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J. Heyrovský Institute of Physical Chemistry, v.v.i.

Academy of Sciences of the Czech Republic

Doleǰskova 3, 182 23 Prague 8, Czech Republic

MOLECULAR DYNAMICS
IN FREE CLUSTERS AND NANOPARTICLES

STUDIED IN MOLECULAR BEAMS

DSc. Thesis
in Physical Chemistry

by

Michal Fárńık
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Abstract

In this Thesis I have summarized our recent research of free clusters and nanoparticles
generated by the molecular beam technique in vacuum and investigated by various laser
spectroscopic and mass spectrometric methods. The clusters and nanoparticles are of great
fundamental interest, since they can provide the link between the individual molecules and
the bulk material composed of these molecules by investigating physical and chemical prop-
erties as a function of cluster size, ultimately resulting in understanding the transition from
the molecule, to the bulk. The work in the field of clusters and nanoparticles in general
is relevant to solid state, molecular, atomic and even nuclear physics and chemistry and
has practical implications for many areas, e.g., nanoelectronics, surface science, catalysis,
environmental studies, biology or even medicine. Besides, the free molecular clusters gen-
erated in molecular beams in vacuum poses unique properties, which promote their use for
investigations of molecules and processes in complex environments at a detailed molecular
level. In this Thesis four main research topics are presented: 1) Photofragmentation in
model systems, i.e. hydrogen halides in rare gas clusters;2) Clusters and nanoparticles
of atmospheric relevance; 3) Biologically relevant processes studied inclusters; 4) Novel
molecules of rare gas atoms generated in clusters.

The Thesis is based on sixteen recent publications in peer-reviewed international jour-
nals. My independent original research started in 2005, when I moved a unique molec-
ular beam experimental apparatus from the Max-Planck Institute in Göttingen to the
J. Heyrovský Instituite of Physical Chemistry in Prague and founded a new laboratory
and experimental group of Molecular and Cluster Dynamics, and started a new area of
research in the Czech Republic. The focus is, therefore, on the original research accom-
plished within the last 5 years in our laboratory. However, the present research stemmed
from my previous work in Göttingen, therefore, some of this earlier work is outlined in the
Thesis as well.

First, to open the Thesis, a brief history of molecular beams and cluster research,
and the general motivation for our particular studies is outlined in the Introduction. The
second chapter Experiment is devoted to the description of the apparatus, and the exper-
imental methods are briefly overviewed. The experiment is quite complex and includes
several unique and up-to-date methods. The molecular beam techniques are used to gen-
erate beams of free molecules, clusters and nanoparticles of various sizes in vacuum. The
species in the beams are interrogated by scattering with atoms from a secondary molecular
beam, or by electron ionization, or by interactions with UV-photons causing photodis-
sociation and/or photoionization. Various mass-spectrometric methods (quadrupole and
time-of-flight mass spectrometers) and energy distribution measurements are implemented
to analyze the ongoing processes. Non-trivial laser techniques are employed to generate
tunable UV laser beams of high-intensities.

The chapter Results of the Thesis outlines the general outcome of our studies which is
organized in four sections. The first one Photodissociation of hydrogen halides in rare gas
clusters summarizes some of our earlier results on the photodissociation of various hydro-
gen halides (HX, X=Cl,Br,I) in rare gas (Ar and Ne) clusters. These systems provided a
detailed understanding of the photodissociation in the cluster environments. Important
phenomena, such as caging and cage exit of the dissociated fragments, have been observed.
These model systems facilitated the understanding of the more complicated species, such



as the hydrogen halides in water clusters or functional units of biomolecules in clusters,
which are discussed in the following sections.

The section Atmospherically relevant clusters summarizes our results on photochem-
istry of hydrogen halides on ice nanoparticles and pure water clusters photodissociation.
Such species play a key role in the ozone depletion process in atmospheric chemistry. Our
studies brought the first experimental evidence for the neutral hydronium radical H3O,
which is generated in HX⋅(H2O)n species upon UV excitation. The way to the generation
of the H3O radical leads via the acidic dissociation in the ground state to the zwitteionic
species X−⋅H3O+⋅(H2O)n−1. Possible consequences for the atmospheric chemistry models
are briefly discussed. The hydronium radical seems to play a central role in the photo-
chemistry of the aqueous systems, which is essential not only to the atmospheric chemistry
but also to the other important areas such as the radiation damage of biomolecues.

