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ABSTRACT 

 

 

The overall goal and motivation of the research presented in this thesis is to deepen the 

knowledge of the physical and chemical properties of small molecular and ionic clusters. The 

research discussed in this thesis has two different aspects.  

In the first part we investigated the influence of solvation on the photodissociation 

dynamics of a diatomic molecule. First, we performed a detailed study on iodine-monochloride 

(ICl) in order to understand photodissociation of the ICl monomer. Following this experiment, 

we studied changes in photochemical behavior as a result of clustering of ICl molecules with 

xenon (Xe) atoms. 

In the second part of thesis we investigated structure, stability and fragmentation 

mechanisms of transition metal oxide clusters, which is crucial in order to understand the 

chemical reactivity of these important catalysts. The experiments were performed on small 

niobium and yttrium oxide clusters. Additionally, theoretical calculations based on density 

functional theory (DFT) have been performed in the case of Y Ox y
+

 clusters in order to compare 

with the experimental findings.  

Chapter II serves to describe the experimental apparatus in detail and the conditions 

under which these studies were conducted. The experiments on the rare gas clusters were 

conducted using well established slice imaging technique, developed in the Laboratory for 

Chemical Dynamics. For the transition metal oxide clusters studies we applied two collision 

induced dissociation (CID) methods, the conventional one employing a collision cell, and a 

novel method using crossed molecular beams, developed in Laboratory for Clusters.  

The experiments described in Chapter III concern ICl photolysis in the ultraviolet region 

of the spectrum (235–265 nm), which was studied using the slice imaging technique. The 

( ) ( )2 2
1/2 3/2Cl* / ClP P  and the ( ) ( )2 2

1/2 3/2I* / IP P  branching ratio between the 
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( ) ( ) ( )2 2 2
3/2 3/2 1/2I Cl / Cl*P P P+  and ( ) ( ) ( )2 2 2

1/2 3/2 1/2I* Cl / Cl*P P P+  channels is extracted 

from the respective iodine and chlorine photofragment images. We find that ground state 

chlorine atoms ( )( )2
3/2Cl P  are formed nearly exclusively with excited state iodine atoms

( )( )2
1/2I* P , while excited spin‐orbit chlorine atoms ( )( )2

1/2Cl* P  are concurrently produced 

only with ground state iodine atoms ( )( )2
3/2I P . We conclude that photolysis of ICl in this UV 

region is a relatively “clean” source of spin‐orbit excited chlorine atoms that can be used in 

crossed molecular beam experiments. 

In Chapter IV we present slice imaging data demonstrating the influence of clustering on 

the photodissociation dynamics of a diatomic molecule: iodine monochloride (ICl) was 

dissociated at 235 nm in He and Xe seed gasses, probing both Cl and I photofragment energy and 

angular distributions. We observe that the kinetic energy releases of both Cl and I fragments 

change from He to Xe seeding. For Cl fragments, the seeding in Xe increases the kinetic energy 

release of some Cl fragments with a narrow kinetic energy distribution, and leads to some 

fragments with rather broad statistical distribution falling off exponentially from near‐zero 

energies up to about 2.5 eV. Iodine fragment distribution changes even more dramatically from 

He to Xe seeding: sharp features essentially disappear and a broad distribution arises reaching to 

about 2.5 eV. Both these observations are rationalized by a simple qualitative cluster model 

assuming ICl dissociation inside larger xenon clusters and “on surface” of smaller Xe species. 

Chapter V presents research on oxygen‐rich niobium oxide clusters, formed by mixing 

laser‐produced Nb plasma with pure oxygen. Their stability is investigated by mass spectrometry 

and collision‐induced dissociation (CID). The research described in this chapter is focused on the 

application of two CID methods – (1) the conventional one, and (2) a novel experimental 

configuration recently developed by our group, where the cluster ions beam is crossed with a 

secondary beam of noble gas atoms, and the fragments are rejected by a retarding field energy 

analyzer. Briefly, the relative collision cross sections of Nb Ox y
+  (x = 1, 2, y = 2–12) clusters have 

been measured in order to obtain information on their stability and structure. In addition, 

information about their fragmentation channels has been obtained.  
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Finally, Chapter VI is dedicated to yttrium oxide cluster cations, which have been 

experimentally and theoretically studied. We produced small, oxygen‐rich yttrium oxide clusters, 

Y Ox y
+

 (x = 1, 2, y = 1–13), by mixing the laser produced yttrium plasma with a molecular oxygen 

jet. Mass spectrometry measurements showed that the most stable clusters are those consisting of 

one yttrium and an odd number of oxygen atoms of the form 2 1YO k
+

+  (k = 0–6). Additionally, we 

performed collision induced dissociation experiments, which indicated that the loss of pairs of 

oxygen atoms down to a YO+  core is the preferred fragmentation channel for all clusters 

investigated. Furthermore, we conduct DFT calculations and we obtained two types of low 

energy structures: one containing an yttrium cation core and the other composed of YO+  core 

and 2O  ligands, being in agreement with the observed fragmentation pattern. Finally, from the 

fragmentation studies, total collision cross sections are obtained and these are compared with 

geometrical cross sections of the calculated structures. 

 

Keywords: photodissociation, slice imaging, metal oxide clusters, collision induced dissociation 
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Chapter I  

Introduction 

1.1. Theory 

1.1.1. Light and matter interaction (absorption, emission, induced 

emission) 

Light can be defined as an electromagnetic wave, which is the combination of an electric 

and a magnetic wave, having amplitudes E and B, respectively. These waves are at right angles 

and are described by Equation 1.1 and Equation 1.2, respectively. 

Ey = E0 sin (2πvt ‐ kx)               (1.1) 

Bz = B0 sin (2πvt ‐ kx)               (1.2) 

In Equation 1.1 and Equation 1.2, E0 and B0 are the maximum amplitudes of the electric and the 

magnetic waves, respectively, and y and z are the directions of the vectors E
→

 and B
→

. These 

waves have the same frequency 2πv and they are in phase since the constant k is the same. Figure 

1.1 shows the electric and the magnetic component of plane‐polarised radiation.∗ The 

∗ Plane‐polarised radiation was used for better illustration of the components. 
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polarisation plane is taken to be the plane that contains the direction of oscillation of the electric 

wave, E, and the direction of propagation. This is because usually any interaction between matter 

and electromagnetic radiation is taking place through the electric component. 

 
Figure 1.1. The variation of the electric and the magnetic component of an electromagnetic wave, with 

wavelength λ, as it propagates along the x‐axis. Taken from Ref. 1. 

Figure 1.2 illustrates a system (atomic or molecular) that consists of two states m and n (which 

may be electronic, vibrational or rotational). The energy separation between these states is ΔE. 

 
Figure 1.2. Absorption and emission processes in a two‐state system. Reproduced from Ref. 2.  

When this system interacts with electromagnetic radiation of appropriate energy, three different 

processes may take place: 

Absorption: During this process the system, M, absorbs a photon and is excited from state m to 

state n.  

2 
 



 

M + hν → M* (1.3) 

1. Spontaneous emission: In this process, the excited system M*
 (in state n), relaxes to state 

m by emitting a photon of energy ΔE.  

M*
 → M + hν (1.4) 

2. Induced emission: This process is different from the spontaneous emission, because a 

photon of appropriate energy induces the relaxation of the excited system M*
 from state n 

to state m.  

M*  + hν → M + 2hv (1.5) 

The rate of change in population of state n during absorption is given by the following equation 

( )n
m nm

dN N B v
dt

ρ=


 (1.6) 

Spontaneous and stimulated emission act in competition with absorption. The combined 

population change rate from these two processes is given by Equation 1.7. 

( ( ))n
n nm nm

dN N A B v
dt

ρ− = +


 (1.7) 

In Equations 1.6 and 1.7, Anm and Bnm are the Einstein coefficients and vρ  
 
 



is the spectral 

density of the radiation, which can be calculated using Equation 1.8. 

3~
~

~
8( )

exp 1

hc vv
hc v
kT

πρ =

−

 (1.8) 

When the system is at equilibrium, the populations Nm and Nn of the states m and n respectively, 

are connected through a Boltzmann distribution, as shown by Equation 1.9, in which gn and gm 

are the degeneracies of states n and m. 
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expn n

m m

N g E
N g kT

∆ = − 
 

 (1.9) 

The Einstein coefficient is linked with the wavefunctions ψm and ψn of the states m and n, 

respectively, through the transition moment Rnm, which is given by Equation 1.10. 

