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raznymi klastry. (1) Byly zmafeny rychlosti klastr vzacnych plyd a vody za iznych
expanznich podminek, abychom sé&liuo supersonické expanzi a procesech tvorby
klasti. (2) Fotodisociace klastr (HBr), byla zneéfena kwili kalibraci. (3) Hmotova
spektroskopie klasirmalych biomolekul imidazolu, pyrazolu a pyrolu &ytkouméana.
Byla odhalena stabilizacecdhto molekul, které jsou vazany vodikovymi vazbami,
pienosem vodiku, coZz je relevantni ke stabildiiomolekul obect (4) Kone&ng,
fotodisociace molekuly HI na klastrech vody,(®), byla studovana a porovnana s
fotodisociaci na klastrech argonu (ArBylo ukazano, Zze molekula HI podléha acidické
disociaci na (HO), za tvorby obojetného ionuzB" 1'(H,0),.1, ktery je nasledhexcitovan
do biradikalového stavu s neutralni molekuloy®H
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Abstract: Several experiments with various clusters weréopged on a molecular beam
apparatus. (1) The beam velocities were measurechffe gases and water clusters under
various expansion conditions to learn about theemgmic expansions and cluster
generation processes. (2) The photodissociatiorfH@r), clusters was measured for
calibration purposes. (3) The mass spectrometryclosters of small biomolecules
imidazole, pyrazole and pyrrole was investigatetle Btabilization of these hydrogen
bonded species in the excited states by hydrog@sfar process was revealed, relevant to
the stability of biomolecules in general. (4) Fipalthe photodissociation of an HI
molecule on water clusters {8), was studied and compared to the photodissociation o
(An), clusters. It was shown that HI molecules acidycdlssociate on (D), and generate
zwitterionic species ¥0" 1'(H,O)n.1, which are then excited into biradical states wita
neutral hydronium molecules0.
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1. Overview

There are two main topics in this thesis, spedlficanass spectrometry of pyrrole,
imidazole and pyrazole clusters (Section 4.3), pmotodissociation of an HI molecule on
water clusters (bD), (Section 5.1). In the former, the differences bemvéhe various
methods of cluster ionization, namely subsequenttipmoton and single photon
ionization, as well as electron ionization are dssed. Another subject of interest is the
differences between the ionization of imidazole gydazole clusters on one side, and
pyrrole clusters on the other. These clusters diffeheir hydrogen bonding motifs. The
reason for studying this topic is given in secti@3, where the constituents of
biomolecules (pyrrole, imidazole and pyrazole) iateoduced, and the possible causes of
biomolecular damage are discussed. The differemzation methods are described in
section 3.4, while the Willey McLaren time — oflight and quadrupole mass spectrometer
used for recording mass spectra, are describedctinas 3.3 and 3.5, respectively. These
results have already been published in the Intenmat Journal of Mass Spectrometry [1].
This publication can be found in the appendix A.

The reason for studying photodissociation of HI @esales on water clusters {B)), is to
verify the proposed mechanism of hydronium moledd#® formation in the previous
experiment with HBr and HCI on water clusters;@, [2, 3]. These two molecules, as
well as water clusters (nanoparticles), play anartgnt role in atmospheric chemistry.
Therefore, a brief introduction to atmospheric cletm is given in section 2.2.
Photodissociation process of molecules in clusgedescribed in section 2.4. Before we
proceeded to study photodissociation of HlI molezuten water clusters @@), a
calibration measurement of photodissociation in fiHBIlusters was performed. This
experiment is described in section 4.2. The speutne recorded by the Willey McLaren
time — of — flight spectrometer in low field mode.

A similar experiment was performed with Hh@olecules on water clusters (B),. The
idea was to verify if a similar process, as in thse of photodissociation experiment with
hydrogen halides on water clusters, occurs withemthcids present in the polar
stratospheric clouds. However, the H-fragment digres never detected. Therefore, this
experiment is only briefly mentioned in the sectoA.

The third topic of this thesis, velocities measueabof the rare gases and water clusters, is
described in section 4.1.2. The purpose of thisearent was to gain more information
about the supersonic expansions and cluster gememaiocesses in our experiment. The
method of the velocity measurement is describethensection 3.2, while a theoretical
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introduction is given in the section 4.1, where thkation for the velocity of clusters is
derived, and also in section 4.1.1, where the ftionaf clusters is described.

In addition, the other parts of our experimentglaptus are described in chapter 3, such
as the laser and vacuum systems. In section 2.Inthlecular beams and clusters are
introduced, to which we can proceed right now.



2. Theoretical background

2.1 Molecular beams and clusters

Molecular beams are produced by a gas expandingighra small orifice from a higher
pressure system into an evacuated chamber. Undainceonditions, a beam of particles
(atoms, molecules and clusters) is generated, whitves at approximately equal
velocities with essentially no collisions betwedr tparticles along straight line in the
vacuum, as was shown by Dunnoyer (1911) [4]. THisnpmenon - called molecular
beams — is widely exploited for fundamental redearc many areas of physics and
chemistry. More recently, it has also been extenidéal biological research and even
technological applications.

Otto Stern was the first scientist who devoted leiin® the systematic study of molecular
beams. They provided the first experimental probfthe kinetic theory of gases by
measuring their maxwellian speed distribution [Ahother example of molecular beam
importance were the demonstration of spatial oai@mt quantization of an atom in a
magnetic field — Stern-Gerlach experiment [6], év&lence for the wave nature of heavy
particles and experimental verification of the doqmafor the de Broglie wavelength [7].
The scientific community gained fundamental inssgimto the mechanisms and dynamics
of chemical reactions in the gas phase and on salithces by employing the molecular
beam method. A Nobel Prize for the study of elemgnthemical processes using this
method was awarded to D. R. Herschbach, Y. T. beleJaC. Polanyi in 1986.

Great scientific breakthroughs were also achieviel @luster beams [8] in the 1950’s. It

was recognized that molecules tend to condenseipersonic expansions and generate
clusters in molecular beams. Clusters are aggregafteatoms or molecules of various

sizes, ranging from groups of two up to a milli@m,even more. Clusters represent the
Lransition state” between a single atom or moleaud the bulk. However, clusters have
also some unique properties which distinguish tfrem the isolated molecules, as well as
the bulk:

* One of the important properties of free clustersmimlecular beams in a vacuum is
the large number of internal degrees of freedonichvimake them a very efficient
heat bath with the ability to keep a constant l@mperature due to the fast
evaporation of particles from the cluster surfaldee internal temperature of these



clusters can be very low (for example, helium @tsiof more than 100 atoms can
achieve 0,37 K [9]).

* Clusters have a large surface-to-volume ratio; hawetheir volume readily
approaches bulk behavior. Therefore, the clustansprovide bulk-like conditions
and at the same time, because of their finite sizis, possible to measure some
observables inaccessible in the bulk (e.g. fragmesit a molecule after the
photodissociation are usually trapped in the bulk they can escape and be
detected if photodissociation proceeds in the ehjist

Molecular clusters and rare gases clusters, whiehttee scope of our investigations, are
held together by bonds of a noncovalent natureh siscvan der Waals interactions or
hydrogen bonds (some clusters, however, can aldémied by covalent bonds, e.g. metal
clusters). The energy of these weak intermolecualt@ractions is around 0,1 eV or even
less, which means that these bonds can dissoclea iwradiated by infrared light. On the

other hand, the energy of covalent bonds in moéscukaches several electronvolts and
dissociation of these bonds takes place in ultiat/i@gion. Since the typical physical size
of a molecule is around 1A = 1®m, clusters containing more than about 10 molecule
have dimensions of nanometers, therefore they earalbed nanopatrticles.

Clusters are not only of great interest for fundatakresearch, but also for many areas of
physics, chemistry and biology. They have applaceti in astrophysics, atmospheric
chemistry, material sciences and even in technoldgyour laboratory, we are mainly
interested in two topics — atmospheric chemistry lbilomolecules. A brief description of
these topics as well as the reasons of our atteoticthese topics will be given in the two
following subsections.

2.2 Atmospheric chemistry and nanoparticles

One practical importance of clusters is their noleatmospheric chemistry. Examples of
clusters in the atmosphere are ice nanoparticlesy &re formed in the polar regions of the
stratosphere during the cold winter and they padie in the ozone depletion process. The
stratosphere is the layer of atmosphere locatedtalis- 50 km above sea level and it is
quite cold (185 — 275 K) and dry (2 — 6 ppm watapar) [10]. The stratospheric ozone
layer was an early consequence of oxygen produdiiotife on Earth and through its
shielding against harmful ultraviolet (UV) radiatidrom the sun it strongly influenced
life’s development and is still responsible for tentinuous protection. Natural and



anthropogenic threats to the ozone layer have vedencreased attention over the past
three decades [11].

Since the discovery of a hole in the ozone abowe Ahtarctic in 1985, it has been
postulated that a heterogeneous chemistry on tliaces and in the bulk of liquid water
and solid ice patrticles in polar stratospheric d®{PSCs) play a key role in the ozone
depletion process. Pollutant gas molecules (e.gCIBQHCI) react on the surface of ice
particles in the PSC. These reactions convertivelstinactive and for ozone harmless
molecules, e.g. HCI, to the active species sucBGlaswhich is readily dissociated by UV
radiation into Clradicals. The Clradicals participate in a chain reaction leadm@zone
depletion:

Cl+0; - CIO+Q
ClO+0 - CI+O

Thus, one ozone molecule and one oxygen atom (O) are transformed intodwagen
molecules (@ and the Clradical is set free to repeat the reaction antragsdditional
ozone molecules. In a similar way bromine atomstrea

HCI molecules can also be directly dissociated by rddiation into Clradicals, but the
actinic photon flux at 50 km altitude in the absmp range of HCI (around 150 nm) is
about five orders of magnitude smaller than in @hsorption range of €llaround 320
nm). Consequently, considering the differences betwthe absorption cross sections of
HCI and C} and the actinic flux in the stratosphere, it carchkeulated that significantly
less than 1% of Cloriginates directly from HCI. Thus the direct H@issociation is
neglected as a source of Cl radicals in the cumémbspheric chemistry models and the
PSC particles are involved mainly as catalyst taveat the reservoir species (HCI) to the
active ones (G). However, if other processes on the PSC parsistéace are considered,
much larger Clradical yields can be obtained directly from th¢ idradiated particles, as
has been shown in recent publications from ourrktooy [3].

The stratosphere is not easily predisposed to cloudation because of its dryness, and
clouds are formed only during the extremely colddibons of the polar winter. That is the
reason why the ozone hole is generated above Aic@ravhere also other meteorological
conditions (e.g. a strong polar vortex of cold &gd to PSC generation. Cloud particles
strongly influence atmospheric chemistry via thavation of halogen species. The main
role of PSCs in atmospheric chemistry is to provaeatalytic surface for various
reactions.



In our lab we can mimic these atmospheric proce$8es3, 12]. The role of ice
nanoparticles in the atmosphere is representedéopanoparticles (water clusters) in our
experiments. Water clusters can be doped with warjollutants, such as HCIl. These
species are subsequently subjected to the actianldf laser pulse, which simulates the
action of solar radiation.

2.3 The constituents of biomolecules in clusters

Biomolecules are the chemical compounds founadvindi organisms, where they perform
important functions and are the building blockdifef. Biomolecules can be damaged by
radiation either through direct interaction withopdns (they can react in an excited state,
fragment, or ionize) or indirectly: photons canimnwater, which forms anJ®" ion and
free electron. The #0" ion can react with more water molecules to forg®Hand an OH
radical. Consequently, biomolecules can be damdyethese OHradicals or by free
electrons that have some kinetic energy. Therefonetostability and resistance against
electron impact of biomolecules is one of the ctiods for the existence of life. In order
to understand the photostability of these rathenmex species at a detailed molecular
level, we have to investigate the photochemistrytheiir simpler constituent molecules,
namely of the UV chromophores such as the hetelicaygmpounds — pyrrole, imidazole
and pyrazole studied in this work. Schematic stnecbf these molecules is shown in Fig.

000D

H H H

Pyrrole Imidazole Pyrazole

Figure 1. The schematic structure of heterocydtimgen containing molecules.

The heterocyclic nitrogen containing molecules, r@pgr and imidazole, represent
important constituents in many biomolecules. Theglg structure is present in hems and
chlorophylls, which can be seen in Fig. 2(a). Thedazole structure can be found in
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purine, which is a skeletal building block of thecteic acid bases adenine (see Fig. 2(b))
and guanine.

Figure 2. The model of chlorophyll with four pyreotings (a) and adenine with one five-
membered pyrazole ring (b).

However, the study of the isolated constituent ks in their gas phase does not
necessarily provide a complete picture of the ptiwémistry of more complex biological
systems, where the solvent can play an essental Therefore, to take a further step
towards unraveling the photochemistry of biomolesuive must study the photochemistry
of the smaller constituent species solvated intelgs This way the effects of the solvent
on the photochemistry can be revealed.

In this thesis we present a study on dissociatiget®n ionization and photoionization of
pyrrole, imidazole and pyrazole molecules in clisstavhich are closely related to the
guestion of stability of these species in a solvamtironment. Pyrazole is studied, even
though it is rare in nature. Due to the differerdsigon of nitrogen atoms in its
heteroatomic ring, it forms hydrogen bonds différfgam those in imidazole and pyrrole.
All three molecules, although structurally very sam generate clusters with quite
different bonding motifs, as illustrated in Figf@& dimers. In pyrrole clusters, the N-H
bond of one molecule binds to theelectron cloud of the heteroaromatic ring of the
neighboring molecule, forming a pattern of hydrogesnd N-H-z. In the imidazole
clusters the N-HN hydrogen bond is observed, and in the pyrazaisteis a double bond
iIs presented similar to the DNA base pairs bondmgtif. Thus, in pyrrole the
chromophore does not react with the solvent whilenidazole and pyrazole, the hydrogen
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atom of the donor molecule can migrate to the aocapolecule upon excitation and new
phenomena can occur, e.g. hydrogen or proton gansf

o
Pyrrole Imidazole Pyrazole
N-H--zbond N-H--N bond N-H--N doublebond

Figure 3. Schematic picture of different hydrogemding motifs of pyrrole, imidazole and
pyrazole dimers. Hydrogen bonds are indicated dydeshed lines.

2.4 Photodissociation in clusters

In general, we investigate the influence of theimmment on photoinduced processes,
namely photodissociation and photoionization. Its hdeen shown above that
photodissociation in a macroscopic environmentoofdensed phase is very important, e.g.
in biological systems. However, it is very diffitulo investigate this process at the
molecular level in the bulk. Therefore clustersresent the ideal environment for the
investigation of photodissociation in a solvent.

Let us first consider the photodissociation of smlated molecule. Photodissociation is the
fragmentation of a bound molecule through photasogltion. The electromagnetic energy
of a light beam is converted into internal ener§ya anolecule, and if this energy exceeds
the binding energy of the weakest bond, the moéecah irreversibly break apart. We can
write a photodissociation process of a moleculei®B products A and B as:

ABMN7iw —> (AB) —> A(a) + B(B), (1)

whereN is the number of absorbed photons with enéegy# is the Planck constant aad
angular velocity). The intermediate state (AB)presents the excited state before it breaks
apart, and the labets andf denote the internal quantum states of the prodasd B,
respectively. The first step denotes absorptiothefphotons by the molecule AB and the
second step represents the fragmentation of theedx@xomplex.

12



Fig. 4(a) illustrates this process in terms of ptt energy curves. Depicted there is a
schematic potential energy curves (black linesyhef ground, and dissociative excited
states (denoted by asterisk) of a diatomic moleéBe In a general case of polyatomic
molecules, multidimensional potential energy swefa¢PES) are obtained. They can be
derived from the well known Schrddinger equationeafapplication of the Born-
Oppenheimer approximation. The PES representsléa&r@nic energye as a function of
various atomic coordinates. The important pointha molecule AB ground state PES is
the local minimum (in Fig. 4 denoted by Min.), whicepresents the stable conformation
of the molecule AB. The molecule is excited by iat#ion with photon from the ground
state to the excited state ABhe PES of which is repulsive, i.e. it has naalaminimum.
Therefore, this molecule AB in the gas phase haslitsociate to the corresponding
fragments A¢) and Bf) (see Fig. 4(a)).

a) b)
Ea
New PE!
\ . Aa) + B()
A(UV) AR’ A(a) + B(B) AB Y~ direct exit
A?\direct exit: A ERH >
T ————delayed exit
AB ff cage effect
AB |
A 2 Es3
I I =
1 = 1 4 Y R
Min Ras Min Ras

Figure 4. Diagram of the dissociation of the moledAB alone (a), and in the presence of
cluster (b).

Now, let us compare the dissociation process of isolated molecule with the
photodissociation process, which takes place istefs. The presence of solvent molecules
in the cluster is schematically represented in &) as a wall, because the cluster species
can encompass the molecule AB and influence thsodigtion process. The solvent
influences the photodissociation process of theemdé in the cluster in several
distinguishable ways:
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» The fragment passes through the barrier withoutdrange in its energy through
interactions with the atoms or molecules of a @uslt should be noted that the
wall is a quantum object and tunneling effect cacuo. This is called direct cage
exit

* The fragment collides with atoms or molecules ie thuster, loses part of its
kinetic energy, and then dissociates. This is knawadelayed cage exit.