The section Biomolecules in clusters is related to the important issue of photostabil-
ity of biomolecules. Clusters of small heteroaromatic ring molecules (pyrrole, imidazole,
pyrazole) were investigated, which constitute the essential functional blocks and the UV
active chromophores in the larger biomolecules. The solvent molecules have a profound
effect on the photochemistry of these molecules. Various mechanisms of the solvent in-
duced photostability were revealed, such as closing the dissociation channels by electronic
interactions, or stabilization by hydrogen transfer in the excited states.

In the section Novel rare gas molecules, the hydride compounds of the type H-Xe-Y
(Y is an electronegative atom or group) containing rare gas atom are investigated. These
species are stable molecules with partly ionic and partly covalent bonding character. In our
experiments they are produced free in the gas phase by photodissociation of the precursor
molecules HY on large rare gas Xe-clusters.

The Thesis close with a chapter summarizing some of the general results of our research,
and especially with a brief overview of some of the future experiments which were opened
for investigation by the introduction of this vital new field of research in our laboratory.
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Chapter 1

Molecular Dynamics in Free
Clusters and Nanoparticles
Studied in Molecular Beams

1.1 Introduction

In this Thesis I summarize our recent research of free clusters and nanoparticles started
in the J. Heyrovský Institute of Physical Chemistry, Czech Academy of Sciences, in 2005,
when I received J. E. Purkyně Fellowship of the Czech Academy of Sciences and returned
from a long term stay abroad (10 years) spent in several laboratories in Germany and
U.S.A. During my last stay at the Max-Planck Institute in Göttingen I worked on an
experimental apparatus devoted to the studies of photodissociation of molecules in cluster
environments. I have moved this apparatus to Prague and founded a new laboratory with
the aim to open the new research field in the Czech Republic. The focus in the Thesis is
on the clusters and nanoparticles in molecular beams and their photochemistry.1

Work in the field of cluster and nanoparticles in general is relevant to solid state,
molecular, atomic and even nuclear physics and chemistry and has practical implications
for many areas, e.g., nanoelectronics, surface science, catalysis, environmental studies,
biology or even medicine [14, 15]. The clusters studied in our laboratory are conglomerates
of molecules ranging from two constituents (dimers) to large species composed of 103

molecules, they can be homogeneous species –composed of the molecules of the same type–
or heterogeneous –clusters with foreign molecules or smaller clusters embedded in them
or deposited on their surfaces. The larger species composed of more than ≈10 molecules
have dimensions of nanometers, i.e., they are nanoparticles. They are produced in our
experiment in molecular beams in vacuum where they are studied free of interactions with
any substrate. Thus the clusters provide a tool for investigations of various properties as
they evolve from an individual molecule to the bulk. In addition, the cluster studies can
provide detailed understanding of the observed processes on a molecular level.

The photodissociation of molecules in clusters may serve as an example of how the
clusters can be exploited as nanolaboratories for studying the photochemical processes in
solvent environment. The understanding of photochemistry in condensed media is one of
the current challenges in chemical physics both for fundamental and technological reasons.

1Therefore, not the most significant or the most cited publications of my scientific carriere are covered
in this Thesis, but rather some of the most recent ones, which are characteristic for the new research.
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1.1. INTRODUCTION CHAPTER 1. CLUSTERS IN MOLECULAR BEAMS

A molecular level understanding is difficult to achieve due to the many-body nature of
the interactions. A photodissociation process of a diatomic HX molecule is schematically
represented in Fig 1.1. A variety of processes can occur ranging from fragment caging over
closing some dissociation channels or opening new ones due to the electronic interaction,
to chemical reactions of the fragment with the solvent.
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Figure 1.1: Schematic representation of photodissociation of an isolated HX molecule (a), and

the possible effects of the solvent molecules on the photodissociation process: mechanical (b) and

electronic interaction (c).

When the molecule is photolyzed in a cluster the initial dynamics of the process is
essentially the same as in the condensed phase. Nevertheless, the clusters decay during
the process and the escaping fragments can be detected, while in the condensed phase the
fragments are usually lost from the detection. Thus, in the cluster experiments, observables
can be measured not accessible in the bulk studies, e.g., the kinetic energy of the fragments.
This energy carries the information about the fragment interaction with the solvent cage.
Besides, investigating the process as a function of the cluster size, brings the information
about the role of the solvent in the photodissociation. Altogether detailed information
about the dynamics of the process in the molecule-solvent system can be gained from such
studies [19].