*
nm n mR dψ µψ τ= ∫  (1.10) 

Equation 1.10 refers to the interaction of the electric component of the radiation with the system, 

when an electronic transition is concerned. In this equation μ is the electric dipole moment 

operator, which can be calculated in the following way 

i i
i

q rµ =∑  (1.11) 

where r
→

 and q are the position vector and the charge of the particles.  

The square of the transition moment, Rnm, is called the transition probability and it is connected 

to the Einstein coefficient through Equation 1.12, in which nmR  is the magnitude of the vector 

nmR
→

. 

3
2

2
0

8
(4 )3nm nmB R

h
π

πε
=  (1.12) 

1.1.2. Spin‐orbit coupling 

In the simplest case of a diatomic molecule, the orbital angular momenta of all electrons 

in the molecule are coupled producing L and all the spin momenta are coupled resulting in S. If 

there is no highly charged nucleus (i.e. heavy atom) in the molecule, the spin‐orbit coupling 

between L and S is weak, and instead of being coupled to each other they are coupled to the 

electrostatic field created by the two nuclear charges. This case in known as Hund's case (a) and 

it is illustrated in Figure 1.3. 
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Due to the high strength of the coupling of vector L to the electrostatic field, the 

consequent frequency of precession about the internuclear axis is so high that the magnitude of L 

cannot be defined. This means that L is not a quantum number. Only Λ, which is the orbital 

angular momentum along the internuclear axis can be defined. Λ can obtain values 0, 1, 2, ...  

The coupling of S to the internuclear axis is not affected by the electrostatic field. Instead 

it is affected by the magnetic field along the axis, which is created by the orbital motion of 

electrons. The component of S along the internuclear axis is Σ, which can have values S, S - 1, 

…, - S. 

 
Figure 1.3. Schematic representation of Hund's case (a). Taken from Ref. 3.  

The component of the total (orbital and spin) angular momentum along the internuclear axis, Ω, 

is given by Equation 1.13. 

Ω = Λ +Σ  (1.13) 

Hund's case (a) is the one most commonly encountered. However, in the presence of a 

highly charged nucleus (heavy atom) in the molecule, the spin‐orbit coupling might be sufficient, 
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so that L and S are not coupled to the electrostatic field of the nuclei. This case is depicted in 

Figure 1.3 and it is known as Hund's case (c). In Hund's case (c) L and S are coupled together, 

forming Jα which couples to the internuclear axis, along which Ω lies. In this case Λ is no longer 

a good quantum number and each state is labelled taking into account the value of Ω. 

 
Figure 1.4. Schematic representation of Hund's case (c). Taken from Ref. 3. 

1.1.3. Non‐dissociative decay mechanisms 

1.1.3.1. Jablonski diagrams 

Electronically excited states, because of their formation by photon absorption, have 

excess energy. These excited states have relatively short lifetimes and there are several different 

ways to lose the excess energy and return to the ground state. The excited state deactivation 

pathways are traditionally represented by a Jablonski diagram (Figure 1.5). 
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Figure 1.5.  Jablonski diagram illustrating the photophysical processes in an electronically excited state. 

Taken from Ref. 4. 

More specifically, a Jablonski diagram gives information for the following processes: 

• The electronic states (singlets and triplets) and their relative energies. The states are 

denoted as S0, S1, T1 etc. 

• The vibrational levels associated with each electronic state. 

• The possible, radiative or radiationless, transitions between the states. 

In the following sections the possible deactivation pathways will be described in more detail. For 

generalisation purposes the processes described here concern photochemistry in non‐isolated 

environments, e.g. solution phase. In the experiments presented in this thesis, which were carried 

out using molecular beams, vibrational relaxation does not occur due to isolation of the studied 

molecule. 
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1.1.3.2. Vibrational relaxation 

After the initial absorption, the prepared electronically excited state is also associated 

with vibrational excitation. The only exception to this is when the electronically excited state is 

prepared by a transition to its ground vibrational level (0‐0 transition). Vibrational relaxation 

(second step in Figure 1.6.) involves transitions between the excited vibrational state and the 

ground vibrational state of given electronic state. The excess energy is redistributed to other 

degrees of freedom of the system or it is transferred through collisions to the surroundings of the 

system. 

 
Figure 1.6.  Steps leading to fluorescence. After the initial absorption to a vibrational level of an 

electronically excited state, the system relaxes to the ground vibrational level of the excited state by 

transferring energy to the surroundings. Then the fluorescence takes place to the ground electronic state. 
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1.1.3.3. Fluorescence 

After the initial photon absorption, which excites the molecule to a vibrational level of an 

electronically excited state, the interaction of the system with its surroundings allows its 

relaxation to the ground vibrational level of the excited state. The photon absorption and the 

vibrational relaxation are the first two steps shown in Figure 1.6. Fluorescence (shown as the 

third step in Figure 1.6) involves the radiative transition between two states of the same 

multiplicity. This process takes place from the ground vibrational level of the lowest excited 

electronic state (S1, v = 0) to the ground electronic state, S0, as described by Equation 1.14.  

S1(v = 0) → S0 + hv (1.14) 

This process takes place in a vertical way, according to the Franck‐Condon principle. A typical 

timescale for fluorescence emission is 10-9–10-6  s. 

1.1.3.4. Internal conversion 

Internal conversion (IC) is a radiationless transition from a higher energy electronic state 

to a lower energy electronic state of the same multiplicity. The small energy gap between the two 

vibrational levels allows the rapid energy transfer between the two electronic states.  

When internal conversion takes place between two excited states, the energy transfer is so 

rapid that other radiative and non‐radiative processes do not occur from the upper electronic state 

as they are unable to compete with internal conversion. When internal conversion occurs 

between an excited electronic state and ground state, the rate is generally much slower due to the 

greater energy gap. Typical timescales for internal conversion are 10-14–10-11 s when occurring 

between excited electronic states and 10-9–10-7 s when occurring between excited and ground 

electronic states. 

1.1.3.5. Intersystem crossing 

Intersystem crossing (ISC) deactivation mechanism involves a spin‐forbidden transition 

between two electronic states of different multiplicity. After the initial excitation the system 
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relaxes through vibrational relaxation within the excited electronic state, just as in the case of IC 

(above). If one of the vibrational levels is isoenergetic with another vibrational level of a state 

with different multiplicity, there is some probability of a spin‐forbidden transition to take place. 

This process is illustrated in Figure 1.7. 

 
Figure 1.7. Steps leading to intersystem crossing. After the initial absorption to a vibrational level of an 

electronically excited state, a spin‐forbidden transition between isoenergetic vibrational levels within 

electronic states of different multiplicity is occurring. 

1.1.4. Dissociation mechanisms 

1.1.4.1. Direct dissocation and the reflection principle 

Direct dissociation is the simplest dissociation pathway. During a direct dissociation 

process the parent molecule is promoted to an excited electronic state via photon absorption. 

Following the photon absorption fragmentation takes place immediately without the presence of 

any barrier of other dynamical constraint. Due to this fact the lifetime of the excited state is 

extremely short (less than a vibrational period).  
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Figure 1.8. Schematic representation of the reflection principle. The ground state wavepacket is promoted 

onto an excited state surface after absorption of a photon. The absorption spectrum is the result of 

excitation process projection on an energy axis. Taken from Ref. 5. 

Because of the very short lifetime of the direct dissociation process, the absorption spectrum and 

the state distribution of the products only depend on the initial state distribution of the parent 

molecule. This effect is known as the reflection principle5 and it is schematically illustrated in 

Figure 1.8.  

1.1.4.2. Predissociation 

A second type of dissociation mechanism is predissociation. In this case the dissociation 

proceeds on a different electronic state from the one to which the initial excitation took place. 

Many different variations of this mechanism exist, but they can be described as general cases 

detailed by Herzberg.6  
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Figure 1.9 illustrates the mechanism for a Herzberg type I predissociation process. After 

the initial excitation to a bound electronic state, internal conversation takes place to a 

dissociative state.   

 
Figure 1.9. Schematic representation of Herzberg type I (electronic) predissociation  

Often this happens via a conical intersection. The efficiency of this action depends on the 

position of the conical intersection between the two states in a multidimensional space and the 

coupling efficiency between the two states. If the coupling between the states is not so efficient, 

the predissociation is slow which leads to vibrational rearrangement in the excited state before 

the internal conversion. On the other hand, if the coupling is efficient, the predissociation is very 

fast leading to a continuum. 