* Alternatively, the fragment loses all its kinetioceegy in the interactions with the
atoms or molecules of the cluster. This is called dage effectand it yields
fragments with zero kinetic energy. The low eneirggments can also eventually
recombine into the original molecule AB, quenchetd iits electronic ground state.
This ground state is usually vibrationaly hot aath eventually predissociate, also
yielding very low kinetic energy fragments.

* In addition, a fragment of the dissociated molecAlB, can react with an atom or
molecule of the cluster and new products can batedenchemical reactions

* |t also ought to be mentioned that the wall repregt@n of the solvent is rather
simplified schematic picture. Since the interactidrihe species with an electronic
structure must be considereaectronic interactiorwith a solvent can completely
change the potential energy surfaces (the curvetddras “New PES” in Fig. 4(b))
and close some dissociation or reaction channelpen new ones.

Let us consider the photodissociation process atuster environment from the point of
view of theenergy balance

i + Eint (AB) = Do + Eint (A) + Eint (B) + Exin (A) + Exin (B) + Eciu, (2

wherefiw is the energy of laser puldg, is dissociation energy of the molecule AB (these
two quantities are generally knowrtyin (A) and Exn (B) are the kinetic energies of
fragments A and B, respectiveB,; (A) andE;,; (B) are excitation energies of the states
andp of the fragments A and B, respectively. In ourecame of these fragments, i.e. A is
hydrogen atom H and therefdgg; (A) = O (there is not usually enough energy avéddo
reach the first excited state of the hydrogen atowur experiments). Finallgin: (AB) is

the initial excitation energy of the molecule ABpdathe influence of the cluster is
represented by the terEy,, which expresses a continuous energy loss of Hragment
caused by collisions and capturing processes byltister cage. Kinetic enerdin (AB)

of the molecule AB can be taken as zero, sincehtimdodissociation process is seen from

14



the centre of massf the molecule AB. In our experiments, we meadte(A) and since
all the other quantities are knowg, (B) is derived from the momentum conservation),
we can determine the continuous energy Bgs of the A-fragment in the interactions
with the cluster, which in turn tells us the detadf the dissociation in the cluster
environment. Fodirect cage exithe energy loss by the cluster in equation (2ei®,Eq,
=0.

15



3. Experimental apparatus

The experimental apparatus for the photodissociaifanolecules in clusters was built and
used at Max-Planck Institute in Goéttingen [13]. Tapparatus has been moved to J.
Heyrovsky Institute of Physical Chemistry in Pragu@005.

The apparatus is composed of the vacuum systentaaed system. The vacuum system
consists of six vacuum chambers, where the varcmmponents of the experiment are
placed. These parts are the molecular beam soyisup cell, velocity selector, and

pseudo-random chopper, Wiley-McLaren time-of-flighpectrometer, and quadrupole
mass spectrometer. Fig. 5 shows an overview phapbgof the experimental apparatus
with its many components.

Figure 5. Photograph of the experimental apparatus

Fig. 6 schematically depicts the principle of thgperiment. This crossed beam machine
consists of a beam production assembly (chamb@js the intermediate chamber 4, and
the detection unit (chambers 5-6). The moleculanbevith clusters is produced by a
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supersonic expansion into the vacuum through argive conical nozzle in the source
chamber (Cl). After passing through the skimmerqae shaped orifice), which shapes the
supersonic expansion to the molecular beam, thenlm#ers the differentially pumped
scattering chamber (SC). In this chamber, the efustam can be exposed to a secondary
atomic beam of rare gas from the CIl chamber agdngerpendicularly to the source
chamber (Cl). The elastic collisions of the clustenth the rare gas (He) atoms allow
selecting the neutral clusters according to thee EL4].

[
.

. A
Velocity : WM TOF
193 nm

UV lasers
243 nm

>_Cll S?Iector :
PR chopperv :
: T Wi,

1-Cli 3-SC

5-ToFC 6 - DetC

Figure 6. The scheme of experimental apparatuswBhioere are the chambers for
producing cluster beams CI (1) and secondary mtaecaeam CIlI (2). The scattering
chamber SC (3) is connected with selector chambie $1) by flexible bellows. Finally,
the time-of-flight (5) and quadrupole mass specttmn(6) are pictured.

The clusters then enter the selector chamber, wdoctiains a pick-up cell filled with a

molecular gas. The molecules of this gas can berbéd into the surface of the clusters
[15]. The number of captured molecules dependshemtessure of the molecular gas. In
some cases, the molecules can be also placed thgdduster through co-expansion with
the carrier gas. A velocity selector and pseudawean chopper for analyzing cluster
velocities are also placed in the selector chambsing velocity selector it is possible to
only choose the clusters with a desired velocitiajcWv directly corresponds to a single
cluster size. However, the selector was not usetienpresent work. The pseudorandom
chopper method, as described in section 3.2, séovesasure the cluster velocities. The
clusters then enter the detection chamber (ToFGEhwhontains a two-stage Wiley-
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McLaren time-of-flight spectrometer (WMTOF). In ophotodissociation experiment, the
molecules in cluster are dissociated by a lasembata193 nm or 243 nm, and the H-
fragments are ionized via one-color resonance emthrmulti — photon ionization
(REMPI) at 243 nm (see section 3.4).

The photodissociation products are extracted mmadlectric field and their time of flight
spectra are recorded. This means that we measaigntbunt of time which the fragments
need to reach the detector. This time correspamdiet fragment velocity, i.e. the initial
energy the fragment gained in the photodissocigirogess minus the energy the fragment
lost in the interactions with the cluster. Thug TOF spectra can be converted into the H-
fragments kinetic energy distributions, which pd®videtailed information about the
photodissociation process.

The geometry in ToFC is as follows: The axis of WMMTOF spectrometer, 193 nm laser
beam and molecular beam are mutually perpendiclitee.243 nm laser beam lies in the
plane of the molecular beam and the 193 nm lasenb&he intersecting laser beams form
an angle of 17,5°.

Alternatively, the cluster beam can directly ertex detection chamber which contains a
guadrupole mass spectrometer, where the clustersoaized by electrons and their
composition can be analyzed.

The individual parts of the apparatus will be ferthdescribed in the next several
subsections.

3.1 Vacuum and vacuum pumps

For our experiments it is necessary to achieve rg geod vacuum along the whole
trajectory of the molecular beam (which is about Bmength), due to the large cluster
cross section, which can cause it to capture mtdsecihydrocarbons) from the
background. Another important condition, which base fulfilled, is that the mean free
pathl must be larger than the trajectory of the clustehe apparatus. The mean free path
can be calculated as follows:

1

=~
V2w

3)

wheren is the number of particles per unit volume amck 47zr? is the effective cross
sectional area for collisiom,is the diameter of a patrticle.
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By the way of example, the mean free path of anraajuster can be calculated. The van
der Waals diameter of an argon atonris 18110°m and it follows that the effective
cross sectional area for the argon atoraris 7zr? = rd#1 The number of particles per
unit volumen can be evaluated from the equation of state, wheads, after simple
p

B

modification, n = . For the pressurp = 10° mbar, it follows than = 2,4.13° m®.

Finally, mean free pathof the argon atom from (3) is 72 m. Provided tihat clusters of
argon are spherical, the diameter of clusters as@® with the third root of the number of
particles in the cluster. Therefore the mean fiah Ipfor the clusters of about 120 atoms is
longer than the whole trajectory in apparatus (3 hherefore if we want to produce and
study argon clusters of several hundreds of attimesyacuum along the beam path has to
be better than 1Dmbar.

The vacuum chambers of the apparatus are kepessymes from IHto 10° mbar during
the experiment. The chambers are evacuated by prifr@ary) pumps and high vacuum
pumps (oil diffusion or turbomolecular pumps). hetcase of source chamb¢@& and
Cll) an additional intermediate pumping stage idest] using roots pumps to increase the
pumping speed. The background vacuum is also inggrtyy capturing residual molecules
on the cold traps, cooled to 77 K by liquid nitrogen the quadrupole and selector
chambers, and in the case of ToF chamber, trapoiead by a liquid helium cold-head to 8
K.

Pressure values, which are obtained in the paatia@dambers without molecular beapgs
and with molecular beams and molecules in pick-hgberp are listed in Tab. 1. There
are also listed vacuum pumps and their nominal pogngpeeds. The presence of a
molecular beam decreases the pressure noticealilyeidirst chamber (CI) and in the
detection chamber (DetC). The molecular beams ar@uged in the CI chamber through
the conical nozzle. Most of the expanding molecaetsially do not form the molecular
beam and remain in this chamber and the pressareases. In addition, the molecular
beams crash into the wall in the last chamber (Det@@refore it results in the pressure
increase in this chamber. In the rest of the chantbe passing molecular beam influences
the pressure only insignificantly through the pes which leave the molecular beam. The
pressure in the SelC chamber increase, when thecoleb are added into the pick-up
chamber.
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Table 1: Vacuum pumps, their type, pumping speeidcanling in particular chambers and
the pressures in the chambers: without moleculamisg, and with molecular beams and

molecules in pick-up chambpr

Chamber| Forepump Intermediate High-vacuum | Cold trap Po p
pumping pump [mbar] | [mbar]
stage
Rotary Roots Diffusion Liquid 10° 10*
) nitrogen
Cl Edwards Pfeiffer Leybold
E2M 175 DI 6000
WKP 1000
175 ni.ht
1000 nt.h?t 6000 |.&
Rotary Roots Diffusion Liquid | 107-10°
Edwards Leybold Leybold nitrogen
Cll EIM 175 | WS 500 DI 6000 E
175 m.h* | 500 n?.h! 6000 I.§'
Rotary Diffusion Liquid | 107-10°
Alcatel Varian nitrogen
SC T2033 VHS 6
30 nt.h* 2700 I.§'
Rotary Diffusion Liquid 107 10°
Alcatel Varian nitrogen
SelC T2033 VHS 6
30 nt.h* 2700 I.§'
Rotary Turbomolecularl Liquid | 10°-10°
Leybold Leybold helium
ToFC D16B Turbovac 361 | Cold-head
16 nt.h?* 400 |.¢* Leybold
RGD
1245
Rotary Turbomolecular|  Liquid 10™° 10°
Edwards Balzers nitrogen
DetC | E2m 18 TPU 520
18 nt.ht 500 I.¢"
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3.2 Pseudorandom chopper - velocity measurements

In experiments with the molecular beam, the timdlight methods are widely used for
velocity measurement. The basic idea is simplalai@rmine the speed of the partigle
while timet, which a particle needs to travel over a distdnde measured:

V=

L
O (4)
The problem is that the starting time of the measant is impossible to determine by
sensing when a patrticle enters the flight pathabse there is not available such a high-
efficiency nonionizing detector. That is the reasdry the pseudorandom chopper method
is used. The chopping of the beam is used to mhek zero of time. Hence, the
measurement of timecan be done experimentally by letting the bearaugin a narrow
slit and measuring the time it takes for the narpuse of particles to reach the detector.
The particles of different velocities disperseime of arrival at the detector. The flight-
time distribution,g(t), would be measured with a single slit. The trassmn of such slit
would be infinitesimally small if a high resolutiomould be required. Therefore, it is
experimentally realized by a chopper wheel witrequgence of slits. In other words, the
beam is modulated by a pseudorandom sequenceeg@ual to one in the case when the
beam can pass, or zero, when the beam is blockélign the sequence is such that the
beam is blocked only half of the time, the corregpog transmission is 50%. The
measured quantity is the time response functi{t), which is the convolution of the
pseudorandom sequené&), and the distribution of flight timeg(t) [16]:

1(t) = IS(I —7)g(r)d7 = (SOg)(t) - (5)

The distribution of flight timesg(t), can be derived from the cross-correlation fuorcinf
time response functiom(t), with themodulation function§t). The method is based on the
fact that the autocorrelation function of a randfumction is a delta function. Sinc#t)
must vary from 0 to 1, we define random functiR(t) that varies from -1 to 1:

St) = R(t;”. (6)
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Consequently, a cross-correlation function(of with R(t) is given by [16]:

Cr(t) = TI (t+7)R(r)dr = jwj S(t+7 - A)g(A)dAR(r)dr . @)

—00 -0

Exchanging the order of integration:

+00 co

Cr(t) = [ [S{t+7-MR(z)dmy(A)dA ®)

0 -

and using the fact that the autocorrelafift) is a delta function, we get the distribution of
flight times,g(t):

+00 00

= [ [stt+7-M)R@)dmg(A)dA = [t - A)g(A)dA = g(t). 9)

0

From the flight timesg(t), may be calculated required velocity distribuipf{v). The
Jacobian of the transformation from velocity to timee space of the detector can be
evaluated from (4):

dv= —tizdt . (10)

The desired velocity distribution is given by:

f(v) = g(t)% =- g0, j11

Typically measured velocity distribution is shownSec. 4.1.2 (see Fig. 14).

The velocity measurement proceeds as follows. ®arbof particles is modulated by a
rotating chopper with two identical pseudorandongussces of 127 slits in each
semicircle of its circumference, which generateupgseandom sequence of the ones and
the zerosS(t). The frequency of the chopper rotation is typicad92,1 Hz, which
corresponds to the time resolution ofig (in principle, any resolution can be used, since
our program measures the frequency of the chopgation). As a slit in the chopper
rotates over beam and allows the passage of awdooch of particles. First, a
distribution of particles in a space is releasedth® chopper gating function. Later this
bunch spreads out according to the speed diswibudf the beam and faster particles
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arrive to the detector earlier than the slower ofdé® velocity distribution is evaluated
from the measured function by the cross-correlatiahematical method outlined above.

3.3 Willey McLaren time — of — flight spectrometer

The Wiley-McLaren time-of-flight spectrometer (WMHD [17] is positioned in the
detection chamber (ToFC). Photodissociation andtgabioization take place in the
extraction part of this TOF spectrometer, whichuged in two different ways in our
experiment:

1) As a mass spectrometer with a high acceleratingagel— more than 1 kV (,high-
field-mode®). It is desirable to reduce all struetof the TOF peaks todafunction
corresponding to a particular ion mass, in the lidese of the infinite mass
resolution.

2) In the so-called low-field-mode. It means that #tectric field accelerating ions
towards the detector is small enough (~1-10 VAto preserve the information in
the TOF peak shape about the kinetic energy whiehftagments gained in the
photodissociation process and eventually lost enittteractions with the cluster.
Only one (typically proton) mass peak is detectethis mode and its structure is
analyzed. This mode is used in the photodissociaigperiments.

The TOF spectrometer is schematically illustrateéig. 7. It consists of two acceleration
regions (two stage TOF spectrometer), with eledigtds Es and E,, and a flight tube
without any electric fieldEp = 0. As shown in Fig. 9 = 1,1 cm is the distance between
the repeller plate and the extraction grid, andehgth of the second acceleration region is
the sameD = 32,03 cm is the length of the field free drifgi@n. Finally,sindicates the
ionization position measured from the extractiowl.gfFhe repeller and extraction grid are
connected with the voltadé, andUy, respectively.
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Figure 7. An illustration of the Wiley-McLaren tird-flight spectrometer.

A brief description of the WMTOF application in nsaspectrometry will be given below.
The detection of ions of different masses procemsdthe basis of measurements of their
time-of-flight, from the ion source to the detedtoolecules are ionized by laser in tBe
field and the ion immediately begins to move towandl through the extraction grid. The
ion enters thde, field, which is 4,8 times stronger, and is acak into the field free
flight tube that is vacuum enclosure and free etical fields Ep = 0). Since all the ions
achieved the same energy in the ion source (asguthénsame starting point and initial
velocity), the light ions attain higher speedsyéidaster and reach the detector earlier than
the heavy ones. Given sufficient path length, ioesome separated into individual packets
according to their mass. For an ion with massand chargez, the total flight time to

detector is given by =t +t, +t,, whetiee indices designate the different parts of the

total path. The different flight times can be dedwirectly from equation of motion [18]:

t = 2ms
S ZES’

; =Z£E:“[M - JSZE] (12)
= D~/2m

20U,

zU, is the total energy obtained after accelerati@oeting to:

Uo=SZEs+bZEbZSZw+ZUb- (L3
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The mass resolutionVAm depends on the finite ionization time (tempordéet, initial
velocity distribution of neutral particles, e.getimal velocity distribution (can be separated
into initial temporal and initial spatial contribbom), and on the size of ionization volume
(spatial effect). The influence of the temporaketfon the resolution can be reduced by
increasing the length of the free drift regidd, (increasing the time of flight). To
minimalize spatial effects on the resolution, a-{stage ion source was introduced, which
separates ionization volume from the accelerategiion. The influence of the ionization
volume can be treated as follows. Total titnig a function of the ionization positia
Provided that ions are formed betwegnr s, + As ands = s, —As, the time flight,t(s), at

s=s, may be expanded into Taylor series:

t(s, £ As) = 1(s,) £ (S_QASJF %(j—;[jms)z + ... (14)

The first derivatives vanishes at the positgr{for given operation conditions of the ion
source) and a first order spatial focusing is atadi This yields:

D=5l bE [ B BB (15)
E, " sE E

S S

Hence, for a given geometry of the TOF spectrom@ted, D), the position of the spatial
focus can be adjusted by a suitable choice ofdtie Ey/Es, such that it coincides with the
position of the detector at the end of the TOF spemtter. This ratio is ensured by a
proper choice of voltages on the repeller and ektra grids. We used predominantly ratio
UJ./Up = 1250/1033 V in the mass spectrometry mode,dyid, = 50/41,34 V in the low
field mode. Alternatively, a ratidJ,/U, = 100/82,68 V can be used to increase the
magnitude of the signal, but unfortunately alsottital background signal).