From our research, several topics have been selected for presentation in the Thesis:
(1) Photodissociation of hydrogen halide molecules on rare gas clusters. They provide
model systems for investigations of the general question: How does the solvent influence
the photodissociation process? Processes, such as fragment caging can be studied in these
systems.
(2) Phochemistry of nanoparticles relevant in atmospheric chemistry, e.g., in the ozone
depletion process. This includes namely photodissociation of hydrogen halide molecules
on ice nanoparticles HX⋅(H2O)n (X=Br,Cl) and photodissociation in pure (H2O)n clusters.
(3) Photodissociation of basic constituents of biomolecules in cluster environments. The
photolysis of small heteroaromatic molecules as pyrrole, imidazole and pyrazole was inves-
tigated in clusters, with the aim to study the effect of the solvent on the photostability of
biomolecules in general.
(4) Besides, the studies of novel rare gas compounds H–Rg–Y generated by photodissoci-
ation of precursor molecules HY in rare gas clusters Rgn were pursuit. Investigation of
these noble gas compounds is interesting and important from the fundamental point of
view, since they substantially enrich our understanding of the chemical bonding.
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1.2. EXPERIMENT CHAPTER 1. CLUSTERS IN MOLECULAR BEAMS

1.2 Experiment

The experimental setup has essentially been built at the Max-Planck Institute in Göttingen
and reassembled in Prague with some minor additions and modifications. It represents a
very complex, demanding and complicated experiment featuring several methods which
are unique worldwide. Therefore this chapter in the Thesis is devoted to its description,
and the experimental methods are briefly overviewed. The apparatus consists of a vacuum
system for producing the molecular beams by supersonic gas expansions, and for handling
and analyzing them: to perform scattering experiments with atoms or molecules, size
select the neutral cluster beams, measure the beam velocity distributions, perform mass
spectrometry of clusters ionized by multiphoton ionization (time-of-flight mass spectrom-
etry) or by electron ionization (quadrupole mass spectrometry), and finally to measure
the kinetic energy distribution of fragments after the photodissociation of molecules in
clusters. The laser system serves to produce light beams of various UV wavelengths to
probe the clusters.

S1

SC

PUC

TOFC

QMSCpick-up cell

PR
chopper

MCP

W
M

-T
O

F

QMS el. mult.

e-

UV-Lasers

193 nm

243 nm

S2

Figure 1.2: The schematic picture of the present experiment: S1–primary beam source cham-

ber; S2–secondary beam source chamber; SC–scattering chamber; PUC–pick-up chamber hosting

pick-up cell and pseudorandom (PR) chopper; TOFC–time-of-flight chamber with WM-TOF spec-

trometer, where laser beams interact with the molecular beam, and the fragments are detected by

multichannel plate (MCP); QMSC–quadrupol chamber with QMS, where clusters are ionized by

electrons and fragment mass spectra are recorded by electron multiplier.

The schematic picture of the present experiment with its essential parts is shown in
Fig. 1.2. The clusters are produced by a supersonic expansion of the corresponding gas
molecules through a nozzle into the vacuum. After passing the skimmer, the neutral
clusters can be size selected by elastic scattering with a perpendicular beam of rare gas
atoms produced in the secondary nozzle. The basic principle of the size selection method is
indicated schematically in Fig. 1.2: the smaller (lighter) clusters are scattered to the larger
laboratory angles than the larger (heavier) clusters. The whole assembly of the two source
vacuum chambers attached to the scattering chamber can be rotated with respect to the
rest of the apparatus as indicated. Choosing an appropriate laboratory angle to which the
clusters are scattered, clusters of the selected size n are alowed to proceed further through
the apparatus. Actually, the angularly selected beam contains also clusters smaller than
n and further methods can be employed to obtain a complete size selection of the neutral
clusters. It is worth noting that the possibility to obtain explicit information about the
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1.3. RESULTS CHAPTER 1. CLUSTERS IN MOLECULAR BEAMS

neutral cluster size distribution is one of the unique features of our apparatus.
After the scattering chamber the clusters enter another vacuum chamber, where they

can be doped with foreign molecules by passing through a pick-up cell filled with the foreign
gas at a low pressure. Then the clusters enter the first detection chamber with a time-of-
flight spectrometer of the Wiley-McLaren type (WMTOF). The molecules in the clusters
are dissociated and ionized by the laser beams. The ionized fragments are extracted into
the WMTOF field free region and detected at the end with a multichannel plate and
their TOF spectra are recorded. The WMTOF can be operated as the mass spectrometer
when the ions are extracted with a high electric field. However, in the photodissociation
experiments it is rather operated in the so called low field mode with a small extraction
field, where the kinetic energy distribution (KED) of a particular fragment (e.g., H-atom)
can be measured.