In Herzberg type II predissociation, which is depicted by Figure 1.10, the dissociation is 

preceded by specific vibrations of the molecular framework. In this mechanism the system needs 

to overcome a barrier through motions orthogonal to the dissociative coordinate. In an alternative 

case these motions are necessary for the system to go through a conical intersection. 
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Figure 1.10. Schematic representation of Herzberg type II (vibrational) predissociation. 

1.1.5. Clusters  

1.1.5.1. Introduction 

The physical and chemical properties of small atomic and molecular clusters have been 

the object of intensive experimental and theoretical investigations in the last few decades.7,8,9,10,11 

Clusters play an important role in many different areas of scientific and common interest. The 

interest in clusters has been increased due to the rapid progress in nanosciences and 

nanotechnologies and their need for new materials. The novel molecules, such as metal oxide 

clusters can be possibly utilized in the future as building blocks to such new materials, which 

would exploit their unique properties. Clusters are vital components of the novel electronic, 

magnetic, and optical devices that are being developed everyday in nanotechnology centers 

throughout the world.  

Clusters have been defined as aggregates of atoms or molecules ranging from dimmers to 

conglomerates of ~10n atomic or molecular units, where n may reach as high as six or seven.  

These species are held together by bonds other than covalent bonds, e.g., weak Van der Waals 

interactions, hydrogen, metallic or ionic bonds.  
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Their size is intermediate between individual atoms and molecules, and the condensed 

(bulk) phase of a particular substance. Clusters may be used to “bridge the gap” between the 

chemical and physical characteristics of isolated atoms and molecules in the gas phase, and the 

corresponding properties of their bulk materials. However, depending on the size and the certain 

system under investigation, the properties may be uniquely their own, i.e. they often have 

characteristics substantially different from their analogs in the molecular and bulk forms. These 

unique properties of clusters arise from a large number of: 

1. energetically close isomeric structures, where the number of isomers grows huge with 

increasing cluster size 

2. internal degrees of freedom, and 

3. closely spaced energy levels.  

Clusters, in general, are characterized by a high surface‐to‐volume ratio, but – at the same 

time – their small volume rapidly approaches bulk behavior. Thus they can provide bulk‐like 

conditions and at the same time, because of their finite size, a possibility to measure observables, 

inaccessible in the bulk (e.g., fragments of photolysis of a molecule in cluster can escape from 

the cluster, while they are usually trapped in the bulk). 

The method to form an intense beam of clusters depends on desired material and 

composition. In the case of rare gas and molecular clusters a high rate of particles can be 

delivered by a strong supersonic expansion, which is described in Section 1.1.5.2. Metal oxide 

cluster ions are relatively easy to produce using a number of generation techniques employed in 

modern cluster ion sources. For our experimental studies, the preferred method for producing 

gaseous metal oxide cluster ions is laser vaporization (ablation) of a pure metal target, described 

in Section 1.1.5.3.  

Various mass‐spectroscopic techniques are then used to analyze the size distribution of 

the produced clusters. In particular, time‐of‐flight (TOF) mass spectrometry (Section 1.2.1.) is a 

relatively simple and powerful tool. From the size distribution, i.e. from relative intensities of 

clusters in mass spectrum it is possible to obtain some information concerning cluster stability 

(identify the stoichiometries that are the most stable). The mass spectra of produced clusters 
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often shows local irregularities that are attributed to the particular stability of the corresponding 

clusters. 

In our first slice imaging study on rare gas clusters, we observed changes in 

photochemical behaviour of pyrrole (Py) when seeded in Xe, and attributed this phenomenon to 

cluster formation between Xe and Py. We presented there a strong correlation between cluster 

formation and control of N-H bond fission. In the following study, the new experimental and 

theoretical results led to a detailed understanding of the control mechanism. 

In our studies of transition metal oxide clusters, we have used photofragmentation 

spectroscopy12 and later collision‐induced dissociation (CID) to study the stability and the 

structure of transition metal oxide clusters. In the first of our photofragmentation studies on 

metal oxide clusters, we presented the mass spectra of the positive titanium oxide cluster ions 

Ti Ox y
+  formed in our cluster source and we studied the interaction of UV photons with these 

aggregates.13 In the next study, we used photofragmentation of mass‐selected clusters to explore 

further the fragmentation processes and pathways of small Ti Ox y
+  clusters in a more controlled 

manner.14 Mass selected Ti Ox y
+  clusters were also studied using standard CID technique with a 

beam cell.15 In our recent experiments, we studied the stability and the structure of iron‐oxide 

clusters employing the beam‐cell CID technique, and also a novel CID method based on crossed 

beams, recently developed in our lab.16,17 Detailed description of both techniques is given in 

Section 2.2.1. 

1.1.5.2. Generation of rare gas clusters by supersonic expansion 

Clusters are here formed in the adiabatic cooling process when streaming from a 

high‐pressure region before the nozzle exit into the low‐pressure vacuum chamber.  

During a supersonic expansion the mean free path, λ, of the gas molecules is much 

smaller than the diameter of the nozzle orifice. This means that the molecules escaping through 

the hole experience many collisions. This kind of expansion can be described by the 

hydrodynamic‐flow model. According to this model, the expansion takes place so rapidly that no 
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heat exchange occurs between the gas and the walls. Subsequently, the expansion is adiabatic 

and the enthalpy per mole of gas is conserved.  

The total energy, E, of a mole of gas with mass M can be written as the sum of its internal 

energy U = Utrans+Uvib+Urot, its potential energy pV and the kinetic flow energy 21/ 2Mv  of the 

gas expanding into the vacuum with a mean flow u(z) in the z direction. According to 

conservation of energy, the total energy before the expansion must be equal to the total energy 

after the expansion, as shown by Equation 1.15. 

2 2
0 0 0 0

1 1
2 2

U p V Mv U pV Mv+ + = + +  (1.15) 

If the mass flow through the nozzle hole is small compared to the total mass of the gas, 

the assumption that the gas in the reservoir is in thermal equilibrium can be made. This 

assumption implies that 0v  = 0. Since the gas expansion takes place into the vacuum, the final 

pressure of the gas will be very small (p << p0). Application of these approximations to Equation 

1.15 leads to Equation 1.16, which describes a cold beam with small internal energy. 

2
0 0 0

1
2

U p V U Mv+ = +  (1.16) 

When the flow velocity, v, exceeds the local velocity of sound c(p; T), a supersonic expansion 

occurs. In an ideal case the internal energy after the expansion, U, would be equal to zero (U = 

0). This means that T = 0.  

The internal energy decrease leads to a decrease in the relative velocity of the molecules. 

In a microscopic ensemble of molecules, this effect can be understood in the following way. 

During adiabatic expansion faster molecules collide with slower molecules flying in front of 

them, transferring kinetic energy, as shown in Figure 1.11. 
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Figure 1.11. Molecular model of adiabatic cooling by collisions during expansion from a reservoir with 

Maxwellian velocity distribution into the directed molecular flow with a narrow distribution around the 

flow velocity u. Taken from Ref. 18. 

The decrease of the relative velocity and the decrease of density result in the decrease of 

energy transfer. Head‐on collisions (which have zero impact parameter) will narrow the velocity 

distribution, ( )n v
‖

, of velocity components parallel to the flow direction. This velocity 

distribution can be described by a modified Maxwellian distribution, as shown by Equation 1.17 

(where the flow direction is the z‐axis). 

2

1
( )( ) exp
2

z
z

m v un v C
kT

 −
= −  

 ‖

 (1.17) 

As shown is Figure 1.11, due to their small relative velocities Δv, atoms A or molecules 

M with mass m have the probability to recombine forming weakly bound systems An or Mn (n = 

2,3,...). This can happen if the small energy 21/ 2m v∆  of their relative motion is transferred via 

collisions to a third body or the walls of the nozzle.  

From a thermodynamic point of view, condensation occurs when the vapour pressure of 

the condensing substance becomes lower than the total local pressure. The vapour pressure in the 
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expanding beam, as described by Equation 1.18, decreases exponentially with decreasing 

temperature.  

exps
Bp A
T

 = − 
 

 (1.18) 

The total pressure decreases as a result of the decreasing density in the expanding gas and the 

decreasing temperature, as shown in Figure 1.12. If enough collisions take place when ps ≤ pt, 

then recombination and cluster formation can occur. 