As mentioned above, the TOF spectrometer is usedwmn different ways in our
experiment, and some simplification of the equati@i®) is possible:

* In the mass spectrometry applications, Baéeld is very large (specifically several
hundreds V.cil) compared to initial kinetic energy of an ioblz which can be
neglected. Consequently, simple relation instead ®f is obtained, in which mass

mis proportional to the square root of the tipan = \/E

« In the so-called low-field-mode used in the phatsdciation experiments, initial
kinetic energy of an ionlg is not negligible in comparison with the small apgl
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field Es. And initial kinetic energy of an ionUp can be calculated from the
measurement of the tinte

As the ion detector, a multichannel plate (MCPghevron ordering is used. MCPs consist
of a large number of closely packed channels witlidantical diameter. The inner surface
of the channels is coated with a lead-oxide (Pb@gsgthat produces secondary electrons
when strucked by a charged patrticle. The electamasccelerated through the channels by
an applied potential difference, in our case froh tb 1,7 kV. Each channel acts as an
independent multiplier with amplification factor tife order of 5.10 Higher amplification
factors can be achieved by combining more MCPstiegeHence, the chevron design of
MCPs is used in our experiment. It consists of MGP wafers stacked onto each other
with opposing tilt directions.

The fast digital oscilloscope (Tektronix TDS 5200MHz) is used to record and save the
measured signal, because of its high scanning éregjes. Signal originating from one
laser pulse is superimposed over a high statisticele from the background. To improve
the signal-to-noise ratio, the signal is averagedr dypically 1d laser pulses (which
corresponds to a measurement time of about 20 sshuifhe starting signal of the
measurement is determined by laser pulse sensing a$ast photodiode.

3.4 Different ionization methods

A key process, which we have not discussed sorfathe above section about TOF
spectrometer, is the production of the ions fromtra clusters, which are recorded by the
MCP detector. Photoionization is a physical proc@&ssvhich the molecule or atom is

excited above its ionization limit and the incidghibton(s) ejects one or more electrons e
from the atom or molecule AB:

ABNthic. — AB" - AB* +¢€ (16)

The molecule can dissociate during this process imo or more fragments and
dissociative ionization can also occur:

ABNtha — AB" - A" +B+6 (17)
Alternatively, excitation to ion-pair state mayalse important [19]:

ABNtha — AB - A"+ B (18)
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We can distinguish between several types of phoipation processes: from the point of

view of the number of absorbed photons, from thetpaf view of the photon energies and

their correspondence to the energy levels of thzeul species etc.

1)

2)

3)

Single-photon ionization:N =1), only one photon participates in this processl

it is necessary that it has enough energy for tlidecnle to overcome the

ionization limit. The scheme of this process isidia in Fig. 8(a). Since the

typical ionization potentials of most molecules exd 10 eV, such processes
require high energy photons available primarilynir@ynchrotron sources and
similar extreme ultraviolet sources (from 10 to 120). Since these photon sources
were not exploited in our experiments, we havede the multiphoton ionization

method explained below.

Multi-photonionization (Fig. 8(b)): N >1), in this case, more than one photon is
necessary to excite the species into the ionizatontinuum. Generally, the
probability of such a process decreases dramatigath the number of photons
required to overcome the ionization potential. Thtwo-photon ionization is
typically more than an order of magnitude less pbdd than a single-photon
ionization of the same species. This is due tdahethat the two (or more) photons
have to be absorbed simultaneously to ionize thieeate. This is only possible at
very high photon flux densities, i.e. with interlaser beams.

The probability of such a process is enhancedefsiecies, after the absorption of
the first (or first few) photon(s), can remain ionge excited state where they can
await the arrival of the next photon(s), which ¢éx¢hem further into the ionization
continuum. An example of such a process is calledomance enhanced
multiphoton ionization (REMPI), which will be disssed below. Another example
treated in this thesis is a non-resonant multipmoi@nization in clusters, as
discussed in Sec. 4.3. In this case, the molecuke ¢luster can be excited into a
dissociative state. It can then be caged by thsteuand before it relaxes into a
ground state, it can absorb another subsequentith (8ome delay) arriving
photon(s), which can ionize the molecule. Furthetaidls of such processes specific
to the clusters and their dynamics, will be disedss Sec. 4.3.

Resonance Enhanced Multiphoton lonization (REMHM) ai special type of
multiphoton ionization, which is also possible farmolecule or atom. If an
intermediate electronic state exists for the spegigvhich it can be excited by the
first (or first few) photon(s) and await the ariivaf the next (delayed) ionizing
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photon(s), the ionization probability can increaséers of magnitude compared to
the non-resonant multiphoton ionization. Fig. 8(@)strates such three-photon
process: the first two photons arriving simultarepuexcite the specie into an
electronic state and the third photon excitesrihter into the ionization continuum.

An example of such process, used in our experintendetect H-fragments, is the
2+1 REMPI ionization of the H atom. The first twhqtons excite the 2sls
transition in hydrogen (Lymaa-line), and the third one ionizes it. All three
photons are of the same wavelength 243,07 nm -alkedomne-color excitation. In
principle, different wavelengths can be used, a.gwo color excitation scheme
1+1' REMPI of hydrogen, where the first photon 124,5 nm one and the second
one has 364,5 nm wavelength (The 121,5 nm is pextiby tripling the 364,5 nm,
which is XeCl excimer laser).

lonization Continuum

A . A A L
hw <t lonization
A ho limit
hos 4 Excited electronic state (for H: 2s)
A
fiw” 108 fiw
A
ficw” A
A ha)
fiw” )
Ground electronic state (for H:1s)

a) §|ngle—photon b) non_—resonant ¢) REMPI (2+1)
ionization multiphoton
ionization

Figure 8. Scheme of different kinds of photoionimatmethods.

In addition, in the next section we will discusotrer type of mass spectrometric device
used in our experiment: the quadrupole mass speetsy. Here, too, the clusters have to
be ionized in order to be mass selected and detegtedifferent kind of ionization —
electron ionization - is exploited here. Electronization (El) is an ionization method in
which an energetic electron interacts with an atwrmolecule AB to produce an ion and
another electron:

ABE - AB' + 26 (19)

ABe+_ A* +B + 26 (20)
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Again, non-dissociative (19) and dissociative (p@)cesses are possible. It ought to be
mentioned that the clusters fragment substantiglyn the electron ionization [1] and the
measured mass spectra by no means reflect theaheluster size distributions.

In our quadrupole mass spectrometer electronsraduped through thermionic emission
by heating a wire filament that has electric curremning through it. The efficiency of
ionization depends on the type of molecule or atord on the energy of electrons. The
electrons have typical energies of 70 eV and th8rdglie wavelength of such electrons
(0,147 nm) matches the length of typical bond igaoic compounds (C-C: 0,154 nm; C-
N: 0,147 — 0,210 nm), therefore energy transfeatmolecule is maximized and the
strongest ionization and fragmentation occur.

3.5 Quadrupole mass spectrometer

The quadrupole mass spectrometer serves to metimuraass spectra after the electron
ionization of the clusters, from which we can amalyhe cluster composition. A schematic
picture of the quadrupole mass spectrometer is shiowig. 9.

The quadrupole mass spectrometer consists of tha@e parts:

* lon sourcein our case, the ions are produced by a higleieffcy electron ionizer.
The energy of these ionizing electrons is typically- 70 eV. The nascent ions are
then directed to the entrance of the quadrupolesraasalyzer by a three element
einzel-lens.

e Quadrupole mass analyzeit consists of 4 circular metal rods - electrodes
(Extranuclear Laboratories, model 162-5, length7 X2n), set perfectly parallel to
each other. Each opposite pair of rods is conndoigether by direct current (DC)
and radio frequency (RF) voltage is applied betweach one pair of rods
(typically a constant RF frequency, 700 kHz — a felMz). The electric fields
between the rods guide the ions of appropriate {ttaskarge ratios through the
device to the detector.

« Detector of ionsthe separated ions produce an electric signalctirabe measured

and interpreted. As a detector, we use a channealileo Model 4840G (single
channel electron multiplier).
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Figure 9. Schematic picture of the quadrupole rspsstrometer [20].

In the following, we will describe the working pdiple of the quadrupole mass analyzer
[21]. The treatment of quadrupole theory startshvderivation of the Mathieu equation
from Newton law:F=m.a. The final version of the Mathieu equation witle farametric
substitution reads:

d?w 8zU 4zV Qt
+ (a—2gcos2é&)w =0, wherea = ,q= , E=—. 21
dé? (a-2qc0s2¢) mr’Q? a mr’Q? ¢ 2 (1)

Thew represents a position along the coordinate axesy), z is the chargel) is applied
DC voltage,V is applied zero-to-peak RF voltag®, is the mass of an iomy is the
effective radius between electrodes, and finallys the applied RF frequency. Through
rigorous analytical solution of this equation iomjé¢ctories can be found [21]. It is
acceptable to consider ion trajectories as infiailens of sine and cosine functions, each
successive term has smaller amplitude and higkguéncy. It means that motion, in each
of thex andy directions, is sinusoidal.

We are interested if the ion have stable traject&drthe given voltages. For this purpose,
the solution of the Mathieu equation can be treggegbhically. The families of solution

boundaries for the Mathieu equation, which havblst&rajectories and lie near the origin,
are shown in Fig. 10(a). There are four distingiors of stable trajectories for ions
moving through the quadrupole. The traditional afiag region for quadrupole mass
analyzer is denoted by A, and this first stabitégion is plotted in Fig. 10(b). The shape of
this first stability region depends on tma'z ratio of given ions. The magnitude of
parametera depends on the applied DC voltage, while the patamy on the applied RF
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voltage. The RF and DC voltages are scanned thrtheglialues along the linear scan line
plotted in Fig. 10(b). For the given ratio of DCdaRF voltagesd/q = const.) could be
read directly from this figure, if ions @fVz would have stable trajectorfhe shaded area
represents voltages with stable trajectories, wihiéeregion outside of this area represents
unstable trajectories. Hence, ions have stabledi@jes forq betweenqg; and g,. The
peaks width increases geometrically with increasimagss-to-charge ratio in the case of
linear scan line. To avoid this, a scan line mesalzurve with an increase in the DC to RF
voltage ratio as mass increases.

a)
5
L= ]
a
A
1 1
0 5 10 g
0 0.2 0.4 0.6 0.8 1.0 1.2
q

Figure 10. (a) The Mathieu stability diagram- thrstfregion stability is denoted by A. (b)
A magnified view of the region A [21].

The amplitude of the voltages determines which emdsmve stable trajectories in the
guadrupole mass analyzer. lons travel betweenoithe and only ions with a certain mass-
to-charge ration/z reach the detector for a given ratio of voltagethe® ions, having
unstable trajectories, are neutralized by strikihg quadrupole electrodes. This allows
selection of an ion with a particula¥z by varying the voltages.

3.6 Laser system
The laser systems are in principle used for twalkiof experiments:
* One-color experiments, where the photodissociabbnmolecules, as well as

subsequent photoionization of H atoms by REMPI @sscin a 2+1 excitation
scheme (section 3.4) is performed using the sanvelesagth of 243 nm.

* Two-color experiments, where the molecules are gzhssociated at 193 nm, and
the subsequent photoionization of H atoms is peréal by the wavelength of 243
nm.
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Two different lasers are available in our laborat@n excimer laser and a tunable laser
system. A brief description of these two laserayst, which both operate in the ultraviolet
range, will be given in the following two subseaiso

3.6.1 Tunable ultraviolet laser

The tunable ultraviolet laser system consists NflarAG laser (Quanta Ray GCR-5), dye

laser (LAS, LDL 20505) and wavelength extender (WWERhe scheme of this system is

represented in Fig. 11. This tunable ultraviolselacan operate in the UV range between
217 nm and 437 nm by tuning the wavelength of é&ged and exchanging the mixing

crystals in the WEX. However, in the present expents, it is used at the constant
wavelength of 243,07 nm for REMPI of H-fragment&isTwavelength is achieved by a

complicated process, which starts in the Nd:YAGias

This laser emits a pulse with a wavelength of 1864 which is doubled by KDP 58°

(Potassium Dihydrogen Phosphate) to generate alevegte of 532 nm. This process,
called the second harmonic generation (SHG), i®rdimear process, in which photons
interacting with an optically nonlinear materiall§R) are combined to form new photons
with twice the energy. Therefore, their wavelengibrresponds to the half of the
wavelength of the initial photons. This beam at B&2 enters the dye laser (green line in
Fig. 11), while the original beam at 1064 nm (diadt line in Fig. 11) goes around the dye
laser and will participate in a sum frequency mix(see below).

Our dye laser uses as a lasing medium organic @M Dissolved in methanol with range
of wavelength between 604 — 672 nm and maximum4atrén. The doubled frequency
laser beam from the Nd:YAG laser at 532 nm is usgoump the dye. For the generation
of the 243 nm UV light at the end of the systene, dye laser is tuned to 630,3 nm. This
beam passes through a telescope (formed by twedgmsmd enters the WEX, where it
undergoes frequency doubling by another non-linegrstal KDP resulting in a
wavelength of 315 nm.
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Figure 11. Tunable UV laser: SHG-second harmoniceg&ion, SFM-sum frequency
mixing, WEX- wavelength extender, KDP (PotassiunmyBirogen Phosphate) and KD
(Potassium Dideuterium Phosphate) — crystalssemond harmonic generation and sum
frequency mixing, € — oscillator and pre-amplifier (dye cell);G- main amplifier
(Bethune cell), G - grid.

In the second crystal KP 68° of the WEX unit the original pulse at 1064 isncombined
with the other laser pulse at 315 nm in a procaied sum frequency mixing (SFM). Sum
frequency mixing is a second order non-linear pmecean which two photons with
wavelengthi; and/, are annihilated while, simultaneously, a new phatath wavelength
Az is generated. It follows from the law of momentaomservation that:

/1_11+/1_12 = )I_13 22)
Since; = 1064 nm and,; = 315 nm, it follows from the relation (22) thaetiwavelength
of the nascent radiation i& = 243 nm. The typical energies of a laser pulderaf
individual processes are listed in Tab. 2, fromalihtontinuous decrease can be seen in
the energy of the laser pulse.

Table 2. Energies of lasdsesi at individual stages of laser system

A [nm] 532 1064 630 315 243

Energy [mJ/pulse]] ~800 ~1000 ~180 ~20 ~3B

As has been already mentioned, the main utilizatiothis laser pulse at 243,07 nefor
the (2+1) REMPI process of hydrogen atom, but it lba used also for photodissociation.
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The energy corresponding to the wavelength 243151 eV. The typical energy of this
resulting laser pulse is about 3 mJ and duratiathede pulses is about 5 ns. The repetition
frequency of the pulses is 10 Hz.

The laser beam is focused into the detector chaimpar400 nm quartz lens to a point of
14 pym radius in the intersection point of the WMTOF svand cluster beam. The
polarization angle of the linearly polarized labeam can be turned perpendicular (90°) or
parallel (0°) with respect to the WMTOF axis by giag the beam through a series of 90°
turning prisms. A photograph of our tunable ultcdet system is shown in Fig. 12.

Figure 12. Tunable ultraviolet laser system.

3.6.2 Excimer laser

An ArF/F, —Excimer laser (Lambda Physics: LFP 202) operates wavelength of 193
nm. It generates laser pulses with energy up to00with duration about 20 ns. The
repeating frequency of the pulses is 10 Hz. Thsedas used to dissociate molecules. The
energy corresponding to a wavelength of 193 nm4s 6V.
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The emitted unpolarized light can be polarized bthia film polarizer. The laser light
polarization can also be changed from 0° to 90anmdtion angle with respect to the
WMTOF axis by the rotation of the thin film polagiz However, the use of the thin film
polarizer lowers the intensity of the laser beanmwye than an order of magnitude.

The laser beam at 193 nm is focused into the chalba 366 nm LiF lens. It is confined
in the plane of the molecular beam and the 243asarlbeam. Both laser beams form an
angle of 17,5°. The 193 nm beam is oriented pelipaltatly to both the cluster beam and
the WMTOF axis.