The H-fragments are efficiently photoionized at 243 nm (5.1 eV) by a resonance-
enhanced multiphoton ionization (REMPI). The molecules in the clusters can be photodis-
sociated previously either by photons of the same wavelength within the same laser pulse or
by another laser pulse at 193 nm (6.4 eV). In the photoionization experiments the clusters
and/or their fragments are ionized by a non-resonant absorption of several photons from
any of the two lasers. Alternatively the mass spectra can be recorded with a quadrupole.
For this purpose the clusters proceed into the QMS chamber, where they are ionized by
electrons. Further details about the experiment can be found in Refs. [63, 64, 65, 66].

1.3 Results

1.3.1 Photodissociation of hydrogen halides in rare gas clusters

Although the focus is on our present research performed in Prague, this first section of Re-
sults summarizes some of the experiments performed with the apparatus still in Göttingen.
The photodissociation of various hydrogen halides (HX, X= Cl, Br, I) in rare gas clus-
ters represented the prerequisite model systems for the studies of atmospherically relevant
species. These systems provided a detailed understanding of the photodissociation of rela-
tively simple diatomic molecules in the cluster environments. The cluster can simulate the
solvent effect on the photodissociation process –the rare gas atoms of the cluster represent
an archetype structureless solvent. Important phenomena, such as caging and cage exit
of the dissociated fragments, have been observed and analyzed. The detailed understand-
ing of these model systems facilitated the understanding of the more complicated species
studied here, such as the hydrogen halides in water clusters or biomolecules in clusters.

Results of HX photodissociation on Arn clusters were compared in the Thesis. The
comparison is illustrated schematically in Fig. 1.3. First, the comparison of a photodissoci-
ation of HBr and HCl molecules on Arn clusters at 193 nm is made. While the H-fragments
from HBr molecules exhibited significant cage exit no evidence for such process was ob-
served for HCl molecules, where only the caged atoms with near-zero kinetic energy were
measured. This could be rationalized by the fact that the smaller HCl molecule fits bet-
ter into a substitutional position on the Arn cluster surface, leading to the higher caging
probability.

Second, the comparison between HBr and HI on Arn clusters at 243 nm reveals a very
similar behavior with both the ground X and the spin-orbit X∗ states populated almost
equally. While in the case of HBr both states are populated through a perpendicular
transition, in the case of HI the ground state I is populated via a perpendicular transition

5



1.3. RESULTS CHAPTER 1. CLUSTERS IN MOLECULAR BEAMS

and the excited state I∗ population comes from a parallel transition. Besides, in HI the
intensities corresponding to I and I∗ populations are mixed by scattering processes from
the surrounding Ar atoms of the cluster. This can be rationalized by libration motion
and the larger size of the HI molecule, which does not fit into the substitutional position
and sits more on the outside of the cluster surface, which in turn leads to the efficient H-
fragment scattering. Fig. 1.3 illustrates the hotodissociation of various hydrogen halides
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Figure 1.3: Schematic illustration of hotodissociation of various hydrogen halides on Arn clusters.

on Arn clusters: (a) HCl is burried deep in the substitutional position on the Arn cluster
surface, leading to the caging of the H-fragment after the photodissociation; (b) HBr does
not fit into the substitutional position completely, therefore, part of the fragments from
librating HBr molecule can be elastically scattred from the surface and lead to the cage
exit; (c) HI sits even more outside on the surface than HBr, therefore, the cage exit is even
more pronounced and scrambling of the angular distributions from different polarizations
occurs. At the bottom the corresponding representative KEDs are shown to illustrate
these effects.

The neon clusters represent a border case, where the classical treatment may be suf-
ficient to describe some properties, while the quantum mechanics might be necessary for
understanding of some other phenomena. Therefore, it was interesting to investigate the
photodissociation process in neon clusters and compare it to the studies in the heavier rare
gas clusters. The photodissociation of HBr and HCl molecules on neon clusters pointed to
a liquid-like surface layer in large Ne-clusters: the outer surface shells remain liquid also
for the larger Ne-clusters, which have frozen solid-like core. The embedded molecule sinks
deep into the surface layers, which then hinder the H atom dissociation fragment from
leaving the cluster.