 
Figure 1.12. Vapour pressure ps of argon and local pressure ploc as a function of normalised distance z* = 

z/d from the nozzle for different stagnation pressures p0 in the reservoir. Condensation can take place in 

the hatched areas. Taken from Ref. 18. 
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1.1.5.3. Generation of metal oxide clusters by laser vaporization 

This technique makes use of the absorption of laser radiation by a surface of the target in 

the presence of 2O  . The metal rod is placed just in front of the nozzle orifice and irradiated by a 

laser beam. Laser pulses are focused onto a small spot on the surface which is typically 0.05–0.2 

mm in diameter.19 When the laser radiation is absorbed at a solid surface, electromagnetic energy 

is converted first into electronic excitation and then into thermal, chemical, and mechanical 

energy to cause evaporation, excitation, and plasma formation. The created plume is a mixture of 

energetic species including atoms, molecules, electrons, ions and clusters. The plume, which has 

a highly directed dense shape, expands rapidly from the target surface in the vacuum chamber 

and is crossed perpendicularly, a few millimeters above the target surface with pulsed 2O   

supersonic jet (or alternatively 2O  seeded in a carrier gas), as shown in Figure 1.13. The jet is 

introduced into the apparatus via a pulsed nozzle. Metal oxide clusters are formed in the 

plasma‐oxygen jet mixing region as a result of association reactions between the metal atoms and 

ions contained in the plasma with the 2O  molecules.   

 
Figure 1.13. Laser ablation 
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The mixing of the laser ablated plasma with the 2O  in a plasma confining element, such 

as cluster growth channel, forms large M Ox y  (M = ablated metal atom) clusters with a broad 

range of stoichiometries. In such a closed space, the cluster growth is assisted by multiple 

collisions between the 2O  molecules and the metal ions. The cluster source used in our lab is an 

open configuration laser vaporization source without a cluster growth channel, i.e. with free 

expansion of the laser ablated plume and 2O  molecular beam in vacuum. After the laser ablation 

from a metallic surface, the clusters are formed exclusively by collisions in the mixing region of 

the ablation plume with the 2O  molecular beam. This results in production of clusters of the type 

M Ox y , containing only one metal atom, as previously seen.17,20,21,22 This observation is different 

from some previous experimental studies,23,24,25,26 where a narrow channel was employed to 

promote the growth of smaller clusters into larger ones by multiple collisions. 

1.2. Experimental techniques 

1.2.1. Mass Spectrometry 

Mass spectrometry (MS) is a method of quantitative, qualitative, isotopic and structural 

chemical analysis, based on the difference in molecular masses. The basic principle of MS is to 

convert anayzed sample molecules, either inorganic or organic compounds, into the form of 

ionized gas, to separate these ions according to their mass‐to‐charge ratio (m/z), and to detect 

them qualitatively by their respective m/z, and quantitatively in proportion to their abundance. A 

mass spectrum of the molecule is thus produced, as a plot of ion abundance versus m/z. The 

creation of positive ions of sample molecules is described by Equation 1.21: 

M  → M +• + e - (1.21) 

where M is the sample molecule, M +•  is the molecular ion (a radical cation with an odd number 

of electrons) and e- is ejected electron. The measured quantity in a mass spectrometry experiment 

is the m/z ratio, with m being the ion's mass and z the ion's charge. In most cases, a singly 

charged ion is formed, so the m/z is equal to the mass of the ion. Since the mass of the ejected 
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electron is very small, it is assumed that the mass of the molecular ion is equivalent to the mass 

of the neutral sample molecule. 

1.2.1.1. Ionisation and fragmentation 

 

The ionisation process can take place using a variety of sources ‐ the sample may be 

ionized thermally, by very strong electric fields or by impacting energetic electrons, ions or 

photons. Some ionization techniques are very energetic and transfer to the system much more 

energy than what is needed for the ionisation. The excess energy can be redistributed as 

electronic, vibrational and rotational excitation of the molecular ion. This excitation (especially 

vibrational) may lead to fragmentation via two different fragmentation pathways (described by 

Equation 1.22 and 1.23). 

 M +• → A+ + R•  (1.22) 

 M +• → B+• + N (1.23) 

Equation 1.22 describes the formation of a cation with an even number of electrons and a radical, 

whereas Equation 1.23 describes the formation of a new radical cation and a molecule. 

Fragmentation of the radical cation M +• usually occurs by expulsion of a radical species leaving 

an even‐electron cation. (Equation 1.22). This ion (A+) may fragment further by loss of 

closed‐shell molecules to form another even‐electron ion. This is generally referred to as the 

even electron rule. 

1.2.1.2. Linear time‐of‐fight (TOF) mass spectrometer 

Several mass‐spectroscopic techniques have been developed, among which time‐of‐flight 

(TOF) mass spectrometry is a relatively simple and powerful tool. Figure 1.14 displays a 

schematic representation of a Wiley‐McLaren linear time‐of‐flight (TOF) mass spectrometer.27 

The analyser consists of two accelerating regions (s and d) and a field‐free region D, as shown in 

Figure 1.14. The Wiley‐McLaren technique uses two flat ring electrodes covered with a very fine 

mesh grid to form a homogeneous electric field along the TOF axis. 
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Figure 1.14. Schematic representation of a Wiley‐McLaren time‐of‐flight mass analyser. Taken from Ref. 

27. 

The ions are created between the first two electrodes and accelerated out of the source 

into the field‐free drift region. Each ion with mass m and total charge q = ze is accelerated by a 

potential U. The electric potential energy, Eel, is converted into kinetic energy, Ek of the ions, as 

shown by the following equation: 

2

2k el
mvE E qU zeU= = = =  (1.24) 

Thus, all the ions with the same charge acquire the same kinetic energy during the acceleration 

step. Following their acceleration, the ions are moving with constant speed through the field‐free 

region towards a detector. From Equation 1.24 the speed v of the ions can be expressed in the 

following way: 

1/22zeUv
m

 =  
 

 (1.25) 

The necessary time for the ions, to cover the length L of the drift tube, is given by Equation 1.26 

Lt
v

=  (1.26) 
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Combination of Equation 1.25 and Equation 1.26 leads to an expression of the mass‐to‐charge 

ratio, m/z, as a function of the time‐of‐flight, t: 

1/2 2m eU t
z L

   =        
 (1.27) 

From Equation 1.27 can be seen that the ions are separated based on the different mass to charge 

ratio (m/z) during their flight towards the detector. Taking into account that the drift tube length, 

L, and the acceleration potential, U, are constant for a specific spectrometer, the terms in the 

parenthesis of Equation 1.27 can be replaced by a constant A, indicating that the relationship 

between m and t is linear as shown in Equation 1.28: 

1/2m At B
z

  = + 
 

 (1.28) 

The constant B is added in order to allow the correction of the measured time zero, which may 

not correspond to the true time zero. 

1.2.2. Resonance enhanced multi‐photon ionization (REMPI) 

For the study of high energy electronic states in a single photon experiment, the 

absorption of a vacuum ultraviolet (VUV) photon is necessary. However, the generation of VUV 

radiation, using lasers, is not a routinely performed process. Alternatively, these high energy 

states can be studied using multiphoton transitions and photons with wavelengths in the visible 

or near ultraviolet range. One of the most widely used multiphoton techniques is resonance 

enhanced multiphoton ionisation (REMPI). 

REMPI is a process occurring in two separate steps. In the first step, absorption of one or 

more photons leads the system to an electronically excited state. For this kind of process to take 

place the following conditions must be valid: 

• The light intensity should be high enough to allow the simultaneous absorption of 

multiple photons. 

• The combined energy of the photons must satisfy the resonance condition E2 ‐ E1 = 2hv. 
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• All the selection rules must be satisfied. 

In the second step of a REMPI process the excited system absorbs one or more photons to 

climb above its ionization limit. The total ionization probability of a system decreases as the 

number of the photons needed increases. However, a REMPI process has much larger probability 

to occur than the equivalent non‐resonant process. 

Depending on the system, a variety of REMPI schemes can be used. As shown in Figure 

1.15(a), both the resonant excitation to the high lying intermediate state and the ionization step 

can be done using one laser (i.e. photons of the same energy). This case is known as a one‐colour 

ionisation scheme (1+1 REMPI). However, two lasers may be used in a so‐called two‐colour 

experiment. In this kind of experiment the first laser is used to excite the system to the 

intermediate state and the second laser, which is tuned to a different wavelength, is used for the 

ionization step (1+1’ REMPI). This process is schematically represented in Figure 1.15(b). 