In the two-color experiment, the two laser pulsaesehto be synchronized. The 193 nm
pulse has to dissociate the molecules first andahieation laser pulse at 243 nm has to
arrive about 5 — 20 ns after the first one. Timecfyonization of the two laser pulses is
achieved by externally triggering the excimer lasgrNd:YAG laser trigger through a
pulse delay generator (Standford Research: DG 535).

The laser beams are focused into the chamber mghitaspot of 1Qum. The excimer laser
beam is of a rectangular shape and slightly divargberefore it cannot be focused into a
spot by circularly symmetric optics. However, tipatsal overlap of the two laser beams is
crucial for intensity and spectra-shape reasonsadufition, the intersection point has to
coincide with the molecular beam, and also with tleater of the WMTOF extraction
region for the same reasons. This demanding conddn overlaps was adjusted on the
intensity and symmetric shape of the measured tiffeght spectrum of the (HBf)
system (section 4.2).
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4. Experiments and results

4.1 Supersonic expansions and velocity measurements

Molecular beams are prepared by an expansion ofnjasa vacuum through a conical
nozzle. The expansion can be characterized by thel$en number:

n

A
Ko=% (23)

where/ is the mean free path adds the diameter of the nozzle. For more than fgegrs
after Dunnoyer’s first molecular beam experimems, éffusion of gases from sources was
the only method for producing the thermal energgnofecular beams. This effusion beam,
which is characterized by slower velocity molecueish a broad distribution, can be
found in the region of the Knudsen numiégr> 1. In this case, the mean free path of
particles/ is larger than the diameter of the noztléence the particles move through the
nozzle almost without collisions.

Kantrowitz and Grey (1951) suggested use of dynayag expansion through the nozzle,
instead of effusive flow, for formation of the beamecause of a large number of
collisions during the dynamic expansion, the spdisttibution is narrow and its maximum
is shifted towards higher velocities. These bearasharacterized by higher density of the
particles. For Knudsen number holdg << 1, it means that particle mean free path is
much smaller than the nozzle diameter. Therefdreret are many collisions during the
expansion. In this case we are talking about sopérsexpansion, which is used for
preparing molecular beams in our experiment. Theigkes of the gas are accelerated
towards the orifice of the nozzle by the differetwetween the pressure of the background
in vacuumpy and the pressure of the gas in the nozmleBefore leaving the nozzle
thermal energy of the gas is changed into the gt#ad of particles with a velocity
during this acceleration by collisions of particl&iring these collisions, clusters can be
formed. The expansion cools the vapor, which besomgpersaturated, and clusters
condense. The particles reach the local sonic sgetiek orifice (in our special case of the
divergent conical nozzle it is at its beginning—tla® minimum cross-sectional area of
beam). The cross-sectional area of the beam igduincreasing and as follows from
(3.28) in [18], for velocity of beam bigger than local sonic speed, this velocity ofrhea

IS increasing as cross-sectional area increases. slipersonic speed of the beam is
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achieved at the nozzle throat. The decrease ofcsgpeed as temperature decreases
contributes to achieve supersonic speed.

In a thermodynamic picture, supersonic expansiom loa described as an adiabatic
process. This means that particle-wall interactiresneglected during the expansion. The
general relation follows from the energy conseoratior the flow velocityu; of a
collimated molecular beam:

N, m N,m
Uo + poVo +%ug :U1+ plvl+%u12 = E’ (24)

where total molar enerdy is a sum of the internal molar enefldydescribing the random
translational and internal motions of the partick® pressure-volume wo pV, caused

by the change in volum¥ occurring at pressung and the kinetic energ%u2 of Na

particles in the direction of beam movement by ihcity u. This energy balance (24)
does not take into account the condensation erretggsed during cluster formation, and
Is thus valid exactly only for the molecular beamsvhich clusters are not produced. This
equation assumes that all particles have the saassmmand the same velocity. Na is
the Avogadro constant, and the index O marks tat sif particles within the reservoir
before expansion, while the index 1 denotes terhstate of the molecular beam. The
necessary condition for any practical applicatiantlee equation (24) is a thermal
equilibrium between the particles and the reserwails and the nozzle, allowing the
assignment of the nozzle temperatlixeas the temperature of particl€s before leaving
the nozzle. It is equivalent to the assumption thatthermal exchange between the nozzle
and the patrticles is very fast and effective, @t tihhe majority of particles remains in the
nozzle for a long enough time before expandinggctvis satisfied.

The simplification of the equation (24) requiresoner assumption: provided that the
center-of-mass motion of the particles within tkservoir can be neglected, thus< O.
Then the total energy of the particles within tlesarvoir (before leaving the nozzle) is

identical to its enthalpyE =H, =U, + p,V, and the equation (24) is reduced to:

, (25)

whereH, =U, + pV,;. The assumption that the center-of-mass mation 0 is equivalent

to the requirement, that a sufficiently small floixthe particles leaving the volume and the
disturbance of the thermodynamic equilibrium witthie reservoir is insignificant.
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Because the enthalpies are difficult to access fiequent to use the expression:
TO
Ho=H, = [c,dT =c,(T,=T), (26)
T

where Tp denotes the temperature of the particles befoaging the nozzleT is an
equilibrium temperature of the gas after expansamlc, is the heat capacity at constant
pressure. However, the relation (26) is valid diolya heat capacitg, independent of the
temperature. This is a severe simplification, daettlte large change of temperature
achieved in a supersonic jet expansion. The hgmtotty ¢, changes by a factor of four in
the temperature range 3-300 K for helium [22], wihE usually considered as an ideal gas.
Therefore (26) is rigorously valid only for the nebdepresentation of an ideal gas, for
which the heat capacity is temperature independehtle for any real system it is an
approximation. However, despite of this approximmtiit gives results in a very good
agreement with the experiment as will be showrentien 4.1.2.

From equations (25) and (26), the relation folldarsthe flow velocityu; of the molecular

’ 2c
u (T, T) = N ?n(To -T). {27

Local temperaturel, characterizing thermal movement of moleculesfalsng during

beam:

expansion. Let us assume a case where the entie¢ @mthalpy,Ho, is transformed into
the kinetic energy of molecules in the directiontltd beam movement. For this case, the
temperature, which corresponds to no thermal mowenvéll be T = 0 K at the end of
expansion. Therefore the velocity of the molecbleam will reach its maximal value (in
principle this value would be reached in infinityhere the temperatufewould decrease
to zero):

2c,T,

Uan(To) = N (28)

It is possible to avoid the extremely problematicwrence of the isobaric heat capacjyy
in the expression (28) by introducing:

p

c =R, (29)
y-1



c
where y=—2 is the heat capacity ratiq. = 5/3 for a monatomic gasg, = 7/5 for a

diatomic gas ang = 4/3 for polyatomic gasR is the gas constant arg is the heat
capacity at constant volume.

Assuming ideal gas properties, the maximal flowoe#y/, uqa, Can be expressed as:

Uy (T,) = | 26T ¥ 30}
max\ "0 m y_l

where kg :Ni Is the Boltzmann constant. For the ideal gasfltwe velocity depends
A

on the temperature, but not on the pressure. Orotter hand, for any real system the
density of the gas influences the mutual particleractions and therefore results in a

pressure dependent heat capacity y(T,, p,). This is true even for rare gases such as

neon or argon. To model the dependence of the ¥iehacity on the stagnation pressure,
the equation (30) is often generalized [23, 24]:

2k Ty Y(Ty, Po)
m y(TO!pO)_l

umax(TO’ po) :\/ (31)
where the temperature and pressure independent daaicity ratioy is, otherwise,

replaced with a more realistic functiy(T,, p,), which can be calculated from tabulated
values of the heat capacitiic,(T,, p,) and ¢, (T,, p,) . However, equation (30) was

derived assuming temperature independent heatitiapatherefore the implementation of
the temperature dependent capacity ratio into emua3l) is rather an empirical
correction to account for the pressure dependemdbeoflow velocity. To rigorously
explain the dependence of the flow velocity ondtegnation pressure, the approximation
(26) cannot be used and the flow velocityhas to be calculated directly from the
enthalpies:

2

NA[HO_Hl]' (32)
m

u(He, H,) :\/

Unfortunately, the enthalpies are difficult to asse

The assumption of the equation (15) was that thialistagnation enthalpM, of the gas is
completely converted into the forward motion. laliy, the molecules keep some finite
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thermal velocitya, which corresponds to the Boltzmann distributidntize residual
translational temperatufie even at the end of expansion:

(33)
Thermal movement can be assigned as the velocity dispersion, wisiehmeasure of the
random molecular motion.

The expansion quality can be represented by thedsgdioS.

§=max, (34)
a

It can be shown that the speed r&ican be experimentally determined from the measured
velocity distribution according to the expression:

s=2Jin2~, (35)
Av

wherev is the experimentally measured mean velocity ofigdas andAv is full width at
the half maximum of the velocity distribution. Tgal values ofSrange from 10 to 100,
which mean that the directional velocity of paggln the beamyy,, is about one or two
orders of magnitude larger than the random themadécular motionu.

Molecular clusters are often prepared by so-cafledded expansions. This method is
generally used for achieving a high speed ratibath clusters as well as molecules. The
particles, which should form the clusters, are dddesmall concentratiors(<10%) to the
expansion of a buffer gas, typically rare gasemat{He, Ar), or small molecules such as
N». The velocity and speed ratio is determined bydiw@inant component in the mixture,
I.e. the buffer gas. By this method, it is posstiol@each a high velocity of particlesand

it results in a high speed rat®which denotes high-quality expansion.

If the molecular beam is prepared by the seededresipn, then the massin the relation
(30) has to be replaced by the mean mass of gticlthe beam:

m=cm, + (L-c)m,, (36)

wherem is the mass of particles that would have formeddhsters andy, is the mass of
the buffer gas particles. For the mean velocityboth the buffer gas and admixed
molecules in the beam, holds:
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v(m) = %V(mo) : (37)

wherev(my) is the mean velocity of the buffer gas withowg #dmixed molecules.

4.1.1 Cluster formation and condensation

In this section, the formation of the clusters dgrsupersonic expansion will be described
in both a macroscopic and microscopic picture. Bestaticp-T phase diagram (see Fig.
13 [18]) can be used for the explanation of the nmsaopic description. The point A
represents the start of the adiabatic expansidineofeal gas with the stagnation conditions
Po, To in the source. Consequently, the gas expands dlmngsentrope up to point B,
where it crosses the vapor pressure cpp(@). pp is the vapor pressure of a plane liquid
surface. The expansion continues along the iseatigp into the liquid phase region.
Hence, supersaturation occurs until finally, atpléet C, the gradual formation of clusters
leads to the breakdown of the supersaturated staie.expansion curve returns to the
equilibrium vapor pressure curny@(T), since the expansion is heated by the released
condensation.

A
solid / liquid

R) :TO

log P

Isentrope

By (T)

Gas phase

log T >

Figure 13. A schematip-T phase diagranmp(T) is the expansion curve ampg(T) is the
vapor pressure curve [18].

The starting point for condensation in a microscqpcture is the dimer formation at the
beginning of the supersonic expansion. Dimers, @l ag larger aggregates, may already
exist under the equilibrium conditions in the saurdhe energies of molecules at

41



equilibrium are distributed around the average ealblowever, a small fraction of
molecules have energies much higher than this geevalue. Through collisions, these
molecules can participate in some processes whiehuaavailable for molecules with
average thermal energy, such as dimer formationnBexpansion, some of the collisions
of two molecules (with the participation of a thingolecule, for reasons of energy and
momentum conservation) can lead to the dimer faonaConsequently, the dimers serve
as condensation nuclei for further cluster growts.long as the cluster number density is
much smaller than monomer number density, monomauster collisions mainly occur
and growth of clusters results from successive matation of monomers. With increasing
cluster number density, cluster — cluster collisiaare more important for the cluster
growth. Cluster formation ceases when the vapositiers too low, typically beyond a few
nozzle diameters from the nozzle exit. The averdgster size and number of clusters
increase with increasing stagnation presspgeand aperture cross-section, but they
decrease with increasing temperafttge

Supersonic expansion can be treated by dividingtat tree regimes [18]. However, this
division is not rigorous. The first regime occuesanto the nozzle and is connected with
the high pressure region of viscous flow. The sah frequencies are very high and
therefore the thermodynamic equilibrium is alwaysamnteed. For modeling of this
regime, the equation of the ideal gas can be uBkd.final regime of molecular flow,
where only few collisions occur, is reached by f@cgon. An intermediate regime can be
defined between these two regimes, where the nuofbmsllisions is still high enough to
ensure translational cooling, but thermodynamidldxgium is not guaranteed. Throughout
the first two regimes, two- and many- body colli@ooccur and it leads to cooling,
condensation, and dissociation of clusters. Thaeage in many-body collisions is
responsible for the enhanced generation of clustar;ng the expansion. On the other
hand, the increase in the two-body collisions hétpsool and stabilize them, because it
leads to more efficient conversion of enthalpydoMard motion [25]. In other words, the
two-body collisions decrease the residual trarmbali temperaturdl and increase the
speed rati®. On the other hand, during the many-body collisjamhich lead to the cluster
formation, the condensation energy is releaseds ¢bmndensation energy is transferred to
the random motion of all particles in the framelod propagating beam, thus lowering the
speed ratio and increasing the residual translaltitemperaturel, while increasing the
average beam velocifg25, 26].
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The total number of two-body collisior®, which a molecule at a centerline paétis

going to undergo during the expansion can be ettifaom:

z,() = ZePe. (38)

Where g(T,) is the temperature dependent cross sectiordandhe nozzle diameter, and

it is proportional to the ratio of pressysgand temperaturé.

On the other hand, the total number of three-badlysons Z; is proportional to the square
of the ratio of pressung and temperaturéy:

. 0] e

Z,(¢) = 139

The full relation forZ, andZ; can be found in [18], equations (3.104) and (3)106

Generally, it is believed that clusters are forndeding the early stages of the expansion
where the pressures are still high enough. Typic#flere have occurred several hundred
two-body collisions and approximately ten threeyoadllisions after a distance of only
two orifice diameters [27] in the expansion, anldtreely few collisions occur afterwards.
The newly born clusters formed through the manyybaallisions quickly leave the region
in which they were formed and continue as freeiga#d, which can be detected and
analyzed using molecular beam techniques descibid®].

The mean size of rare gases clusters can be degdritom the empirical formula [28]:

085 ¢
o looet e,

n= -|-022875[ K]

(40)

The constan., is characteristic for the given rare gas and stedl in Tab. 3. The

exponer{ is equal to 1,64 for rare gases expansions. Thiealamozzle with the angle of

divergencef = 30° and with the throat diametdr= 50 um was used for the velocity
d

measurements of rare gases. The equivalent nozzteter is given td,, = 0,74[-t|m.
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Table 3. The constdfy, for various rare gases

Rare gas Neon Argon Krypton

Ken[KZ?® ™ mbartum” ] 185 1646 2980

A similar empirical relation was found for the mesipe of water clusters [29]:

0634 1886
uf Pl )

n- 10000k, T,2*[K | T.[K ] K.,

(41)

The constanKc, = 3,8417.18° J'K >*%arum®°* The conical nozzle with the angle of
divergences = 30° and with the throat diametdr= 75 um was used for the velocity
measurements of water clusters. Note that the rsiea n of water clusters depends also
on the temperature of reservi.

At present, no rigorous theory for the descriptadrclusters growth and prediction of the
onset of condensation exist, because theoretieatnrent of cluster formation is rather
complicated, although several models were devel¢p®d26]. Cluster growth has to take
into account both the creation as well as deswoatif clusters in the expansion. These
processes depend on the velocity distribution & lhleam, the particle density, and the
collision cross-section. The achieved velocityriisition in the beam is a complex process
involving numerous collisions. Probably the bestditions for studying the microscopic

kinetics of homogenous nucleation are provided t@e fiet expansions. The measured
velocity distribution and the speed ratio can tslisomething about the collisions in beam
and the nucleation. This topic will be the subcthe next section.

44



4.1.2 Velocity measurements of rare gases and water clusters

In this section, the velocity measurements of watef rare gas clusters will be introduced.
It has to be mentioned that two different sourceslusters were employed. The one for

producing water clusters consists of a reservair @oezle with independent heating. The
nozzle temperaturé was always kept at a higher value than the regelmmperaturdls

to prevent the condensation of the water molecaldébe nozzle. The reservoir was filled

with distilled water and heated so that water vdjiled the space above the water sheet to
the nozzle. On the other hand, the cluster sowrceafe gases consists only of a nozzle,
which can be electrically heated or cooled by kignitrogen, and the gas flows directly

through a 6 mm swagelock tube to the nozzle.