The results presented in this section can be found in the corresponding publica-
tions [102, 103, 104, 106].

1.3.2 Atmospherically relevant clusters

This section summarizes our results on photochemistry of hydrogen halides in water clus-
ters (ice nanoparticles) HX⋅(H2O)n, n̄ ≈102-103, and pure water clusters (H2O)n. These
species play a key role in the atmospheric chemistry in the ozone depletion process. We
pursuit the question of the nature of a hydrogen halide molecule on an ice nanoparticle:
Is it covalently bound or acidically dissociated? The quest brought us to the discovery
of the neutral hydronium radical H3O. These species are generated in HX⋅(H2O)n clus-
ters upon UV excitation into an electronic state of charge-transfer-to-solvent character
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1.3. RESULTS CHAPTER 1. CLUSTERS IN MOLECULAR BEAMS

and subsequent relaxation into a biradical state. Our experiments with isotopic variants
of HX⋅(H2O)n species provided the first experimental evidence for the H3O radical gen-
eration. Further experiments presented in this Thesis then confirmed its existence and
investigated its nature.

The idea of interpreting of our experimental observations in terms of H3O species
followed from the earlier theoretical predictions of H3O in similar systems by Domcke and
Sobolewski [108, 109, 110, 111, 112]. They proposed theoretically the excitation of charge
separated species such as the small zwitterionic clusters Cl−⋅(H2O)3⋅H3O+ to lead to the
neutral H3O radical. Fig. 1.4 depicts the suggested mechanism of the H3O generation
in our experiment: It starts with the acidic dissociation of the HBr molecule, forming a
zwitterionic structure Br−⋅H3O+⋅(H2O)n−1, which is then excited by the 193 nm laser to
an excited state of the charge-transfer-to-solvent (CTTS) character [109]. The system then
relaxes into a biradical minimum with Br and H3O neutral radicals, which can ultimately
decay into H2O molecule and the H atom detected [108, 111]. Several experimental findings
and further arguments were found to support this mechanism.
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Figure 1.4: Proposed mechanism of the HBr⋅(H2O)n cluster photochemistry.

It should be mentioned that our findings can have significant consequences for the
atmospheric chemistry models. The experiments and accompanied theoretical calculations
demonstrated that the acidic dissociation in HX⋅(H2O)n species causes a significant red-
shift in the absorption spectra of these species. Therefore the HCl adsorbed and acidically
dissociated on the ice particles can be a non-negligible direct source of the Cl radical after
the UV excitation, without the necessity of converging the reservoir species HCl into the
active photolyzable species Cl2.

Besides, the evidence for the H3O molecular radical has been also found in the pho-
todissociation of pure ice nanoparticles. Thus the H3O species were shown to play a central
role in the photochemistry of the aqueous systems, which is essential not only to the at-
mospheric chemistry but also for other important areas such as the radiation damage of
biomolecues.

The results of our investigations of hydrogen halides in ice nanoparticles HX⋅(H2O)n,
which were summarized in this chapter have been published in Refs. [115, 116, 117], and
the studies of pure water clusters (H2O)n were published in Ref. [118].
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1.3. RESULTS CHAPTER 1. CLUSTERS IN MOLECULAR BEAMS

1.3.3 Biomolecules in clusters

The systems studied in this section are related to such important issues as the photo-
stability of biomolecules. Small heteroaromatic ring molecules such as pyrrole, imidazole
and pyrazole constitute the essential functional blocks and the UV active chromophores
in the larger biomolecules. The pursuit to understand the photochemistry of biomolecules
in detail led the researchers to investigations of the photochemistry of these constituent
molecules in the gas phase. However, in nature the photochemistry proceeds with these
molecules as parts of the larger systems, and also surrounded by the solvent molecules.
The solvent molecules can have a profound effect on their photochemistry. Therefore we
have investigated these molecules in the clusters where the solvent effects can be studied
at the molecular level. Clusters of rare gas atoms were again exploited as archetype struc-
tureless solvents. However, since the most important bond in the biological matter is the
hydrogen bond, clusters with various hydrogen bond motifs were also studied. Fig. 1.5
shows these bonding motifs for dimers and trimers of structurally very similar molecules:
pyrrole, imidazole and pyrazole, investigated in our experiments.