 
Figure 1.15. (a) One‐ and (b) two‐colour resonance enhanced multiphoton ionization (REMPI) schemes. 

Taken from Ref. 28. 

The notation used for a one‐colour REMPI process has the form (m + n), where m is the 

number of photons used for the excitation step and n is the number of photons used for the 
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ionization step. When a two‐colour REMPI scheme is used the notation takes the form (m + n’), 

denoting that the photons have different energies.  

1.2.3. Velocity map imaging 

Ion imaging is a multiplex detection technique which allows the simultaneous 

measurement of rotational, vibrational, electronic and kinetic energy release of products of 

unimolecular and bimolecular reactions. It was first demonstrated by Chandler and Houston in 

their pioneering study of 1987 "Two‐dimensional imaging of state selected photodissociation 

products detected by multiphoton ionization".29 Even though the energy resolution was limiting 

low around 15%–20%, it was shown for the first time that ion imaging could be applied in the 

field of molecular reaction dynamics in order to obtain insights on the photodissociation 

dynamics. 

Eppink and Parker introduced Velocity Map Imaging (VMI) that improved the relatively 

low resolution in 1997.30 Velocity map imaging is based on the use of an inhomogenius 

extraction field to accelerate and focus ions onto the imaging plane in such a way that their 

arrival positions depend on the initial velocities only, i.e. all ions with the same velocity will hit 

the detector at the same point, regardless the exact position of their creation. By extracting all the 

ions along a direction normal to the detector’s surface, we are in essence projecting the 3D 

velocity distribution onto a two‐dimensional (2D) plane. 

The main advantage of velocity map imaging is thus the ability to map velocity 

independent of origin of formation, and without grids – transmission is thus 100% and without 

grid distortions. In a nutshell, the VMI experiment involves the following experimental steps: 

1. Photodissociation of molecules in a molecular beam using a linearly polarized laser with 

the polarization direction parallel to the detector face. 

2. Conversion of the photofragment molecules into ions by a state‐selective REMPI scheme 

by using a second laser (colour) with polarization parallell to the detector face. 

3. Projection of the ion spheres onto a two‐dimensional (2‐D) detector which is time‐gated 

to detect the species of interest. 
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4. Mathematical transformation of the 2‐D image back to the three‐dimensional data of step 

(i) and subsequent analysis for speed distribution and angular distribution extraction. 

1.2.3.1. Newton spheres 

The target of the molecular dynamics field is the full understanding of physical or 

chemical processes (chemical reactions, photoionisation, photodissociation). For the 

accomplishment of this goal the knowledge of the potential energy surface of the process and the 

dynamics on this surface are necessary. Specification of the properties of the reactants (internal 

temperature, rotational angular momentum, etc.) and characterisation of the products, using 

simplified models, can lead to understanding of a particular process. The majority of processes 

described in this thesis are simple unimolecular events, namely photodissociation and 

photoionisation, which are described by Equations 1.19 and 1.20, respectively. 

*AB h AB A Bν+ → → +   (1.19) 

*AB h AB AB eν + −+ → → +   (1.20) 

Let us consider the photodissociation process described by Equation 1.19, following the 

energy conservation principle. We have that Total Kinetic Energy Release (TKER), i.e. the total 

excess energy left over after subtracting the internal energy of the A and B products.  

0 int int( ) ( ) ( )A BTKER KER KER h D AB E A E Bν= + = − − −  (1.21) 

where D0 is the bond dissociation energy, and KER and Eint the fragment's kinetic and internal 

energy, respectively.  

Every photodissociation or photoionisation event produces two counter‐fragments, which 

have equal momentum but fly towards opposite directions. The conservation of momentum 

relates the momentum and thus the velocity vectors of the nascent fragments as: 

v v 0A A B Bm m+ =   (1.22) 

Conservation of momentum and energy results in the kinetic energy partitioning:  
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 (1.22) 

Thus, in the case of photoionization 
e M

M M− + , the photoelectron receives essentially all 

TKER.  

Repetition of the same event many times leads to the formation of spherical distributions 

of fragments, which are known as Newton spheres. The size of the Newton spheres is 

proportional to the fragment’s speed, and gives information about the distribution of internal and 

translational energy of the specific process.  

Figure 1.16 shows schematically creation of the Newton spheres by laser 

photodissociation of molecule AB to fragments A and B, where A Bm m< .  

 

Figure 1.16. (a) A pair of Newton spheres with spherical coordinates r (not shown), θ, and φ, where θ is 

the polar angle defined with respect to the z axis (vertical axis in the figure), φ is the azimuthal angle, and 

r is the sphere radius. Two events are shown in (a) with equal and opposite momentum. (b) By summing 

up a large number of events (here for particle B), a surface pattern emerges as shown. Most of the surface 

intensity of this example is at the poles, representative of a typical cos2θ distribution. Taken from Ref. 31. 
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In the ideal case, all the parent molecules AB are located at the same origin (x,y,z=0,0,0) 

without a spread in the origin (Δx,Δy,Δz=0,0,0), and with zero initial velocity (vx,vy,vz=0,0,0) 

without a velocity spread (Δvx,Δvy,Δvz=0,0,0). In the first dissociation event shown in Figure 

1.16, fragment A is sent upwards and B downwards, while in the second event the two fragments 

are sent again in opposite directions but with a different polar angle θ. Each dissociation event 

results in fragments with identical speed, but the fragments recoil along varying directions 

(velocities). Every fragment A falls somewhere on the Newton velocity sphere A, and the same 

applies for B. When summing up the measurements of the A and B velocities for a large number 

of events (Figure 1.16(b)), any pattern that might appear on sphere A is identical to the pattern 

observed for Newton sphere B. 

1.2.3.2. Velocity map imaging of photodissociation 

In the field of molecular dynamics research, velocity map imaging has made a great 

impact in photodissociation of diatomic and small polyatomic molecules. Small molecules 

dissociate into smaller fragments with a limited number of internal energy states, leading to 

widely spaced and thus more resolvable product Newton spheres. 

From product photofragment images of a hypothetical diatomic molecule AB, we can 

quantify the most important photodissociation properties: the A–B bond energy of the ground 

state, the symmetry of the ground and excited states, product yields for various dissociation 

channels, angular distributions etc. For example, from the product KER distribution and from 

energy balance the internal state distribution of both fragments can be determined.   

The surface pattern of the Newton sphere of photodissociation fragments is characterized 

via the beta (β) parameter and higher order alignment parameters as needed. Direct dissociation 

of a diatomic molecule occurs on a time‐scale much shorter than a classical rotation period. The 

fragments recoil instantly parallel or perpendicular to the polarization direction of the light field, 

with an angular distribution given by the equation: 

[ ]2( ) 1 (cos ) / 4I Pθ β θ π= +  (1.22) 

28 
 



 

In this equation θ is the angle between the light polarization direction and the direction of 

the recoil of the fragments, as shown in Figure 1.16, and 2
2 (cos ) (3cos 1) / 2P θ θ= −  is Legendre 

polynomial of second order. The parameter β in this expression is equal to 2 for a parallel 

transition, 2( ) ~ cosI θ θ , and -1 for a perpendicular one, 2( ) ~ sinI θ θ . In general, the value of β 

lies in between these extreme values, and can fall short of these limiting values because of some 

rotation of the molecular axis while the products separate from one another. For β = 0, the 

angular distribution is isotropic in space. 

1.2.3.3. The velocity mapping experiment 

A velocity map imaging experiment of a photodissociation process involves many steps 

as shown in Figure 1.17(A). The first step is the creation of Newton spheres by photodissociation 

of a molecule, which is introduced to the vacuum chamber in the form of a molecular beam. The 

parent molecules should have preferably narrow distribution of quantum states, which is easily 

obtained by seeding the molecule (without clusters formation) in the cold supersonic jet 

expansion of a pulsed molecular beam. 

