solid rare gas matrices 
is studied in this thesis. The main focus has been on the photodissociation of 
hydrogen halides and the subsequent thermally induced reactions of hydrogen 
atoms, as well on the spectroscopy and photochemistry of formyl fluoride in 
argon, krypton, and xenon matrices. The main interest of this thesis is to 
contribute to the understanding of the chemistry of the solid environment at 
the molecular level.. 

The electronic absorption spectra of HXeH, HXeCl, HXeBr, HXel, 
HXeCN, HXeSH, and HXeOH were recorded in a xenon matrix. All these 
compounds have broad and structureless absorptions in the ultraviolet re
gion. The efficient UV photodecomposition of the rare gas compounds can 
be regarded as evidence that these transitions are from a bound electronic 
ground state to repulsive excited states. Since rare gas molecules exhibit 
significant charge transfer nature in their electronic ground states, the elec
tronic transitions possess charge transfer character. Consistent with this, 
very large transition dipole moments were computationally estimated for 
HXeCl, HXeBr, and HXel. The charge transfer character of these transitions 
is consistent with the production of the neutral decomposition products. 

The thermally induced reactions of hydrogen atoms were studied in 
more detail in a H2S/Xe matrix. Since the HXeY molecules are efficient hyd
rogen atom trapping sites, the thermally induced reactions H + SH------, H2S 
and H + H ____, H2 were only minor loss channels for the thermally mobilised 
hydrogen atoms in solid xenon. The kinetic model used predicts very small 
yields of H2S and H2, and the experimental data showed even smaller yields. 
This can be summarised by stating that the role of the solid xenon environ
ment on the H + H ------, H2 and H + Y ------, HY reactions is crucial, and there 
is a high energy barrier the preventing formation of these reaction prod
ucts. Similarly, the reaction between a hydrogen atom and SH· • • H2S is not 

43 
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likely to yield an H2S dimer, as might be expected. Quantum chemical cal
culations were used to estimate the stability of the HXeSH· · · H2S complex. 
This molecular complex was computationally stable, and it could thus be the 
product of the H + SH · · • H2S reaction in solid xenon. However, this was not 
unambiguously supported by spectral observations. 

The photodissociation of formyl fluoride was studied in argon, krypon, 
and xenon matrices. Since the photon energies used were below the threshold 
for cage exit of hydrogen and fluorine atoms produced in photodissociation, 
the photochemical products were mainly complexes between CO and HF 
due to in-cage reactions H + FCO----+ HF+ CO and F + HCO----+ HF+ CO. 
Only minor evidence of atomic cage exit was observed in krypton and xenon 
matrices. An interesting observation was the photodissociation of CO /HF 
complexes in krypton and xenon matrices, because both CO and HF have 
their first excited states inaccessible to the photon energies used. Isolated 
CO and HF were both stable with respect to UV irradiation in solid krypton. 

The vertical excitation energies of the CO··· HF and OC· ··HF com
plexes in their ground state geometries were estimated by quantum chemical 
calculations. These calculations showed that the electronic states of molecu
lar fragments are only slightly perturbed by complex formation, and thus the 
computed transitions were almost pure molecular transitions and inaccessi
ble by the photon energies used. However, experimental observations showed 
that the photodissocation of HCOF mostly yielded CO· • • HF and OC· • • HF 
complexes in their non-relaxed geometries. Some estimates were provided 
for the cavity size of the complexes by using the van der Waal radius of the 
HCOF molecule as the cavity radius. To fit in this cavity, the lengths of the 
CO·•• HF complexes were significantly reduced. A 1.4 A shortening of the 
intermolecular distance decreased the CIS transition energy by 0.8 eV, which 
would suggest that the non-relaxed structures may have lower excitation en
ergies. However, photodissociation was observed only in krypton and xenon 
matrices, where the photodissociation was more efficient. This would imply 
some role of the surrounding rare gas atoms as well. 

Low-temperature trapping of molecular complexes was used in the spec
troscopical study of the HCOF dimers. In this study a band ea. 17 cm-1 

blue-shifted from the monomer C-H stretching fundamental was assigned to 
the C-H stretching fundamental of the -C-H· · • 0- hydrogen bond. Quan
tum chemical calculations showed that the dimer structure containing double 
-C-H· • • 0- hydrogen bonds is probably the most abundant dimer in matri
ces. This was supported by the energetics and harmonic vibrational analysis
of different dimer structures.

As a summary, a solid surrounding has substantial effects on chemical 
reactions. For example, the gas phase reaction H + H ----+ H2 is not favored 
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in solid xenon, where HXeH is the main reaction product. The cage effect 

prevents atomic cage exits and thus subsequent in-cage reactions of photo

products may lead to qualitatively and quantitatively different final products. 

Despite their conceptual inertness, rare gases have diverse effects on chemical 

events. 
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