Pyrrole Imidazole

n= 2

n= 3

0.297 eV

0.990 eV

0.418 eV

0.923 eV

Pyrazole

0.607 eV

1.24 eV

N

H

N

N

H

N
N

H

n= 1

Figure 1.5: Structures and binding energies of the molecules and the different bonding motifs

represented by the pyrrole, imidazole and pyrazole dimers and trimers.

Due to their biological relevance, the UV photochemistry of these nitrogen heterocycles
was extensively studied in the gas phase both experimentally [119, 120, 121, 122] and the-
oretically [123, 124, 125, 126]. The general picture of the photochemistry is schematically
represented in Fig. 1.6. Upon a low energy excitation, the photodynamics is dominated by
the ��∗ state. This state is asymptotically dissociative and the hydrogen atom is released
(hydrogen dissociation, HD, channel). At elongated N-H distances, the ��∗/S0 conical
intersection occurs. It is, therefore, possible that frustrated dissociation (FD) takes place,
and the molecular ground state is recreated. At higher photon energies, the ��∗ state
can be populated. A molecular ring distortion (MRD) reaction channel is opened. Sub-
sequently, the molecule quenches into the vibrationally hot ground state where again the
hydrogen atom can dissociate or other molecular fragments can be formed. This dynamics
leads to a bimodal character of the H-fragment KED spectra from the photodissociation
of these molecules. These spectra measured for pyrrole molecule at 243 nm and 193 nm
are schematically shown on the insets in Fig. 1.6. The relatively narrow peak of fast frag-
ments (around 0.8 eV) originates from the direct dissociation on the ��∗ surface. The slow
fragments exhibit a broad distribution peaking near zero. These fragments correspond to
statistical decay of the vibrationally hot ground state molecule after the quenching of the
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Figure 1.6: Schematic picture of photodissociation processes possible in the studied molecules

(pyrrole, imidazole, pyrazole).

��∗ or ��∗ state.
We have investigated how these spectra change upon complexation of the molecules in

clusters. Figure 1.7 shows examples of the measured H-fragment KEDs from Py (left panels
(a) and (b)) and Im (right panels (c) and (d)) clusters at 243 nm. The top panels (a) and
(c) correspond to the smaller clusters with the mean sizes of n̄ ≈3 produced in expansions
with He carrier gas. The bottom panels (b) and (d) correspond to the larger clusters
generated in expansions with Ar. The mass spectrometric and scattering experiments in
Ar expansions revealed mixed PynArm clusters with n̄ ≈4 and m̄ ≈8 for pyrrole, while pure
Imn clusters with n̄ ≥6 were generated for imidazole. Clearly, the fast component of KED
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Figure 1.7: Measured KEDs of Py (left panels) and Im (right panels) clusters at 243 nm.

decreases relatively to the slow statistical fragments with the complexation. These changes
were rationalized based on theoretical calculations performed in the group of P. Slav́ıček.
For the pyrrole clusters, it has been shown that the the conical intersection between ��∗

and S0 states cease to exist if the pyrrole molecule is solvated by other species. This effect
is independent of the solvent nature, whether it is a structureless rare gas atom or other
pyrrole molecule. Therefore, the direct dissociation channel along the N–H coordinate on
��∗ is closed by the solvent. On the other hand, in case of imidazole and pyrazole clusters
the solvent induced photostability is caused by hydrogen and/or proton transfer processes,
which occur between the hydrogen bonded cluster constituents in the excited states.

These results have been published in a series of articles [127, 128, 129, 132].
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1.3. RESULTS CHAPTER 1. CLUSTERS IN MOLECULAR BEAMS

1.3.4 Novel rare gas molecules

The hydride compounds of the type H-Rg-Y (Y is an electronegative atom or group)
containing rare gas atom (usually Rg= Xe or Kr) represent extremely interesting species
from the fundamental point of view extending our understanding of chemical bonding.
The bonding in these stable species has partly ionic and partly covalent character. Exper-
imentally, these species are usually produced by dissociation of the HY molecules adsorbed
in the rare gas matrices. The precursor molecules can be either UV photolyzed or dis-
sociated by electron bombardment. Then the matrix is annealed by heating, typically
from about 10 K to 40 K, to make the hydrogen mobile and recombine to the H-Rg-Y
molecule. In 2005 over 20 such molecules prepared in matrices were reviewed in Ref. [54]
and their number is ever increasing. However, only three such rare gas molecules have
been generated in the gas phase so far: HXeI, HXeCl and HXeCCH, and they were all
prepared on the present experimental apparatus [55, 56, 57, 58].