After photodissociation the photofragments are state‐selectively converted to ions by 

resonant enhanced laser ionisation. Since the mass of the photoelectron is negligible compared to 

the mass of the ion (
e M

M M− + ), and the photoelectron receives essentially all TKER. Thus, 

the ejection of an electron by the ionization laser does not change the original recoil velocity of 

the photofragments significantly, and its position at any time following the photolysis is nearly 

the same as it would have been as a neutral. Thus, the three‐dimensional (3D) velocity 

distribution of the ions will be identical to the 3D velocity distribution of the nascent 

photofragments. 
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Figure 1.17. (A): The imaging approach for measuring Newton spheres from photodissociation. (a) 

Photodissociation of molecules in a molecular beam using a linearly polarized laser. (b) Conversion of the 

photofragment molecules making up the Newton spheres into ions by laser ionization. (c) Projection of 

the ion spheres onto a two‐dimensional (2‐D) detector. (d) Mathematical transformation of the 2‐D image 

back to the three‐dimensional data of step (a). (B): Schematic representation of the electrostatic lens used 

for velocity map imaging of photodissociation. Taken from Ref. 32. 

The expanding ionic Newton spheres are then accelerated and projected onto a 2D 

position sensitive detector using ion optics. The VMI ion optics configuration is very similar to 

the Wiley‐McLaren arrangement, the only difference is that for VMI the two grid electrodes are 

replaced by a pair of flat electrodes with circular opening of finite radius, forming electrostatic 

lenses. Figure 1.17B depicts a basic design of an electrostatic lens used for the acceleration of the 

ionic Newton spheres. This electrostatic lens is an assembly of three electrodes. The first is the 

repeller (R), the second is the extractor (E) and the last is a ground electrode (G). The electrodes 

are plates of 70 mm diameter with the electrode spacing of 15 mm, and the holes are for the 

repeller 1 or 2 mm and 20 mm for extractor and ground electrode. Application of voltages on 

these electrodes leads to the creation of an inhomogeneous electric field, whose potential 
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contours are bent and are the optical analogy of a lens. A skimmed molecular beam passes 

through a small hole in the repeller plate. Laser beam crosses the molecular beam between the 

repeller and the extractor and forms ions, which are then accelerated and fly through the TOF 

tube to the imaging detector.  

In the case of a photofragment recoil with the initial velocity vy, perpendicular to the 

detection axis x, most of the ions lie at the outer edge of the disk with a radius R: 

1/2TOF (KER/ )yR v D qV≈ × ≈   (1.23) 

where KER is kinetic energy release of the photofragment, D is the length of the field‐free region 

of TOF tube, q the photofragment charge, and V the accelerating voltage. The TOF of the 

photofragment with the mass m is given by the equation:  

1/2/ ( /2 )xt D v D m qV≈ ≈  (1.24) 

These equations imply that if the detector is gated at the proper time of flight t, corresponding to 

the mass m of the photofragment, all particles with the same kinetic energy will appear at the 

same radius R on the detector.   

Eppink and Parker showed that by adjusting specific ratio of the potential of the repeller 

and the extractor VE/VR  (simply by changing the extractor voltage)  all ions with the same initial 

velocity {| |, , }x y zv v v  arrive at the same point in the focal plane, irrespective of their point of 

formation. The "focusing" is important because the molecular beam has a finite width on the 

order of few millimeters. Thus dissociation takes place at different positions in the molecular 

beam and this spatial spread results to blurring of the image and limiting velocity resolution.  

The final step is the mathematical reconstruction of the projection, which leads to the 

recovery of the initial 3D distribution. To extract quantitative data from the 2D images one needs 

to reconstruct the 3D velocity distribution. For photodissociation experiments, in which linearly 

polarized lasers are commonly used, the configuration is such that the polarization direction of 

the photolysis and probe lasers are maintained parallel to each other and to the imaging plane. 

The resulting photofragment angular distribution is cylindrically symmetric and thus an inverse 

Abel transform can be applied to extract the 3D distribution.33,34 The reconstructed images 
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represent the intensity profile of planar cuts through the 3D distributions along the symmetry 

axis, i.e., they are equivalent to polar plots of the photofragment angular distributions I(ρ,θ), 

where ρ is the distance from the center of the image and θ the polar angle with respect to the 

symmetry axis. 

1.2.4. Slice imaging 

 Slice imaging35 represents a new approach to the widely used methods of two-

dimensional (2D) ion imaging and velocity map imaging (VMI). In these conventional methods 

inverse Abel transformation is used in order to invert the two-dimensional (2D) images to give 

the full three-dimensional (3D) speed distribution of photofragments from molecular 

photodissociation. The final result of the inverse Abel transformation is the center slice of the 

photofragment distribution. In order to use the Abel transform, images have to posses an axis of 

cylindrical symmetry parallel to the imaging plane. For two color experiments, such cylindrical 

symmetry is achieved when both the photolysis and probe laser polarization directions are 

parallel to each other and the imaging plane. One disadvantage of using the Abel transformation 

is introducing an artificial noise, particularly that along the symmetry axis. 

In this alternative approach to ion imaging, introduced by Kitsopoulos and coworkers35, 

the photofragment speed and the angular distributions are measured directly from the images 

without the need of inverse Abel transformation. This is achieved by using delayed pulsed 

extraction of the ions formed following photodissociation. Delaying the extraction field with 

respect to laser ionization causes a sufficient velocity spread in the ion cloud such that the time 

width of the ion pocket at the detector is on the order of 500 ns. In addition, a narrow detector 

time gate is used (40 ns) to acquire only the center slice of the ion packet. The resulting image is 

equivalent to that obtained in VMI experiment after performing the inverse Abel transformation, 

however, the artificial noise introduced by this transform is eliminated. The permormance of the 

slice imaging method remains comparable to that achieved with the VMI method. 

In their later study Papadakis and Kitsopoulos36 showed that it is possible to perform 

velocity map imaging and slice imaging using a single field consisting of two electrodes, which 

represents an improvement of the multielectrode geometries used before. In this new design a 
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single repeller and a grounded extractor are sufficient to achieve both velocity mapping and 

slicing. The energy resolution of this new geometry is competitive to the multielectrode ones - 

for imaging both photoelectrons and photofragments a resolution of ~1% in velocity is achieved. 

Besides its compactness, the advantages of this new geometry are its ability to focus large 

volumes. Another advantage of the method is its achromaticity – in a typical VMI the focal plane 

of the particles with different initial center of mass velocities (different initial KER) does not 

overlap with the detector plane, whereas in this this method the focusing is independent on of the 

initial velocity.    

In order to achieve focusing the starting position of the particles along the TOF axis has 

to be at a specific distance from either the repeller or the extractor. Unlike the existing VMI and 

slicing methods where the focusing is achieved by adjusting the voltage on the second field (ion 

lens) in this new geometry the focus is found by moving the laser position along the TOF axis. 

They also performed ion trajectory simulations using SIMION 7.037 and showed that the 

focusing is maintained, independent of the repeller voltage.  

A scheme of a conventional ion imaging setup is presented in Figure 1.18. Ions are fomed 

in a homogenous extraction field E and accelerated towards the position-sensitive imaging 

detector (PSD). The extraction field is coupled to a field-free drift region of length L that 

prolongs the flight time of the ions towards the detector and allows mass resolution.   

 
Figure 1.18. Typical ion imaging setup, consisting of a homogenous extraction field E, a drift region of 

length L and a position-sensitive detector (phosphor screen in combination with a CCD camera). 
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In addition this field-free region allows sufficient time for the ion cloud to expand in diameter, in 

the plane parallel to the detector plane, thus achieving better energy resolution. The time-of-

flight T of an ion of a given mass m and charge q is given with the Equation 1.25.  

2
00 0 2

0

1( , ) 2 ,
2

LT d v v ad
a v ad

v− = + +  +
 (1.25) 

where v0 is the component of the initial velocity along the TOF axis, /a qE m=  is the 

acceleration of the electric field, and d is position of the particle with respect to the extractor 

electrode. The value of the initial particle velocity v0 is positive for the particles initially 

scattered towards the detector (“forward” – f), and negative for those initially moving away form 

the detector (“backward” – b). The initial velocity v0 becomes: 

0 0cos( )v c u α= +  (1.26) 

where c is the velocity of the molecular beam, u0 is the photofragments recoil velocity, and α is 

the angle between the direction of the photofragments and the TOF axis. 