The method of measurement is described in Sec. Th2. experimentally measured
velocity distribution is shown in Fig. 14 for watelusters in supersonic expansion (black
squares). Experimental conditions are listed in. Babrhis distribution is compared with
the Maxwell — Boltzmann distribution of speedsta temperaturéy = 433 K. Assuming
that the nozzle and the gas are in thermal equitiiprthe nozzle temperatuiig, can be
made equal to the temperature of the moleculesrddéaving the nozzld,, thus the
Maxwell — Boltzmann distribution is shown as:

3/2 V2
f(v):4m{ m j exp{— m } (42)
27K T, 2k T,

wherem is the mass of the water molecule &ads the Boltzmann constant. The velocity

corresponding to the Maxwell — Boltzmann distribntmaximumvyg (the most probable
speed) can be derived by putting first derivati¥€4@) with respect to the velocity equal
zero:

(43)

Note that the theoretical maximal value of the ssqeic expansion distribution of

speedu,,, is twice the maximum of the Maxwell — Boltzmanstdbution vg (maxima

X

are listed in Tab. 4). It can be understood by canimg (30) and (43):

U = o[~ e =20y (44)



This conclusion holds true for each polyatomic géserey = 4/3. The factor 2 in the eq.
(44) change to the values 1,87 for a diatomic gas {/5) and 1,58 for a monoatomic gas
(y = 5/3). The equation (44) holds exact for thegsdtvelocities of supersonic expansion

u...not for the experimental ones Nevertheless, it is worth noting that in the prés

case of water expansioivwe= 2.05 and the relation (44) is very well satisfied the
experimentally measured velocity.

632 m.s™ 1297 m.s™
10 - T T T
= Supersonic expansion distribution &,
Maxwell-Boltzmann distribution
Fit Gaussian
084 Fit Lorentzian b
S 0,6 .
0,4 - -
0,24 i
0,0 . : i s
0 500 1000 1500
v[m.s']

Figure 14. Comparison of the calculated thermal Wek — Boltzmann velocity
distribution and the measured velocity distributiona supersonic expansion of water
vapor at the same temperature of 433 K. In the adseupersonic expansion, this
corresponds to the temperature of the nozzle. Tiosva at the top indicate the maximum
of the corresponding distribution. The velocitytdizutions are normalized on the same
area.

The full width at half maximum (FWHM) for supersonéxpansion isAv= 180 m.g,
while the FWHM for the Maxwell — Boltzmann distritien is around 700 mi’s Because
the distribution of speeds in a supersonic expansovery narrow, we can say that the
speeds of the molecules are approximately equale@dt in comparison with their
Maxwell — Boltzmann distribution). The experimefhtameasured velocity distribution
was fitted by Gaussian (blue line) and Lorentziad (ine) functions. Note, that Gaussian
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function more accurately fits the measured poimtsamparison with Lorentzian function,
especially in the region of velocities around 108", and also around 1500 i.sThus,
the velocity distribution of the supersonic expansexhibits the shape of a Gaussian
distribution.

Table 4. Shows the expansion conditions of watdeoutes: Ty is the temperature of the
nozzle, Tr is the temperature of reservou,is the theoretical velocity counted from

(30), v is the experimental velocity established as thmoiy corresponding to the
maximum of supersonic expansion distributiogg is the velocity corresponding to the
maximum of the Maxwell — Boltzmann distribution @alated from (43), an& is the
speed ratio evaluated from (33)is the residual temperature corresponding tohkemnal
motion of the water molecules in the molecular beafhoulated from (33) and (34).

T [K] Tr [K] u_ [ms? [ vimsT |vue[m.s’ S T [K]

433 393 1264 1297 632 12 13

The flow velocities of neon, argon, krypton and evatlusters measured at different nozzle
temperaturedy are plotted in Fig. 15. These flow velocities espond to the maximum
of the speed distribution, similar to that one et at Fig. 14 (black squares). The
expansion pressure for velocity measurements alaedl gases way = 4 bar, while for
water the pressur@, depends on the reservoir temperatdige For comparison, the
corresponding theoretical dependences (lines) leatmli according to the relation (30) are
shown. The line is solid if the rare gas or waseinithe gas phase and dashed if it is below
the normal boiling poinTg. The values are also listed in Tab. 5. The rata(RD) should

be valid for rare gases far away from the critjgaint, where the valug = 5/3 for ideal
monatomic gas is almost the same as the temperatutegpressure dependent capacity

ratioy(T,, p,) - In Tab. 5 the critical temperatur€sand pressurgs; are also listed and it

has to be mentioned that our measurement take® péacaway from critical point,
especiallypp << pc.
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Rare gas clusters

Water clusters
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Figure 15. Terminal maximal flow velocities of argaeon, krypton and water (scatters)
and appropriate theoretical dependences (linesuledéd according to the relation (30).

The line is solid if the rare gas or water is ie tjas phase, and dashed if it is below the
normal boiling poinfTg.

Note that we detected rare gases dimer and watestecs trimer. However, these
fragments originate from much larger neutral cliss{enean cluster sin= 40 — 120 for
water clusters). The velocities correspond to thetmal clusters and the ionized fragments
arise after electron ionization just before thedjupole.

Table 5. Properties of critical points and normailibg point of water and rare gases

Ne Ar Kr Water
Critical temperaturd. [K] |44,5 150,7| 209,5| 647,1
Critical pressurep. [bar] 26,8 48,6 55,3 220,6
Normal boiling poinfTg [K] | 27,1 87,3 119,7 | 373,1

The experimental velocities of neon, argon and tnyproduced from source of rare gas
clusters are somewhat lower than the theoreticlmicitees across the entire temperature
range. On the other hand, the experimental ve&scibf water clusters produced from the
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water cluster source are higher than corresporttiegretical ones. Therefore, the velocity
measurement of argon clusters was also performeéld the water cluster source for
comparison (dark green triangle in Fig. 15). Theeerimental velocities lie also slightly
above their theoretical values. This might suggiest a part of the discrepancy between
the theoretical and experimental velocities cowddchused by the properties of the cluster
sources (e.g. the nozzle diameter, the temperatliteration). However, it will rather be
shown that the property of water expansion causkxiies that are above the theoretical
ones, as opposed to rare gas expansions. Themhscyebetween argon cluster velocities
produced from the two different sources could kbpbly caused by different temperature
calibrations of these two sources. It seems tleat#hbration of temperature between these
two sources is shifted by about 20 K. This numban de achieved, if we require
agreement between argon cluster velocities prodfroeda water cluster source and a rare
gas source. However, yet another effect can plawpla in the explanation of this
discrepancy between argon clusters velocities mredifrom two different sources.

The conical nozzle diameter of the water clusters® was 75um, while the one of the
rare gas cluster source was only80. In the section 4.1.1, it was noted that the ayer
cluster size and the number of clusters increasts increasing aperture cross-section.
Therefore, more condensation energy is releasedhi@nergy can increase the forward
velocity of the clusters. This condensation energlgased during expansion from a water
cluster source can cause the argon clusters th ta@gber velocities than those from the
rare gas source. The mean cluster :nmdsargon clusters at various nozzle temperatures
for two nozzle diameters (50n and 75um) is depicted in Fig. 16.

The fact that the experimental velocities of raeseag lie below the theoretical is in
agreement with the assumption that the initial rsééign enthalpyHo, of the gas is
completely converted into directed translationaltiorg which was used for deriving the
equation (30). In other words, theoretical veledtare the maximal ones, which can be
achieved only if the entire initial enthalpd is changed into the kinetic energy. However,
some energy remains in the random molecular motidnich can be characterized by
velocity dispersior or by translational temperatuile Therefore the maximal velocities
cannot be reached without any additional (e.g. ensdtion) energy, which is released
during the formation of clusters.
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Figure 16. The mean cluster sin:®f argon clusters at various nozzle temperatuves f
two nozzle diameters 50m (the rare gas cluster source) andur® (the water cluster
source).

Even if the temperature calibration is taken intzaunt, the water velocities, at least
below a nozzle temperature of 460 K still lie abdke theoretical values. This fact is
depicted in Fig. 17, where is shown the measurdacities (black circles) and the same
velocities shifted about 20 K (blue circles). Thisift of velocities is depicted there for
illustration and it is not claimed that the shifta® K is correct. Moreover, the value 20 K
was achieved, provided that the temperature cdidoraf rare gases cluster source was
correct. It can be clearly seen from Fig. 18 thelbl the temperature of 460 K bigger
clusters are formed than those at higher temperaburother words, the mean cluster size
is larger for smaller nozzle temperatur&s Therefore, more condensation energy is
released and this energy can increase the forwelaktity of the water clusters. This
condensation energy is not involved in the ene@grxre (24), and hence this energy can
cause the experimental velocities of water clustet® above the theoretical ones.
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Figure 17. The water velocities at various nozelageraturedy (black circles) and the
same velocities shifted to higher temperature at2@ut (blue circles). The reservoir
temperature was kept at constant vallig< 393 K), which corresponds to the pressuyre

=1,9 bar.
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Figure 18. Mean cluster s nralculated from eq. (41) at various nozzle tempeestTy
and a constant reservoir temperaflige

In the case of the water cluster source, the ndengeraturely was kept constant, and
only the reservoir temperatufig was varied. These experimental velocities, contpéoe

the theoretical ones, are depicted in Fig. 19. @&tperimental velocities of water clusters
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are not constant as should correspond to theirehieal velocitieSuma{Ty), but instead lie
above these theoretical values and exhibit an upiwvand as the reservoir temperatlige
increases. It has to be stressed that this depead&presents only about 7% of the
measured values over the entire measured temperagion {Tr= 30 K). It can be easily
understood by noting that the mean clusterninecreases as the reservoir temperaige
goes up (Fig. 20). This is true in spite of thet famat there is a reciprocal proportion
between the mean cluster <n&nd the reservoir temperaturg, which appears in the eq.
(41) through the equation of state to evaluate dbasity of particles. However, an
increasing value the reservoir temperatliggncreases the pressypg and consequently
the mean cluster sin: Therefore, more condensation energy is releagedhe forward
velocity of the water clusters, and it is justifigngt the experimental velocities of the water
clusters lie above the theoretical ones.
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Figure 19. Dependence of water cluster velocitiesh® temperature of the reservoi
The theoretical velocityma{Tn) supposes thaf,= Ty in the eq. (30).
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Figure 20. Mean cluster s nalculated from eq. (41) at various reservoir terapgeslr
and a constant nozzle temperatle

The dependence of pressymeand mean cluster sinbn the reservoir temperatuiig is
also listed for four experimental velocities in Tah Note that mean cluster sne
decreases as the nozzle temperainnacreases (Fig. 18), but is increasing as thavege
temperature3g increases (Fig. 20).

Table 6. Pressurgpgy and mean cluster sinat four reservoir temperature$g
corresponding to the experimental velocities depiah Fig. 19.

Tr [K] Po [bar] n
394 2,0 60
404 2,7 102
414 3,6 167
423 4,6 255

The explanation of the water clusters velocities dapendence on the reservoir
temperaturesir given above is supported by the measurement ofatigen cluster
velocities with respect to the reservoir tempegdk. It can be clearly seen from Tab. 7
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that the argon cluster velocities do not dependtherreservoir temperatuifie; within the
experimental error. It is in agreement with thet fiwat pressurgy of argon does not
depend on the reservoir temperatiig since argon flows through the reservoir while
water is closed in this reservoir and the saturategor pressure depends on the
temperature.

Table 7. Experimental velocities of argon clustdrgarious reservoir temperaturgs

Tr[K] v[m.s7]
278 704
393 706
402 705
412 706
423 705

Another important element which can influence thmldqy of expansion, and thus the
cluster velocity, is the nozzle-skimmer distancikee Tiependencies of the velocityspeed
ratio Sof argon clusters at constant pressure, and textyser on the nozzle-skimmer
distance are shown in Fig. 21. This measurement dea® using the rare gas cluster
source. Note that there is a region of the nozzieuwer distances, from about 30 to 45
mm, where the velocity of argon clusters reaches maximal values. The teslity
expansion is also achieved in this region, sineesfieed rati® exhibits its highest values
here. The velocityw and speed rati® decrease as the nozzle-skimmer distance becomes
shorter below 30 mm as well as larger than 45 mrheMthe nozzle-skimmer distance
decreases, the particles in the beam collide witkhmmore of the reflected particles from
the skimmer. They are slowed down by these colisiavhich are in an agreement with
the decreasing velocity for decreasing nozzle-skemutistance in Fig. 21. Since each
particle undergoes a different number of collisioasd they lose different amount of
energy, the particles become dispersed. Conseguémdl full width at half maximunv

of the velocity distribution grows. Therefore, thpeed ratidS rapidly decreases as the
nozzle-skimmer distance decreases. On the othat, lzadifferent explanation has to be
given for the decreasing speed ratio and velodithigher nozzle-skimmer distances,
which is as follows: the path, which the partialeshe beam have to overcome, gets larger
as the nozzle-skimmer distance increases. Partialedergo more collisions with
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background molecules during this longer distanoe, therefore the velocity, as well as
speed ratio, decreases with increasing nozzle-skimaiistance.

The velocity measurement of rare gases was pertbahéhe nozzle-skimmer distance of
24 mm. The velocity at this position is about 1,B%er than the maximal value. The best
expansion quality was reached at a nozzle-skimnstartte of 40 mm, where the speed
ratio Sreaches its maximal value 15,1. It is in coincmkenwith the maximal velocity

value.

15+ s s J

144 . ', .
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Figure 21. Velocityvand speed raticGGof argon dimers at a constant pressure and
temperature for different nozzle-skimmer distances.

The experimental, as well as theoretical velocitigsieon, argon and krypton clusters are
shown again in Fig. 22(a). There are also shown déeation of the experimental
velocitiesv from the theoreticau,,,, (b), speed ratic® (c) and residual temperatufe(d)
calculated from equations (33) and (34). It oughbé mentioned that these results are not
fully understood yet. However, several remarksloamade.

The relative errors between the experimental aedr#tical velocities of neon, argon and
krypton reach values 1,2 - 5,7 %, 0,7 - 7 % and-037/8 %, respectively. Note also, that in
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the case of argon, the relative errors are onlyab®o at higher temperatures than 320 K.
On the other hand, they reach 5-7% below 300 Kg&madeviations between experimental
and theoretical velocities correspond to lower galof the speed rati§ andthe smaller
deviations correspond to higher values of the spa&d S In other words, the higher
quality expansion (characterized by high leads to better agreement between the
experimental and theoretical velocities. This falsb holds true for krypton. However, it
disagrees with the velocity measurements of neostels. This distinction between argon
and krypton on one side, and neon on the otherdcbelrationalized by different mean
cluster sizen. They are depicted in Fig. 23 for the temperategion corresponding to
the velocity measurement of the given rare gase Nwdt the mean cluster <snér argon
and krypton are in the tens or even hundreds, wvithéebelow three for neon.
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Figure 22. The experimental and theoretical velegibf neon (1), argon (Il), and krypton
(11N clusters (a). The deviation of the experinmadntelocities from theoretical ones (b), the
speed rati& (c) and residual temperaturgd).

It can be also seen from Fig. 22(lld) that a reslidtanslational temperature steadily
increases at first with the increasing nozzle tewrpeeTy. This increase can be explained
by the many-body cluster forming collisions. Theadensation energy which increases the
residual temperaturd is released during these collisions. The residuahstational
temperatureT reaches its maximal value around 300 K, then @dse® and remains
approximately constant above 350 K. This decreasddcbe caused by the two-body
collisions, the effect of which dominates in thegion since the number of two-body
collisions is indirectly proportional to the stagjioa temperaturdy (in equilibrium Ty =
Tn) according to the eq. (38). There are no similakima in the residual temperaturen
the case of neon or krypton. It seems that thisimmax could be found outside the
investigated temperature region.
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Figure 23. Mean cluster si:nsalculated from eq. (40as a function of the nozzle
temperaturdy at the constant pressupig= 4 bar for neon (a), argon (b) and krypton (c).

The dependence of the argon cluster velocity onsthgnation pressure has also been
measured. The results are depicted in Fig. 24cainatant stagnation temperaturerQf=
248 K. The mean cluster sizn;at corresponding pressures are depicted in FigNage
that up to stagnation pressures mf= 2 bar, the velocity decreases with increasing
stagnation pressure. Christen and Rademann [23eX30&in this decline by the drop of
temperature- and mainly pressure- dependent hpatitg ratic y(T,, p,) . This fact can be

true. However, there is a need to derive right &gndor the temperature- and pressure-

dependent heat capacity riy(T,, p,) instead of equation (31). Above the stagnation

pressure ofyp = 2 bar, the argon velocity, as well as speed raticrease monotonically
with increasing pressure. This can be rationalimederms of the condensation. With
increasing stagnation pressure, the particle derssid thus the number of two-body
collisions increases. It leads to a more efficiemversion of enthalpy to forward motion
and thus to the increasing velocity. Also the monat increase of the speed ratio S can be
a consequence of the increased number of two-baoltigions [25].
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Figure 25. Mean cluster s nealculated from the eq. (40) at various stagnapiessures
poand a constant nozzle temperatiigdor argon.
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To summarize this discussion about rare gas cluslercities, several notes should be
made. The fact that the experimental velocitiesaoé gases lie below the theoretical is in
agreement with assumption that the initial stagmaénthalpyH, of the gas is completely
converted into directed translational motion used deriving the equation (30). This
assumption is not satisfied, since some residogbéeaturel always remains.