In our experiments these molecules are produced free in the vacuum by photodissoci-
ation of the precursor molecules HY on large rare gas clusters Xen, n̄ ≈102-103. Besides,
after their generation these molecules are oriented in the strong laser fields combined
with weak electrostatic fields and detected by this orientation. The production of these
molecules in the gas phase proves their stability and their generation in a direct process,
and allows investigation of the dynamics of their photodissociation.

Fig. 1.8 shows the schematic picture of generation and orientation mechanism of an H-
Xe-Y molecule by HY precursor photodissociation on Xen clusters: 1) the HY molecule is
photodissociated on the Xen cluster; 2) the H fragment is backscattered from cluster atoms
and recombines to the HXeY molecule; 3) the HXeY molecule is aligned in the strong laser
field by the interaction of the laser electric field vector E⃗L with the polarizability anizotropy
of the molecule Δ�, and this alignment is turned into orientation by the interaction of the
weak extraction field E⃗S with the dipole moment �⃗ of the molecule; 4) the HXeY molecule
is dissociated. The TOF spectrum of H-fragments from the oriented molecule exhibits only
the peak of faster fragments (filled red peak), while the spectrum of randomly oriented
HY molecule is symmetric (green line). The asymmetry of the measured total spectrum
(red line) –which is a sum of the two spectra– is the experimental evidence for the HXeY
molecule.

The results of our investigations of rare gas molecules were summarized in Refs. [57,
58, 133, 134].
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Figure 1.8: Schematic picture of generation and orientation mechanism of an H-Xe-Y molecule

by HY precursor photodissociation on Xen clusters.
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1.4 Conclusions

The experiments with hydrogen halides molecules on rare gas clusters discussed in Sec. 1.3.1
revealed information about the photodissociation dynamics of these species in cluster en-
vironments, and such processes as fragment caging and cage exit were analyzed and well
understood. These studies provided an excellent basis for the further investigations of,
e.g., the atmospherically and biologically relevant systems discussed in this Thesis.

Our experiments with hydrogen halides on ice nanoparticles in Sec. 1.3.2 have revealed
the mechanism of UV excitation leading to the generation of H3O neutral radical via
acidic dissociation in the ground state. The H3O radical has been also observed in the
photodissociation of pure ice nanoparticles. The H3O was suggested to play a central role
in the photochemistry of aqueous systems. Our observations can have significant practical
implications in the atmospheric chemistry on ozone depletion models.

In Sec. 1.3.3 we have studied the effect of solvent molecules on photochemistry of small
biomolecular units. It has been demonstrated that the presence of solvent molecules can
change the photochemistry in various ways: (i) due to the electronic interaction between
the studied biomolecule and the solvent a photodissociation channel can be closed, or (ii)
in hydrogen bonded system the hydrogen or proton transfer in the excited state can be
initiated, which can lead to the excitation energy redistribution and dissipation. Both
these effects can lead to the solvent induced stabilization of the molecule in the cluster.
Such cluster studies may provide a key to the molecular level understanding of stability
of the larger biomolecules in their natural environments.

The last issue treated in this Thesis are the rare gas molecules in Sec. 1.3.4. Here
we have demonstrated that some of these interesting species can be generated in the gas
phase by photolysis of precursor molecules on large rare gas clusters. Thus their stability
and the direct generation mechanism have been proved. Besides, these molecules were
oriented in the strong electric fields of laser combined with the weak electrostatic fields.
Finally, also the photodissociation dynamics of these species has been studied.

Numerous possible future experiments and investigation directions have been suggested
in the concluding chapter of the present Thesis, illustrating the potential of the new vital
field of research started by the author five years ago in the J. Heyrovský Institute of
Physical Chemistry, AS CR.
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1999, 111, 2595.

[99] Baumfalk, R.; Nahler, N. H.; Buck, U.; Niv, M. Y.; Gerber, R. B. J. Chem. Phys.
2000, 113, 329.
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112, 5344.
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45. V. Poterya, O. Tkáč, J. Fedor, M. Fárńık, P. Slav́ıček, and U. Buck: Mass spectrometry of hydrogen bonded
clusters of heterocyclic molecules: electron ionization vs. photoionization. Int. J. Mass Spectrometry, 290
(2010) 85 – 93.
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