The ion trajectory simulations36 of a photofragment imaging experiment following the 

photodissociation of a diatomic molecule (A2→2A) showed that for this case of direct extraction 

(constant DC extraction field) there is always crushing of the ion Newton sphere along the TOF 

axis. The ion trajectories revealed that although the vertical dimension of the ion cloud (Δy) 

spreads considerably during its flight towards the detector, the horizontal size (Δx) remains 

nearly the same. For that reason they proposed the use of delayed pulsed extraction, in which 

dissociation and ionization take place in field-free conditions and the extraction field is pulsed on 

after a time delay τ. The position of the ions with respect to the extractor grid are given with the 

following expressions: 

0d d cτ= −  (1.27) 

0 0 0)(fd d c u d uτ τ− + = −=  (1.28) 

0 0 0)(bd d c u d uτ τ− =−= +  (1.29) 
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where d0 is the starting position of the ions (τ = 0); df is the position of the forward-scattered ions 

(α = 0) and db is the position of the backward-scattered ions (α = π) after time delay τ , (the 

moment when the extraction field is pulsed on). In this case, the temporal spread of the ion cloud 

along the TOF axis becomes: 

( , ) ( , )b b bf f fT TT v ss v−∆ =  (1.30) 

The ion trajectory simulations were also performed for the case of delayed extraction, and 

the results are presented in the Figure 1.19.  The upper pannel shows the spatial evolution of the 

ion cloud on its way to the detector when using a delay of 250 ns. From the evolution of the ion 

cloud we observe the initial increase in the witdh Δx during the delay time τ. After switching on 

the acceleration, Δx decreases, then the ions are focused a few cetnimeters after the extractor 

grid, and subsequently the ion cloud expands rapidly. The increase in the width Δx results in 

larger temporal spread of the ion packet. In Figure 1.19. (b) the temporal spread of the ion packet 

along the TOF axis is plotted as a function of velocity u0 for various extraction delays τ. 
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Fig. 1.19. (a) The upper panel depicts the spatial evolutionof the ion could on its way to the detector for 

the case of a delayed extraction of the ion cloud (τ = 250 ns). A space focus appears in the drift region 

after which the axial width of the ion cloud increases rapidly. (b) The lower panel shows the time width of 

the ion cloud at the detector as a function of the photofragment velocity u0 (c = 1000 m/s). The different 

curves correspond to different delay times τ. ΔT increases almost linearly over a wide range of 

photofragment velocities as well as extraction delays. The dependency of ΔT on τ shows a minimum at 

zero delay times (DC extraction). 
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1.2.5 Collision‐induced dissociation 

In order to gain more deeper insight about the stability and the structure of the clusters 

one method is to supply them with an excess of energy leading to their fragmentation and to 

identify/analyze the fragmentation products. Usually, the energy deposition in the cluster occurs 

either by photon absorption in photofragmentation experiments or by collisional activation with a 

gas in collision‐induced dissociation (CID) experiments. 

In some mass‐spectrometric investigations, collision‐induced processes are considered a 

nuisance. For example, in the study of metastable dissociation significant effort is necessary to 

eliminate the influence of collision processes induced by the residual gas. However, the 

investigations by McLafferrty,38,39,40,41 Jennings42 and Beynon43,44,45,46,47,48 have shown that 

collision‐induced processes can in fact provide a wealth of valuable information about ions, for 

example about their structures, and the mechanisms of their formation and decomposition.  

The technique of collision‐induced dissociation (CID) has been proven to be a powerful 

tool for obtaining information about the stability, the bonding, and the structure of ionic species. 

Numerous groups have applied CID to investigate a wide variety of cluster systems (e.g. metal,49 

metal oxide,23 carbon50 and silicon51 clusters). 

When cluster ions (AB+), possessing a high translational kinetic energy (a few hundred of 

eV or even more) collide with neutral atoms or molecules (N), the main collisional processes are 

the following:  

 

AB+ + N  →  AB+(*)
 
+ N(*) Elastic/inelastic scattering (1.31) 

AB+ + N  →  AB + N+ charge transfer (1.32) 

AB+ + N  → AB2+ + N + e‐ charge stripping (1.33) 

AB+ + N  →  A+ + B + N or A + B+ + N dissociation (1.34) 

AB2+  →  A+ + B+ Coulomb explosion (1.35) 
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With the exception of elastic or inelastic scattering in all the other reaction channels, the 

ratio m/q of the initial cluster decreases, either by reducing m or by increasing q.17 These 

processes can be generally classified into two categories: (i) non‐dissociative collisions, where 

the parent cluster ion does not break up as a consequence of the collision; and (ii) dissociative 

collisions, where the ion fragments before reaching the detector.  

The first reaction (1.31) indicates elastic or inelastic scattering of a fast cluster ion with a 

steady (this is an approximation) neutral target atom (or molecule). In the first case, the total 

kinetic energy of the collision partners remains unchanged. In the case of inelastic scattering, 

part of the translational energy of the cluster ion is converted into internal energy of both the 

projectile and the target, which is denoted with the asterisk. 

Charge transfer (1.32) represents a class of reactions where electrons are exchanged 

between the projectile and the target, which leads to charge exchange. This process becomes 

more important when the target gas has a low ionization potential (IP). For this reason, the most 

commonly used collision gas is helium since it has a very high IP, 24.5 eV.52 Scattering of the 

ion beam is also minimal, because of its small cross section, and the gas is inexpensive and fast 

to pump away. Charge stripping (1.33) is normally observed at collision energies of about 1 keV. 

As all of the latest three processes can only result from electronic excitation, this suggests that 

collision activation under these conditions leads at least in part to electronic excitation.  

However, especially for larger molecules, the mechanisms of collisional activation are 

more likely to involve vibrational excitation. In this case, it may occur through impulsive 

collision of the target atom or molecule with a selected atom or group of atoms in the region of 

the collision site. If the ions have gained sufficient vibrational energy during the collision, this 

can subsequently lead to their dissociation. Thus, the process of CID, illustrated by the Equation 

1.34, can be considered as consisting of two distinct consecutive events. In the first step, 

collisions between the projectile ions and the target gas lead to the formation of activated ions 

AB+* (Equation 1.31). The second step is unimolecular decomposition of the activated ions:  

AB+* → A+ + B           (1.36). 

The conservation of energy and of momentum imply that only a fraction of the 

translational energy is converted into internal energy under inelastic conditions. The maximum 
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amount of energy available for conversion to internal energy, is actually the kinetic energy in the 

centre of mass coordinate system, cmE , given by the following equation:  

t
cm lab

i t

ME E
M M

=
+

            (1.37). 

where iM  is the mass of the ion, tM  is the mass of the stationary target molecule, and labE  the 

ion kinetic energy in the laboratory frame of reference. Consequently, an increase in the ion 

kinetic energy or in the target gas mass increases the energy available for the conversion. At low 

collision energies (low cmE ) and lower molecular mass ions, a relatively large fraction of this 

maximum is converted to internal energy. This fraction decreases with the increase in collision 

energy, and at high collision energies, that is in the range of kiloelectronvolts, the conversion to 

internal energy is relatively inefficient, so that the mean internal energy of ions activated in low 

and high energy collisions may be quite similar.  

 When a parent ion with mass Pm  having initial kinetic energy LabE  in the laboratory 

frame dissociates into a fragment with mass Fm , then – neglecting the center of mass kinetic 

energy release from dissociation, which is typically a few eVs – the laboratory kinetic energy of 

the fragment Fm  is as follows:  

F Lab F P ( )( / )E E m m=           (1.38). 

According to the Equation 1.38 the fragmentation products posses lower kinetic energy. This 

relation can be used to separate fragments from the parents using detection devices sensitive to 

the kinetic energy of the incident ions. Such devices are reflectron and retarding field energy 

analyzer (RFEA), both used in our laboratory for CID experiments in two different 

arrangements: beam‐gas cell and crossed molecular beams (see Section 2.2.1 and Ref. 17). 
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Chapter II  

Experimental Apparatus and Methods   

The experiments described in this thesis relate to photodissociation studies of ICl and 

collison‐induced dissociation studies of transition metal oxide clusters – yttrium and niobium. 

The photodissociation studies presented in Chapter III and IV were perforomed using slice 

imaging apparatus “DIAMANTE” in the Laboratory for Molecular Dynamics of the Institute for 

Electronic Structures and Lasers (IESL). The cluster studies presented in Chapter V and VI were 

performed in the Laboratory for Cluster Dynamics of the IESL using cluster apparatus 

“ARIADNE”. 

2.1. The slice imaging experimental apparatus 

A schematic of the photofragment imaging spectrometer used in this study is presented in 

Figure 2.1. The apparatus consists of two differentially pumped regions:  

(A) a source chamber (Region A in Figure 2.1), and  

(B) a detector chamber (Region B in Figure 2.1).  
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Figure 2.1. Schematic view of the slice imaging apparatus. 