In spite of this fact and another simplificationpésifically, a heat capacity, is
independent of the temperature during derivingdtpeation (30)), this equation gives the
velocities of rare gases correctly within 0,7 — #rén the experimental valuesloreover,

it even describes the velocity of water clustensemdly within 1- 4 % despite the fact that
water can be hardly considered as an ideal gass @kmands the assumption of
temperature independent heat capagjtyl his agreement is satisfactory for most purposes
in our experiments, and therefore the velocity messents are not always necessary

It ought to be mentioned that the requirement aihglete conversion of the initial
stagnation enthalpy, of the gas into directed translational motion egémates the
theoretical velocitieumax On the other hand, the condensation energy, wlichot
involved in the energy balance (24) during derivaggation (30), caused that theoretical
valuesumax are underestimated. Thus, these two facts cantexdnatiance each other to a
large extent, and therefore the equation (30) desxthe actual velocities correctly within
a few percent.

4.2. Photodissociation in (HBr) , clusters

The photodissociation process of individual molesuhnd molecules in clusters has been
already generally discussed in the section 2.4.ifivestigation of the photodissociation in
cluster environments is the major experiment on apparatus. Here, it will be first
illustrated on a well studied example of (HBcJuster photodissociation. Further in Sec.
5.1and 5.2, the photodissociation of HI and HN®olecules on large water clusters will
be discussed.

The photodissociation of (HBrklusters was previously studied on our apparatugeat

detail [12, 13, 31]. Therefore the measurementHBr], clusters serves for calibration
purposes of the apparatus, which mainly consistlasér alignment to intersect the
molecular beam in the right position with the tvasdr beams and for overall verification
of the correct function of the particular partsloé apparatus. This calibration with (HBr)
clusters was repeated several times before allrébelts in this work were achieved.
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Besides, the principle of the photodissociationegxpent can be well understood and
nicely explained with the example of (HBGluster photodissociation. The typical spectra
are shown and explained here.

The (HBr), clusters were prepared by seeded expansion (Sgcwith 5% of HBr in the
argon buffer gas through the conical nozzle. Theaagion conditions are listed in Tab. 8.
To increase the cluster formation, the nozzle veaded down to 258 K. The mean size of
these clusters has been determined earlier inteesng study [13] and for our expansion
conditions it is approximaten = 4.

Table 8. Expansion conditions

Nozzle diameted [um] 60
Opening anglé@ [°] 30
Nozzle temperaturéy [K] 258
Expansion pressug [bar] 15
Laser intensity — 243nm [J/pulse] 2,9
Laser intensity — 193nm [J/pulse] 90
UdUp[V] 50/41,34
WMTOF extraction fieldEs [V.cm™] 7,9
Mean cluster sizn =4

Fig. 26 shows the time-of-flight spectra of an ldgment (a) with 243 nm laser pulses and
(b) with 193 nm laser pulses. In the case of thetgissociation at 243 nm (Fig. 26(a)),
the black arrows indicate the H-fragments flighimés corresponding to the
photodissociation of HBr to the ground state of(Bil lines) and to the excited state of
Br (dashed lines). These peaks are also present jphibtodissociation with 193 nm laser
pulses in Fig. 26(b) since the laser pulse at 243was used for (2+1) REMPI of H-
fragments that is necessary for the detection ef lth atoms. Moreover, the peaks
corresponding to the photodissocition at 193 nnpaesent in Fig. 26(b); they are denoted
by blue arrows. Thus both lasers are present inirttezaction region and part of the
clusters is dissociated by the 243 nm laser andl Iparthe 193 nm. All these peaks
correspond to thelirect cage exitof the H-fragments, which did not lose any kinetic
energy in the collisions with other molecules oBh, cluster.
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Figure 26. Time-of-flight spectra of the measuredrafyments from photodissociation of
(HBr), (a) with 243 nm laser pulses and (b) with 193 asel pulses. The arrows indicate
the positions of the peaks corresponding to theqalssociation of HBr to the ground

state of Br (full lines) and to the excited stat8p (dashed lines) at 193 nm (blue arrows)
and at 243 nm (black arrows). The middle arrow datés peak corresponding to H-
fragments with zero kinetic energy. Below each lbése, TOF spectra are plotted
appropriate kinetic energy distributions of H-fragms (c, d). The lines indicate

theoretically calculated positions of the appra@ripeaks. The polarization of the laser
was 0°.

Note that there are always two peaks corresponditige photodissociation of HBr to the
ground state of Br’Ps;,) and other two peaks corresponding to the exdtate of Br
(P12). The reason of the appearance of these doubles pell be explained on the basis
of Fig. 27. There is schematically shown a pictofethe photodissociation of HBr
molecule in the WMTOF spectrometer and correspandechematic TOF spectra. With a
linearly polarized light with the polarization vectparallel to the WMTOF axis, and for
molecular excitation, with the transition momentgtiel to the molecular axis, the HBr
molecule can be dissociated in two orientationsh W atom pointing towards the detector
(Fig. 27(a)) or in the opposite direction (Fig. @j( If the H-fragment starts in the
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direction towards the detector, it arrives earliean the fragment starting in the other
direction, which has to be turned around (afterzation) by the weak electric field. Thus
the two hydrogen atoms starting in opposite dioadiresult in the two peaks in the TOF
spectrum. The time (distance) between the two peakssponds to the energy released in
the photodissociation process.
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Figure 27. The schematic picture of the photodission of an HBr molecule in the
WMTOF spectrometer (left) and corresponding schem@OF spectra (right), which
could be obtained for the bare molecule.

As has been already mentioned, the HBr moleculetlwasphotodissociation channels.
One channel corresponds to the formation of Bhenexcited spin — orbit state 'BfP./,),
the other one to the ground state BPsf). The transition momeny is parallel
(perpendicular) with the axis of the molecule fbe texcitation to the states correlating
with the dissociation into B(Br). Therefore, if the laser is oriented para{l#l) to the axis
of WMTOF spectrometer, then H-fragments from molesuwhich were oriented parallel
to the axis of the WMTOF spectrometer, and theaited states, to which the transition
proceeds have the parallel transition momentwill arrive to the detector. Thus the
products of the channel, upon formation of ,Brill be detected. On the other hand, the
molecules oriented perpendicular to the axis o WWdTOF spectrometer and leading to
the excited state with parallel transition momemtill not be dissociated at the given laser
polarization. The molecules oriented perpendictdahe axis of the WMTOF and leading
to the excited state with the perpendicular tramsimomenty can be dissociated, but do
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not reach the detector because they have the canpohthe velocity perpendicular to the
axis of the WMTOF. At the perpendicular laser piaiation (90°), the H-fragment from

HBr leading to the excited state with transitionmemty perpendicular to the axis of the
molecule will be detected, e.g. the products ofciii@nnel leading to the Br fragments.

The peaks denoted by Brorrespond to the generation of the spin orbiiteslcstate of a
Br atom. Thus a part of the available energy goés the Br spin orbit excitation, and
therefore less energy remains for H-atom kinetiergn Thus the peaks in the TOF
spectrum are closer together than the peaks fdBitlgeound state.

The arrows in the middle of each TOF spectra in B&indicatecage effegti.e., the H-
fragments which have been stopped after the dssogiby the solvent molecules to zero
kinetic energy and then extracted by the field talsahe detector. Thus this peak can be
present only for the dissociation in the clustditse H-fragments with part of their initial
kinetic energy can be found between the zero ldreziergy peak and peaks corresponding
to direct cage exitThese H-fragments correspondiayed cage ex(see section 2.4).

In the 193 nm spectrum (Fig. 26(a)) nearly all bé tstructure originates from the
dissociation with 243 nm laser pulse (Fig. 26(lwhich was used for detection of the
hydrogen atoms, except for the peaks corresportditigedirect cage exithannel denoted
by blue arrows. These processes dominate the gpeeind maximum intensity appears at
the position corresponding to the generation ofirBits ground state. Note that peaks
corresponding to the photodissociation of HBr itite ground state of Br are lower than
the one corresponding to the formation of the &rthe laser wavelength 243 nm. The
reason is that the laser at 243 nm was polarizethenparallel direction (0°). At this
wavelength and polarization orientation the phasdciation channel into the spin- orbit
state Br (°Py) dominates. Actually, there could not be detectsyy H-fragments
corresponding to the photodissociation into thaugtbstate Br¥Psy,) in the bare molecule,
although they are still dissociated. These H-fragimelo not reach the detector, because
they have the component of the velocity perpendictib the axis of the WMTOF.
However, these H-fragments can be detected inltlsec environment, because they can
be directed to the detector by elastic collisionththe components of clusters. Therefore,
there are peaks in Fig. 26(a) corresponding toptiwodissociation into the ground state
Br (?P31). On the other hand, the peaks correspondingetdatmation of the ground state
Br (°Ps;) are higher than peaks corresponding to the(#%,,) at 193 nm, because the
laser at 193 nm is unpolarized and the branching jr*]/[Br]~0.15-0.20.
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The TOF spectra can be converted into the kinatergy distributions (KED) of the
hydrogen atoms. These KED spectra are plotted betovesponding TOF spectra in Fig.
26(c, d). This conversion includes the simulatidrthee particle trajectories, which was
carried out considering the molecular beam daaWMTOF geometry, parameters of the
photodissociation process, the finite interacti@tumne etc. The Monte Carlo simulation
program is a part of the standard evaluation praeedf our experiment. It should be
noted that the detection probability of slow fragiseis significantly higher than the
detection probability of the fast ones, which caoreneasily escape the angular acceptance
of our detector. That is the reason why the deiagbrobability is a steep function of the
fragment kinetic energy, and high zero kinetic gggreak in the TOF spectra is much less
pronounced in the corresponding KED (see the regéar zero kinetic energy in KED).

The theoretical positions of peaks correspondingjriect cage exitan be calculated from
equation (2) for the HBr molecule. Fdirect cage exiit holds thatE,, = 0. The internal
energy of H atomg;; (H) = O for the reasons discussed in sectionRsdwas mentioned
in section 2.1, the clusters are an efficient Hegth and all rotational and vibrational
energy of HBr is taken away by the argon atomsefluffer gas, therefoig,; (HBr) = 0
and finally, Exin (Br) ~ 0 follows from momentum conservation, besmadhe Br atom is
much heavier than H. Calculated kinetic energieHdfagments are listed in Tab. 9.
These energies are also labeled in Fig. 26(c, d)tlagy correspond to the peak positions
within the experimental errors.

Table 9. Calculated kinetic energy of H-fragmentsresponding to the dissociation of
HBr to the Br ground stat&gn(H) and to the Brexcited stateE, (H) for two laser
energies corresponding to wavelengths at 243 nmaarktP3 nm. The meaning of the
symbols is clear from the text below the equat®n (

Do (HBr) = 3,745 eV Br (243 nm):Exin (H) =%w;1- Do (HBr) =1,36eV
Eint (Br) =0,475eV Br(243 nm):Exin (H) = w1 - Do (HBr) - Ein; (Br )= 0,88eV
hwy (243,07 nm) = 5,1 eV| Br (193 nmEyn (H) =%Aw2- D, (HBr) 2,67eV
iw, (193,3nm) =6,4eV| B(193 nm):Exn (H) =7%ws- Do (HBr) - Eint (Br) =2,20eV

The two outer peaks in Fig. 26(a), denoted by Bt,apnverted in the one higher energy
peak in KED (Fig. 26(c)) at theoretical positiBg, (H) = 1,36 eV and the two inner peaks
corresponding to Br* excited state get transfornmdd the lower kinetic energy peak in
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KED atEy, (H) = 0,88 eV. In the case of a 193 nm photodisgiom of HBr (Fig. 26(b)),
the situation is more complicated. For peaks dehbieblack lines holds the same as for
Fig. 26(a), but in this KED (Fig. 26(d)) there &ne more peaks originating from 193 nm
photodissociation of HBr. The theoretical positimishe peak in KED corresponding to
the two peaks of Br ground state (blue arrows) khbe Ey, (H) = 2,67 eV, and for the
peak in KED corresponding to Bexcited state, the calculated positiorEig (H) = 2,20
evV.

At a closer look at the spectrum in Fig. 26(c) éxisia small peak with a somewhat higher
kinetic energy than 1,36 eV, at approximately N7 lefollows from equation (0) that this
extra energy has to originate from the excitatioergy of the molecule HBIE,; (HBr).
And thus these faster H fragments have to origifeden an internally excited HBr
molecule.

The original explanation of this small peak in KD spectra shown in Fig. 26(c) was as
follows [32]: a hydrogen atom originating from dissated HBr molecule, collides with
another HBr molecule, transferring part of the Hratkinetic energy into the internal
(vibrational) excitation energy of the HBr molecildg: (HBr). Then the excited molecule
is dissociated resulting in H-atom with energy leigthen 1,36 eV by a vibrational quanta
of HBr, Eyinr = 0,3 eV.

However, after recent experiment with acetyleneatwles [33], another possible scenario
has been proposed. The dissociating HBr moleculeaged by the cluster and then
recombines back to the original HBnolecule, which is, however, vibrationally excited

Again, if this molecule is dissociated by the naxiving photon, it results in an H atom

with energy higher then 1,36 eV by some vibratiomahnta. Clusters of acetylene were
operating with this mechanism, where the above imleatl excitation of acetylene

vibration by collision with escaping dissociatedatdm was not possible. Therefore, an
analogical process seems to be more plausiblarathe case of HBr clusters.

The shoulders in the peak at 1,2 eV in Fig. 26¢d) at 3,0 eV in Fig. 26(a) should have
the same origin. All the mentioned small peakssaitted from the main peaks denoted by
numbered lines by approximately 0,33 eV, which egpond to the vibrational energy of
the HBr molecule.
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4.3 Mass spectrometry of pyrrole, imidazole and pyr  azole clusters

The UV-absorption and photochemistry of pyrrolejdazole and pyrazole molecules in
the gas phase has been studied in great detaibpedy [34, 35, 36]. In nature, however,
the photochemical processes occur in some envirofjragy. in a solvent or in a geometry
dictated by a phosphate backbone of a protein matdet/sually, the biomolecules are also
solvated with the water molecules. The solvent adrange the photochemistry
significantly. Thus, as a further step towards tineestigation of biologically relevant

processes at the molecular level, the UV-photolgaid ionization of the above molecules
were studied in various cluster environments inlaboratory some time ago [37, 38, 39].

In this section the mass spectrometry of variousters of pyrrole, imidazole and pyrazole
molecules will be introduced. Different ionizatiomethods, namely electron and photon
ionization described in the section 3.4, were u3dw clusters were ionized by electrons
with energy of 70 eV and their mass spectra werasoned by the quadrupole mass
spectrometer. Alternatively, ionization was alsdiaeed by non-resonant multiphoton
one-color ionization with 193 nm photons and theeti— of — flight mass spectra were
recorded. In this case, the time — of — flight $pmueter was used in the high-field mode
described in section 3.3. The differences betwbhemtethods of cluster ionization, namely
non-resonant multiphoton and single photon iontwgtand electron impact ionization, are
discussed. More importantly, we analyze the difiees between the ionization of pyrrole
clusters on one side, and imidazole and pyrazalst@ls on the other, which point to
different stabilization mechanisms in biomolecubesind by different types of hydrogen
bonds.

Clusters of various sizes were produced under réifteexpansion conditions, which are
specified in the Tab.10. A range of reservbi and nozzleTy temperatures as well as
expansion pressum were exploited. The coexpansion was done withdifferent carrier
gases He and Ar. The expansions in Ar resultedurigel clusters, while smaller species
were generated in He.

The mean neutral cluster sizes in He-expansiopyoole [38] and imidazole [39] clusters
were determined in the scattering experiment whk He-atom beam. As for our
expansion conditions it has been derived for bgtiigte and imidazole, in = 3. It has
been argued that because of the similarity betwleemass spectra of these three species,
the mean neutral cluster size of pyrazole is alqueeted to be arouin = 3. It is worth
noting that, because of the exponential charactethe cluster size distribution, the
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population of trimers is only about 45% of the mm®o population, and the monomers
dominate in the molecular beam.

Table 10. Selected expansion conditions for praduthe clustersc is concentration of
the molecules in the expansion mix with the cargas.Tg and Ty are the reservoir and

nozzle temperature, respectivepg.is expansion pressure anis the mean cluster size
for conditions where it was determined.

Carrier | Molecule c [%] Tr[K] Ty [K] Po [bar] n
gas
He pyrrole 0,3 281 282 15 3
imidazole 4,1 435 455 2,6 3
pyrazole 0,3 333 353 2,0 3
Ar pyrrole 0,2 281 282 3,0 PYhArm
n=4
m=8
imidazole 0,1 377 393 2,5
5,4 435 455 2,0 >6
pyrazole 0,5 343 363 2,0

The quadrupole mass spectra of pyrrole, imidazote @yrazole clusters produced in He
expansions are shown in Fig. 28. A common charigtiteof both Ar and He coexpansion
is that the pyrrole clusters are ionized into molacPy," fragments, while the imidazole
and pyrazole clusters fragment into protonategHhand PgH" ions. The same fragments
occur in the TOFMS spectra under multiphoton iotiira The spectra are dominated by
these smallest molecular fragments, and peaks axrexponentially towards larger
fragment masses. However, it has to be mentioredhk character of the EI QMS spectra
depends on the concentration of the moleculesdrexpansion mix with the carrier gas. At
higher concentrations, the mass peak intensitiegh#xa maximum for bigger clusters (it
means highek). Indeed, the TOFMS spectra exhibit a dependentcehe expansion
conditions and carrier gas too; nevertheless, ah@gys assume an exponentially decaying
character and never a maximum at some larger fragsiee, which points to much
stronger fragmentation of the clusters in the rphhiton ionization process.
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Figure 28. Quadrupole mass spectra of small pyeag@), pyrrole (b) and imidazole (c)
clusters produced in He- expansion.

The presence of Ryfragments on one side, and protonategHivand PgH* fragments on
the other, is in agreement with the hydrogen ortqrotransfer channel in the
photochemistry of imidazole and pyrazole clust@&tss observation is also supported by
ab-initio calculations and can be understood imgepof the different bonding motifs of
these three species pointed out in section 2.3hadn in Fig. 29. The pyrrole clusters are
bound by the weak N-Hz bond, and upon ionization, an ionized core is ggee, which

is solvated by other pyrrole molecules [38]. Simbdahavior can be also found for benzene
clusters [40]. However, in the imidazole and pytazolusters the relatively strong
hydrogen bonds N-HN is present, which leads to the hydrogen or pritamsfer between
the cluster constituents upon excitation.
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n=1 n=2 n=3

Pyrrole 0.297 eV 0.990 eV
W A
C,HN Nﬁ" Q— 2
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Figure 29. Different hydrogen bonding motifs of qmye, imidazole, and pyrazole dimers
and trimers are shown. Hydrogen bonds are indidayedashed lines. The structures and
binding energies were calculated at the MP2 level.

Thus, in the hydrogen bonded clusters, the hydrageproton transfer process occurs
upon multiphoton UV excitation, which leads to enetransfer and dissipation. In this

way the protonated species are, indeed, stabilizethe cluster environment. The mass
spectra also confirm this conclusion from the pdasociation studies. On the other hand,
in the pyrrole clusters, the multiphoton excitati@ads to a more intense decay of the
cluster and molecule. The H atom bound tortheectrons of the second unit does not bind
to this unit after ionization.

The TOFMS spectra of pyrrole, imidazole and pyrazcusters were also measured in
both He and Ar expansions. The spectra correspgrdithe larger clusters generated in
the Ar expansions are shown in Fig. 30. The motecphrts of the spectra up to the mass
of 75 amu are similar for both He and Ar expansiodswever, in the case of He
expansion no cluster fragments appeared at higlasses after the photoionization. In
these spectra (not shown here) the peak at 69 artheiimidazole and pyrazole spectra
does not correspond to the parent molecule ionchvivould be at 68 amu, but rather to
the protonated species JiHi and PgH" originating as the fragments of the larger cluster
These peaks gain intensity from the larger cluslecomposition that occurs for Ar
expansions. The pyrrole clusters, where the hydrogansfer process cannot occur,
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fragment completely, generating very few parent Pys (some Py can also be seen
upon large magnification), but mainly fragments Benahan the molecule occur.
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Figure 30. TOF mass spectra of the large pyraza)e fyrrole (b), and imidazole (c)
clusters produced in Ar- expansion.

Here we focus on the differences between the ssieemultiphoton ionization with 193
nm photons (6,4 eV) and electron ionization witheXOelectrons. Fig. 31 shows the TOF
mass spectra after multiphoton ionization (blagke)iand QMS mass spectrum after
electron ionization (red stick spectra). Since tesolution of our QMS is poor in this
region, this spectrum comes from the NIST datab@dd. This mass spectrum is
dominated by a parent molecular ion and the grdygeaks around 40 amu. On the other
hand, the TOF mass spectra exhibit small peak oénpamolecular ions in the case of
pyrazole and imidazole, and in the case of pyrritie,peak is even completely missing.
The TOF mass spectra are dominated by &&ment and the group of peaks around 25
amu. Thus, the successive UV multiphoton ionizaleaas to a significantly higher degree
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of fragmentation than the electron ionization ihtltee molecules. The parent molecular
ions, which dominate QMS spectra, are not at ak@nt in the TOF spectra, thus the
molecule is predominantly fragmented by the sudeesabsorption of two or more
photons. There are two main reasons for the higkegree of fragmentation in the non-
resonant multiphoton ionization.
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Figure 31. Photoionization TOF mass spectra of lspyarole, imidazole and pyrazole
clusters produced in coexpansion with He carrier (@pdack line). The electron ionization
QMS spectra of the corresponding molecules are stfowcomparison (red stick spectra)
[41]. The mass peak assignments in the TOF spectrébased on the photoionization
spectra in the literature [42, 43, 44]. The phdtor was~10°® cm?s™.

Although, the 70 eV energy of the ionizing eleckds much larger than the 193 nm
photon energy (6,4 eV per one photon), the eneegpsited into the internal excitation of
the molecule (cluster) is significantly smalleroffr electron energy of 70 eV, remains
only around 1 eV for the internal excitation in thmlecule, and most of the energy is
carried away by the kinetic energy of two escaptertrons [45, 46]. For example, the
energy deposited into the internal excitation @& gyrrole cluster ion is around 1-2 eV
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[38]. On the other hand, from the 12,8 eV deposhigdhe two-photon process, all the
energy above the ionization potential of the mdedgluster) can be available as the
internal excitation, i.e. 4,6 eV in the case ofrpleg molecule. Howevethe photoelectron
spectrum of pyrrole following one-color multiphot@xcitation at 243 nm in Ref. [43]
exhibits a maximum at 0 eV and extends to 2 eV.sTlwailable energy for the internal
excitation of pyrrole in two-photon ionization ieoim 2,6 to 4,6 eV. To conclude, in the
photodissociation process more energy is depositedthe internal excitation of the ion
even if photon energy is lower than the energyledteon.

Deposited energy alone cannot explain the diffexenbowever, since the single-photon
mass spectra from the literature [42] exhibited lfFagmentation even at higher photon
energies. Therefore, the second effect playing kB fa the fragmentation after
photoionization must be the fact that photoionaais also performed by the successively
arriving photons. In other words, it is the delapveen the subsequently arriving photons
which leads to the large fragmentation. During ttieday, the species excited with the
previous photon can undergo some fragmentation, thedsubsequent photon ionizes
and/or further fragments the excited species.

To investigate the effect of the delay between sbecessively absorbed photons, the
dependence on the photon flux, in the case of pyearvas measured and is shown in Fig.
32. Plotted there are ratios of various mass péakbe protonated monomer PZlfbr
pyrazole as a function of the photon fluxt small photon fluxes the PZHoriginating
from the clusters) is the major peak in the spectilihe peaks at mass 12 amu)(@nd 26
amu (CN and GH,") dominate the spectrum in Fig. 31(€hese peaks quickly rise with
the photon flux. The ratio of the other peaks aridd (G'/PzH") and 36 amu (€/PzH")
also increase, but the increase is slower. The ddtthe fragments at 15 amu (NWRzH")
and 28 amu (CN and/or N/PzH') increases only very little with the photon fllBome
qualitative conclusions can be drawn from theseeddgncies
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Figure 32. Intensity ratios between various indidamass peaks and the Pztak in the
TOFMS of pyrazole clusters as a function of theedgshoton flux. Note that the black
circles corresponding to thé/@zH' ratio are blanked out by the open red circles.

The C ion is a product of the fragmentation caused ltigrge number of photons. More
complex CN and/or GH," fragments result from the same fragmentation. dfeation of
the G and G" ions require somewhat less photons. Finally, thé &hd CNH" ions are a
product of the fragmentation caused by the smalieshber of photons, and their
dependences on the photon flux is roughly the samédor PzH ions. Thus, their
generation requires about the same number of ploton

These results have already been published in thernktional Journal of Mass
Spectrometry [1]. This publication can be also fhumthe appendix A.

74



5. Photodissociation

5.1 Photodissociation of HI on water clusters

Complexes of HBr and HCI molecules and water hatacied considerable attention
because of two reasons. First, great efforts haen lwevoted to the explanation of the
microscopic picture of acidic dissociation. Moreg\wacid solvation on ice nanoparticles or
liquid aerosols has been studied because of that grgortance it has in atmospheric
chemistry as remarked in section 2.2.

Photodissociation experiments with water clusteoped with HBr and HCI were
performed in our laboratory some time ago [2, 3]. These recent experiments have
shown that the HX molecule (X = Br, Cl) undergoegl& dissociation on a water cluster
in the ground state, forming a zwitterionic systelg©*(H-0),..X . This system is excited
by an ultraviolet laser pulse at 193 nm and antedtate is produced, which then relaxes
to a neutral biradical $#0(H,0),.2X state. There is still enough energy in the system
cause the hydronium molecule to decay into an ktahénd water molecule, leaving an
H-atom to be detected. Both experimental and thieateevidence have been obtained for
the proposed scenario in the previous studies of lBd HCIl molecules on ice
nanoparticles.

An apparent extension of the previous studiesesitliestigation of photodissociation of
large water clusters doped with HI molecules, itied in this section. For comparison,
the photodissociation of argon clusters (An =39) doped with HI molecules will also be
discussed. Since HI is a stronger acid than theiquely studied molecules, it is more
prone to the acidic dissociation. Theoretical clalttons suggest that HI undergoes acidic
dissociation into zwitterionic structure in clugtewith less HO molecules than HCI and
HBr. Thus, if the evidence is found fos® radical generation in the HI¢B), particles, it
can provide further confirmation for the mechanisfrits generation proceeding through
the acidic dissociation in the ground state. Furttiee HI, because of its acidic properties,
may be expected to exhibit a lower lying CTTS sthtan the other hydrogen halides. Thus
this state might be excited and thgCHgenerated at even longer wavelengths in our
experiment than 193 nm, for which it was observétl WiBr and HCI molecules.

The experimental conditions are listed in the TaB. Note, that photodissociaton of
HI(H.0), and HI(D:O),, as well as other measurements of HO) and DI(HO),, was
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performed at the same conditions. It enables usotopare these spectra. The reservoir
temperaturd is not listed for argon clusters, because a alssiarce without a reservoir
was used.

Table 12. The experimental conditions. The firdupo corresponds to measurement of
both HI(HO), and HI(D;O),, and the TOF spectra are depicted in Fig. 33(a¢rd are the
conditions for the measurements of Hi®J, and DI(HO), in the second column and
spectra corresponding to this measurement aretédpic Fig. 33(b). Finally, the spectra
corresponding to the conditions of HI(Aphotodissociation in the last column are shown
in Fig. 35(b).

HI(H20), | HI(D-O), | HI(H-O), | DI(H20), | HI(Ar),
Nozzle diameted [um] 75 75 50
Opening anglé [°] 30 30 30
Nozzle temperaturéy [K] 438 438 245
Reservoir temperatufi [K] 427 428 -
Expansion pressu [bar] 4,5 4,5 2,3
Pick-up pressurpo(HI) 0,1 0,1 0,055
[mbar]
Laser intensity — 243nm 2,8 1,2 2.7
[J/pulse]
Laser intensity — 193nm 64 82 -
[J/pulse]
Ua/Up[V] 50/ 41,40 50/ 41,34 50/

41,40

MCP voltage [kV] -1,65 -1,7 -1,60
WMTOF extraction fieldgs 7,8 7,9 7,8
[V.cm™]
Mean cluster sizin 434 454 29

Originally this experiment was designed to proveethier the hydrogen halide molecule
was acidically dissociated or remained covalentburid on the water clusters. The
essential idea was as follows: If the HX moleculaswcovalently bound, it could be
photodissociated by an appropriate wavelengthetaker pulse and an H-fragment signal
originating directly from the HX molecule would lexpected. On the other hand, no H-
fragment signal would be expected if this molecubes acidically dissociated on 4nd
HsO". In other words, the presence of detected H-feagrsignal should prove that the
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HX molecule is covalently bound on the cluster,@j. However, it has already been
shown in the previous investigations of HBr and H@ht the situation is more

complicated, and a very careful and complete erpant proved just the opposite of the
original expectation; the H-fragment signal obsdregperimentally was evidence that the
HX was acidically dissociated on the water cluster.

Fig. 33(a) shows the TOF spectrum of H-fragmentsnfrthe system HI(FD),. The
clusters were produced by the pick-up process ahblecules on the (#D), clusters. The
experimental conditions are further detailed in .TaD. It can be clearly seen from Fig.
33(a) that H-fragment signal was detected aftetqahssociation of the system HI{8),.
The photodissociation was performed with a 243 Rig. (35(a)), as well as a 193 nm (Fig.
33(a)), laser pulse. The H-fragment signal origmgatfrom pure (HO), clusters of the
same size is about an order of magnitude lower thansignal detected when the HI
molecules were embedded in clusters. The signal thee pure water clusters is subtracted
as a background from the spectra depicted in F3g.l83suggests that the detected H-
fragment signal originates from the HI molecule. flother verify this hypothesis and
confirm that the H-fragment signal does not origgn&om HO, a photodissociation
experiment of the HI molecule on the clusters dyewater (RO), was performed. The
measured spectrum is shown in the same figure @setfor the system HI@D), for
comparison. It ought to be mentioned that deutenan not detected. Since deuterium is
twice as heavy as hydrogen, the peak in the tirfiéghit spectrum would appear at the
flight time of 5,65us, while the flight time for hydrogen isy& (with the present extraction
voltages). Also the wavelength 243,07 nm is nopprdor REMPI of the deuterium, since
it is outside the 0,04 nm bandwidth of our laseherEfore, the photodissociation
experiment of HI(RO), still suggests that the H-fragment signal origasatrom the Hi
molecule, however, it is not clear why the measutezignal should be smaller than from
the HI(HO), system under otherwise the same conditions.

Nevertheless, the photodissociation experiment Witon water clusters (D), points to

a different source of the H-fragment signal. Irstiystem, no signal besides the weak one
originating from the HO was expected. However, it appeared that the Is@iginating
from DI(H,O), was even higher than the signal from HiD).
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Figure 33. TOF distributions of H-atom fragmentsnfr HI(H,O), and HI(D:O), (a), and
HI(H,O), and DI(HO), (b) at the photodissociation wavelength 193 nm.

To summarize, the H-fragment signal was detectethénphotodissociation of all three
species, e.g. HI(#D),, DI(H.0), and HI(D:O),. This fact proves that the H-fragment
signal can originate directly neither from the Hblecule, nor from KHO. These results can
be understood by proposing that the H-fragmentasigmiginates from the hydronium
molecule HO. In other words, from 0, DH,O, and BHO in the case of experiment with
HI(H.0),, DI(H20),, and HI(B3O),, respectively. A strong piece of experimental enick
for this conclusion, found in the previous expemmsewith HBr, was the H-signal ratio
from HBr(H,O),, DBr(H;O), and HBr(DO), which was almost exactly 3:2:1, i.e.
corresponding to the ratio of H atoms in the cqroesling HO, DH,O, and BHO species
(and similar was also true for HCI system) [2, IB]the present case, the ratio of the H-
fragment signal intensities of HIEB), and HI(DO), is 3:1,2 at 193 nm (Fig. 33(a)) and
3:0,8 at 243 nm (Fig. 35(a)). This ratio is agdose (within experimental error) to the 3:1
ratio of H atoms in the hydronium moleculegtHand BHO. Similarly, the intensity ratio
for HI(H,0O), and DI(HO), (Fig. 33(b)) at the laser wavelength 193 nm isual®1,5.
Since the ratio of H atoms in the hydronium molesuO and DHO is 3:2, it can be
seen that an agreement between these two ratioetiperfect, yet it falls within the

78



experimental errors that the previous conclusioaslerfor the other two hydrogen halide
systems. [2, 3]. In support of these results, it ba concluded that our overall intensity
ratio of HI(HO),, DI(H.0),, and HI(O), about 3:1,5:1,2, corresponds within
experimental error to the 3:2:1 ratio of H atomgha hydronium molecules:8®, DH,O,
and BHO.

The proposed mechanism of® formation is schematically depicted in Fig. 3%e
formation of the hydronium molecules8 was proposed in similar systems by Domcke
and Sobolewski in several theoretical calculati@Ts 48, 49, 50, 51]. In the first step, the
HI molecule undergoes the acidic dissociation i@ ground state on a water cluster,
forming a zwitterionic structure with &nd HO". The resulting system of39" I" (H,0)n.1

is excited by the ultraviolet laser pulse and aciter stateS, is produced, which is of the
charge-transfer-to-solvent (CTTS) character. Thstesy then relaxes into a biradical
minimum S, with an HO neutral molecule. There is still enough energyhim systemto

allow the hydronium molecule to decay into an Higaldand water. The resulting H atom
is ionized by the REMPI process at 243,07 nm, atdaled by the TOF spectrometer.

It has to be mentioned that there was a suggestmahd possible mechanism [2], which
starts with exciting an intact HI molecule into tlissociative state. The high energy H
atom penetrates into the water cluster, loses donstic energy and is slowed down by
collisions, and recombines with a water moleculeniag the hydronium molecule.
However, if this was the case, at least some ofdabehydrogen atom would be detected
from the direct photodissociation of the HI molecuBince no such fast H atoms are
detected, it seems that the mechanism discusse® &preferable. As already outlined in
the introduction of this section, the HI moleculeiny a stronger acid, is expected to
dissociate even more easily than HBr and HCI, amds tthe previously proposed
mechanism seems plausible here.
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Figure 34. The outline of the mechanism for phdaislyof water clusters @), doped
with HI.

The zwitterionic structure 30" I” (H,O),..can be either of a contact ion type or the ions
can be separated by water molecules in cluster.|dttex possibility would lead to proton
hopping and to a fast isotopic dilution in expenrneith D,O. From the intensity ratio it
follows that isotopic dilution does not occur, thire the formation of the contact ion pair
IS more probable.

It has to be mentioned, that there were no H-fraumaletected in the one-color
photodissociation experiment at 243 nm with wateisters doped with HCI and HBr
molecules [2, 3]. It is in coincidence with the dhetical calculations [48] of the excited

state S, energy for the molecule HCI on water clusterstistgraround 6 eV. Since this

energy is higher than energy of the laser puls24& nm (5,1 eV), no signal can be
observed at this wavelength in the photodissocixmeriment with HCI on water clusters.
On the other hand, as can be seen from Fig. 3@k was an H-fragment signal detected
in the case of the HI molecule at this wavelentitban be understood through the fact that

the excited CTTS stat§ lies lower in energy for the HI molecule than féBr and HCI
molecules, and mainly below a 5,1 eV energy ofléser pulse. Preliminary theoretical

calculations suggest that the excited s@téies below 5,1 eV [52].
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Figure 35. TOF distributions of H-atom fragmentsnfr HI(H,O), and HI(D:O), (a), and
HI(Ar), (b) at the photodissociation wavelength 243 nne {iack) red* arrows denote the
peaks corresponding to the direct cage exit H-feagsleading to the | (I molecule.

In addition, to support our hypothesis about threnfation of the hydronium molecule;8,

the photodissociation experiment of water clustgwped with the HI molecule can be
compared with the photodissociation of HI on argduasters (Ar), where no acidic
dissociation can happen. The H-fragments TOF speefter photodissociation of
HI(H2O), and HI(Ar), at 243 nm are shown in Fig. 35(a) and (b), respalgt Note that
these two spectra exhibit different shapes, ancethee peaks corresponding to the direct
cage exit in the spectrum of HI(Ar)Such fragments are completely missing in the TOF
spectra after photodissociation of water clusteqged with HI molecules (Fig. 35(a)). The
positions of fragments from the direct photolysidHb correspond to the formation of the
iodine ground state |, and the excited statré indicated by arrows. Thus the intensity at
these positions clearly corresponds to the H-fragsgom the direct photodissociation of
an HIl molecule on an Ar cluster. No such maximapaesent in the spectra from the water
system. Besides a zero kinetic energy peak in @€ 3pectrum, the peak from Ar clusters
Is significantly sharper than the peak from theewaystem. This is again an indication
that, in the case of (Af,) clusters this peak corresponds to the H-fragmé&ois Hl
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molecule dissociation slowed down to near zerocigés by collisions with Ar atoms. In
the case of water, this broader peak is of a diffeorigin. These differences between both
spectra can be understood by noting that the H¥feay signal originates from the
hydronium molecule kD in the photodissocition of HI@D), while in the case of
photodissociation of HI(Ar) the H-fragment signal has to originate directlyni the Hl
molecule.

These differences are further illustrated when TR¥- spectra are converted to kinetic
energy distributions (KEDs) in Fig. 36 and 37. Ntitat H-atom KEDs of HI(kD), at the
laser wavelength 193 nm (Fig. 36(a)) and 243 nmg.(R6(b)) exhibit similar
characteristics. There are the low energy maximaecko zero, around 0,1 eV, and the
spectrum extends to about 0,5 eV. The small pe#kvea0,5 eV are due to poor
background subtraction and data processing. Nate thiat there are larger error bars at
higher energies. Thus, there are no fast H-fragsnentthe photodissociation of water
clusters doped with the HI molecule.

i 193 nm a) 15

Intensity [arb. units]

00 05 10 15
Kinetic energy [eV]

Figure 36. H-fragment kinetic energy distributidteaphotodissociation of HI(}D), at
193 nm (a) and 243 nm (b).

On the other hand, there can be clearly distinglokhpeaks corresponding to the direct
cage exit in Fig. 37. The theoretical positiondc@iated in Tab. 13, of these peaks are
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denoted by arrows. The total lack of these fastragthents in the KEDs from water
clusters (Fig. 36) suggests that there was no tdpbotodissociation of HI on water
clusters. Besides, it is worth noting, that thgsectra fall within the experimental errors of
the KEDs from HBr and HCI on water clusters measgypeeviously. This is yet another
piece of evidence that the H-fragments originatenfithe same species —i.es(H in the
case of all three systems HX{®I),.

Note that the middle zero kinetic energy peak m spectrum of HI(AF (Fig. 35(b) ) is
narrower than those corresponding to H-fragmentsn fiHI(H,O),. These peaks are
transformed into the shoulder near the zero kireztergy in KEDs. In the system HI(AY)
the released H atom with some kinetic energy iegdrd by direct HI photodissociation.
This fragment penetrates into the cluster andawetl down by collisions to zero kinetic
energy (cage effect) [53, 54]. Therefore most Hmatowith zero kinetic energy are
detected. However, the caging is not perfect, tbezethere is a decreasing number of
fragments with some higher kinetic energy up topkek of the direct cage exit. On the
other hand, H atoms originate from the hydroniumenae HO in the system HI(kD),.
This hydronium molecule has excess energy fromléiser pulse, which exceeds its
dissociation limit. Consequently, the;® statistically decays over a small barrier, and it
results in a statistical distribution of the fragmhéinetic energies. This distribution will
always be 0 at zero kinetic energy.
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Figure 37. H-fragment kinetic energy distributidtea photodissociation of HI(Af)at 243

nm. The (black) red arrows denote the theor*etioalti@ns of the peaks corresponding to
the direct cage exit H-fragments leading to thie)Iriolecule.
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The hydronium molecule is a metastable radical oue whose dissociation energy into
H,O + H is about 0,2 — 0,3 eV. This dissociation psxis exothermic with released
energy of about 0,4 — 0,8 eV, depending on therenment. This is consistent with the H
atom kinetic energy limiting value of ~0,5 eV (K36).

Table 13. Calculated kinetic energy of H-fragmeargdgesponding to the dissociation of Hl
to the iodine ground statgq,(H) and to the iodine excited stag, (H) for the laser
energy corresponding to a wavelength at 243 nm. mbaning of the symbols is clear
from the text below the equation (2).

Do (HI) = 3,194 eV I (243 nmEyin (H) =/%w1- Do (HI) =1,906eV

En () =0,943 eV (243 nm):Exin (H) =7iw1- Do (HI) - Eine (I) =0,963eV
hw1 (243,07 nm) = 5,100 eV

It ought to be mentioned that there is also otlmeofs for the suggested mechanism of the
hydronium molecule formation. They are based onctbmparison of the KEDs of HBr
and HCI on water and argon clusters [2, 3]. The KE&flect the energetics of the HBr and
HCI molecules (and also HI) in the photodissocratexperiment with argon clusters. In
other words, the spectra exhibit different chanasties since they come from different
molecules. On the other hand, the spectra correlspgrio the photodissociation of the
HBr and HCI| molecules on water clusters exhibityv@milar characteristics (also similar
to our KED spectra of HI on water clusters- Fig).36suggests that these spectra should
originate from the common molecule — the hydronmoiecule.

5.2 Photodissociation of HNO 3 on (H,0), clusters

As has been shown in the previous section 5.1 mudim Ref. [2, 3, 12], the HX (X = Cl,
Br, 1) molecule undergoes acidic dissociation omvater cluster in the ground state,
forming a zwitterionic structure 40" (H,0),.1X". This system is excited by an ultraviolet
laser pulse at 193 nm and an excited state is peajuvhich then relaxes to a neutral
biradical HO(H,0),.1X state.

The question is if a similar process occurs witlheotacids present in the polar
stratospheric clouds. Therefore, we measured tb&gdissociation of nitric acid on water
clustrs. It is known that the photodissociatiorhgfirogen atom from HN@Owithout water

clusters is very ineffective at 193 nm [55, 56,.54gnce, we had expected that if an H
fragment signal was detected, it could originatarfrthe generation of the hydronium
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molecule after the acidic dissociation in an anglimgthe experiments discussed above.

First, fuming nitric acid with a purity 99% was used. It was degassed to remove air and
traces of NQ@. It has to be noted that the colorless and thue pitric acid has never been
achieved in our system, even after a very long slegg. The yellowish color indicated the
presence of N®and its dimer NO,. However, the photodissociation experiment was
performed but the H-fragment signal was never detec

In addition, we tried other methods of preparingegpdNG;. Nitric acid with a purity 65%
was mixed with sulfuric acid in a ratio of 2:1 akebt at -15°C, in which the sulfuric acid
acted as water trapping agent. This mixture wagefioat the temperature of liquid
nitrogen and evacuated. Afterwards, it was slowlyulght to room temperature, allowing
the NQ to bubble out. This cycle was repeated five tirdesolorless liquid was achieved,
but the signal was never found.

However, the mass spectra of the water clustens thi# background subtracted showed
some indication of HN@related peaks (i.e. 81 amu HRB,O * in Fig. 38). From that it
could be concluded that some nitric acid molecldaded on our (kD), clusters.

T T T T
Beam of water clusters

—— Beam of water clusters with HNO,
HNO_.H.O

'

Rel. Intensity [a. u.]

A

I

60 80 100 120
Mass [amul]

NAWAY AJ\JLM

Figure 38. The quadrupole mass spectrum of nitiid an the water clusters

It has to be noted that the experiment was perfdrmeny times, under various
experimental conditions, using different techniqoésitric acid purifying and even with
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two different samples of nitric acid, but a sigmas never detected. However, it is very
difficult to prove that the total lack of the sigmaeans that the process similar to HX (X=
Br, Cl, 1) on water clusters described above da#sncur with HNO3.
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6. Conclusion

Several experiments with various clusters were goeréd on the molecular beam
apparatus described in this Thesis.

(1) The beam velocities for rare gases and watest@ls, under various expansion
conditions, were measured and compared with therdkieal values, which were
calculated from the equation (30). This equatios,wafact, derived for an ideal gas, since
the assumption of a temperature independent heatityc, was used. Moreover, it was
provided that the initial stagnation enthalply of the expanding gas is completely
converted into the directed translational motidnfollows that the theoretical velocities
should form an upper limit for the experimental ogies if the condensation energy
would be negligible. On the other hand, the enda@gance (24) does not take into account
the condensation energy which is released duringt@l condensation. This condensation
energy could raise the experimental velocities alibe theoretical values. In spite of these
facts, or due to their mutual cancellation, theatigm (30) gives the velocities of rare
gases correctly within 0,7 — 7 % of the experimentdues. Moreover, it even describes
the velocity of water clusters within 1- 4 % despdf the fact that water can be hardly
considered as an ideal gas.

The experimental velocities of neon, argon and tmyproduced from a rare gas cluster
source lie below the theoretical velocities withire entire temperature range. It is in
agreement with the assumption that the initial rsééign enthalpyHo, of the gas is
completely converted into directed translationaltiorg which was used for deriving the
equation (30). This assumption is not satisfied¢esithere always remains some residual
temperaturd.

The experimental velocities of the water clustems higher than the theoretical ones
predominantly because the condensation energypsstted into the forward velocity of
the clusters. This condensation energy is not takém account in the derivation of
equation (30). The velocity of the water clustelsoadepends on the temperature of
reservoir Tr because of the pressupg dependence on this temperature, and if larger
clusters are produced consequently more condensatiergy is released leading to a
faster beam.

It was shown that the measured maximum value of/éhecity distribution for supersonic
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expansionu, . is shifted to twice as high a velocity as the tleéioal maximum of the

Maxwell — Boltzmann distributiowyg for water vapor expansion. The full width at half
maximum (FWHM) for the supersonic expansion at gheen conditions wa:Av= 180
m.s*, much narrower than the FWHM for Maxwell — Boltzmadistribution, which was
around 700 m:&

(2) The photodissociation of (HBrElusters was previously studied on our apparatues i
great detail [12, 13, 31]. However, it was measungthin this Thesis for calibration
purposes, which mainly consists of laser alignmenntersect the molecular beam in the
right position with the two laser beams and forralleverification of the correct function
of the apparatus. Besides, the principle of thetqufissociation experiment can be well
understood and nicely explained with the exampl@dr), cluster photodissociation. The
typical spectra are shown and explained here.

(3) Clusters of imidazole, pyrazole and pyrrole evproduced and ionized by electron
ionization and non-resonant subsequent multiphptosesses with a 193 nm laser pulse.
In the former ionization method, fragments wereed&td by the quadrupole mass
spectrometer, while in the latter, by the WMTOF dpmneter. Two major issues are
investigated: (I) the differences between subsegumeultiphoton, single photon and
electron ionization. (II) The differences betwebe tonization of imidazole and pyrazole
clusters on one hand, and pyrrole clusters on therolt has been shown that subsequent
multiphoton ionization leads to a significantly heg degree of fragmentation than the
electron or single photon ionization. There are tman reasons for the higher degree of
fragmentation in the non-resonant multiphoton iatian. (A) More energy is deposited
into the internal excitation of the ion in the pbiohization process even if the photon
energy (6,4 eV) is lower than the electron eneify V). However, the deposited energy
cannot explain the differences alone, since thglesiphoton mass spectra from the
literature [42] exhibited less fragmentation evéhigher photon energies. (B) The second
effect playing a role in the fragmentation afteloflionization is the delay between the
subsequently arriving photons, which leads to Hrgd fragmentation. During this delay
the species excited by a photon can undergo soawgnéntation, and the subsequent
photon ionizes and/or fragments the excited spéaiéiser.

In addition, pyrrole clusters are ionized into nwollar Py fragments, while imidazole and
pyrazole clusters fragment into protonategHmand PgH" ions. It can be understood in
the view of the different hydrogen bonding motifdltese three molecules in clusters. The
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pyrrole clusters are bound by the weak Nstdbond, and upon ionization the ionized core
Is generated, which is solvated by other pyrroldecudes [38]. On the other hand, in the
imidazole and pyrazole clusters the relatively grdnydrogen bond N-HN is present,
which leads to the hydrogen or proton transfer betwthe cluster constituents upon
excitation. It points to the interesting issue dfofostability of the hydrogen bonding
imidazole and pyrazole clusters, where the hydrageguroton transfer process occur upon
multiphoton UV excitation, which leads to the enetgnsfer and dissipation. In this way,
the protonated species are stabilized by the clesteéronment. On the other hand, in the
pyrrole clusters the multiphoton excitation leanlsh almost complete decay of the cluster
and also of the molecule.

(4) Photodissociation of an HI molecule on wateustdrs (HO), was studied and
compared to the photodissociation on (Acjusters n=39). It was shown that HI
molecules acidically dissociate on ), and zwitterionic species®" I (H,0),.1 are
generated, which are then excited into biradickestwith the neutral hydronium molecule
H3O. There is still enough energy in the system lmnathe hydronium molecule to decay
into H radical and water. The resulting H atomoisized by the REMPI process at 243,07
nm, and detected by the TOF spectrometer. To verigymechanism, photodissociation of
the HI molecules on heavy water clusters@, and also photodissociation of the DI on
the water clusters was performed. The H-fragmemnadi was detected in the
photodissociation of all three species, e.g. HOH, DI(H20), and HI(D:O),. This fact
proves that an H-fragment signal cannot originatectly from the HI molecule or from
H,O. It rather suggests that our hypothesis about fthmation of HO is correct.
Moreover, our overall intensity ratio of HI{B®), DI(H.O), and HI(BDO), about
3:1,5:1,2, corresponds (within experimental erttor)the 3:2:1 ratio of H atoms in the
hydronium molecules 0, DH,O, and BHO.

It ought to be mentioned that there were no H-fragindetected in the one-color
photodissociation experiment at 243 nm with wateisters doped with HCI and HBr
molecules [2, 3]. However, the opposite holds iruéhe case of the HI molecule at this
wavelength. It can be understood through the fhett the excited CTTS stat§, lies

lower in energy for the HI molecule than for HBrdadCl molecules, below the energy of
the laser pulse 5,1 eV.

(5) Finally, the photodissociation of HN©n the water clusters was exploited. We wanted
to find out if a similar process occurs with otlemids present in the polar stratospheric
clouds, such as HX (X = ClI, Br, 1) discussed in gagagraph (4) and Sec. 5.1. However,
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the H-fragment signal was never found. Since Itasd to claim that the lack of the signal
proves, that no formation of hydronium moleculesuss in the photodissociation process
with the system HNgJH,0),, this topic remains open for future studies.
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