The source chamber is pumped by a baffled 3000 l /s oil diffusion pump (Leybold, DI 

3000) that is backed by a Leybold Trivac D65B rotary mechanical pump at a speed of 65 m3/h. 

This chamber is fitted with a home‐built piezoelectrically actuated nozzle valve (1 mm diameter) 

operating at 10 Hz, which provides the molecular beam. The basic valve design is based on 

original work of Trickl‐Proch1 with a modification similar to work of Liu and co‐workers2 and 

similarly Wodtke and co‐workers.3 

The detector chamber is pumped by a 600 l /s turbo‐molecular pump (Leybold, Turbovac 

600) that is backed by a Leybold Trivac D25B rotary pump at a speed of 25 m3/h. The chamber 

is equipped with an ion optics assembly. A schematic of the new ion optics design4 used in our 

slice imaging experiments is shown in Figure 2.2.  
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Figure 2.2. Scaled schematic of the ion optics (drawing units in mm). 

The optics consist of two electrodes: a repeller electrode, that also serves to collimate the 

molecular beam and the extractor, and a grounded extractor (flat grid). A small step on both the 

repeller and extractor electrodes were introduced in order to achieve velocity mapping 

conditions. The lens operating voltage is not as critical as in the case of the conventional velocity 

mapping geometry described in the pioneering paper of Eppink and Parker.5 

A supersonic molecular beam is formed by supersonic expansion into the source vacuum 

chamber via the nozzle valve. A stagnation pressure of P0≤1 bar and a nozzle diameter of 1 mm 

are used in order to minimize cluster formation during the expansion. Approximately 5 cm from 

the nozzle orifice the expansion is skimmed using a ø1.5 mm skimmer (Beam Dynamics), which 

also serves as means of differentially pumping the two regions of the apparatus, before it enters 

the detection chamber where the ion optics is positioned. After passing through the ~2 mm 

diameter hole in the repeller electrode, the molecular beam is intersected at right angle by the 

photolysis/photofragment ionization (probe) laser at the geometric focus position of a 

single‐electrode repeller‐grid arrangement.   

The photodissociation dynamics experiments reported in this thesis were conducted using 

one or two color schemes. The laser light was generated by two tunable lasers firing at 10 Hz: (1) 

a Nd3+:YAG (BMI series 5000) pumping a master oscillator‐power oscillator system (MOPO 

46 
 



 

Spectra Physics 730DT10), and (2) an excimer‐pumped (Lambda Physik LPX, operating with 

XeCl) pulsed‐dye laser (LPD3000) using the appropriate dye. 

In a two‐color experiment, two counter‐propagating laser beams, a photolysis and a 

probe, are focused onto the collimated molecular beam using 30 cm lenses. The interaction 

region is located midway between the repeller and extractor electrodes. The photolysis laser is 

used to generate neutral fragments. After a suitable time delay the probe laser is used to state 

specifically ionize one of these fragments via resonant enhanced multiphoton ionization 

(REMPI). Here, the probe pulse is delayed with respect to the photolysis pulse, in order to allow 

a sufficient density of photofragments to build up prior to the REMPI detection. Moreover, the 

time delay between photolysis and photoionization is carefully monitored in order to avoid 

photofragment “fly‐out” affecting the accuracy of branching ratio measurements, while at the 

same time avoiding zero delay between the lasers to minimize multiphoton processes. Typically 

the delay is set at ~10 ns, with the photolysis preceding the ionization. In a one‐color experiment, 

the photolysis laser pulse is also used for the REMPI of the nascent photofragments. The laser 

power is maintained at about 3–5 mJ/pulse in order to minimize space‐charge effects from 

excessive ion production in the interaction region.  

  The velocity distribution of the photofragments produces a Doppler energy shift in the 

resonant transition used for their REMPI which is larger than the probe‐laser bandwidth. In order 

to ensure that all photofragment velocities are detected with equal probability, it is necessary to 

scan the laser over the Doppler width of the resonant transition.  

For the slicing experiments, the repeller is pulsed ON at the appropriate time delay (a few 

hundreds of ns) following the photolysis and ionization. The ions produced are then accelerated 

by the ion optics along the axis of the machine towards a position sensitive detector located 

approximately 45 cm from the interaction region. Ions of different masses are separated by 

time‐of‐flight (TOF) during their field‐free trajectory on route to the detector. The detector 

consists of a dual, imaging‐quality MCP array coupled to a phosphor screen and has an effective 

diameter of 40 mm. After passing through the TOF region they hit the surface of the front MCP. 

For each ion detected, the MCPs produce a large amount of electrons at the rear side. These 

electrons are accelerated onto the phosphor screen and create a spot of phosphorescence. 

Discrimination between the ions of interest and the undesired background ions is achieved by 
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“gating” the detector through the application of a high‐voltage pulse to the anode. The timing of 

the experiment is controlled using a pulse generator (DG535 by Stanford Research Systems) and 

is optimized by monitoring the ion signal which appears on a 150 MHz oscilloscope (Hameg 

HM1507). During the “gated” operation, signal monitoring is stopped as the high voltage pulse 

applied to the anode will capacitively couple to the monitoring oscilloscope.  

The image frame is recorded asynchronously every second (~10 laser shots) by a CCD 

camera and several thousand frames are averaged to form images. Each final image is 

appropriately integrated from its center over angle to obtain the speed distribution, and over 

radius to extract the angular distribution of the fragments. Background images are obtained either 

by tuning the photoionizing laser off‐resonance or changing the timing of the laser pulse so that 

it arrives at the interaction region long after the molecular beam pulse has crossed this region (so 

that it probes the background), and these images are subtracted from the signal images. 

2.1.2 Data analysis 

The radial position ρ of the photofragments is related to its speed u via the relationship 

 ρ = ut (2.1) 

where t is the flight time of the photofragment from the interaction region to the detector. Time t 

is essentially a constant for all concentric ion clouds, as the laboratory velocity (extraction 

energy 0.5 – 3.0 keV) is much greater than the center‐of‐mass velocity of the photofragments 

(typically 0.5 – 3 eV). 
 

The energy of the fragments E is proportional to the radius of the recorded images r, 

which is measured in pixels. Equation 2.1 is the relation connecting these two quantities.  

 E = kr2 (2.2) 

In this equation k is the proportionality constant, the calibration factor, with energy units that is 

dependent on the experiment parameters such as repeller voltage and the spatial position of the 

photolysis laser. The calibration factor k can be determined experimentally using a well‐studied 

photodissociation process. The system of choice should have an accurately known dissociation 
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energy D0 and the produced fragments should have known internal energy Eint . For this process 

the total kinetic energy release (TKER) is expressed in the following way 

 TKER = E0 + Ephot ‐ D0 ‐ Eint
 (2.3) 

where E0 is the initial internal energy of the molecule, which in a molecular beam experiment is 

generally assumed to be zero, and Ephot is the photon energy. From the kinetic energy of the 

calibrant fragment, the calibration factor can be derived. The velocity distributions derived from 

the images are converted to KER distributions.  Each final image is appropriately integrated from 

its center over angle to obtain the speed distribution, and over radius to extract the angular 

distribution of the fragments. 

2.2 The cluster experimental apparatus 

The cluster experimental apparatus consists of a laser vaporization (LaVa) source 

coupled to a collinear time‐of‐flight (TOF) mass spectrometer.6 The principles of LaVa source 

are described Section 1.2.5, while the principles of TOF mass spectrometer are given in Section 

1.2.1.2. The experimental apparatus in operation in our laboratory is shown in Figure 2.3. In this 

figure only general construction is shown, while the two modifications will be presented later 

(Section 2.2.1). The apparatus is separated into three successive, differentially pumped vacuum 

chambers:  

1. a source (main) chamber,  

2. a separately pumped chamber with the acceleration and a field‐free time‐of‐flight region, 

3. and a detection (scattering) chamber.  

The LaVa source is situated in the first, source chamber. The source chamber is pumped 

using diffusion pump (Leybold DI 3000 with a pumping speed of 3000 L/s) that is backed, first 

by a Roots vacuum pump (Leybold – RUVAC WA 251 with a pumping speed of 253 m3/h) and 

than by a Leybold Trivac D16B rotary mechanical pump at a speed of 16 m3/h. The operating 

pressure in the source region is ~10‐4 mbar.  
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Figure 2.3. Schematic view of the molecular beam apparatus utilized to perform the CID experiments. 

The acceleration region is separated from the source chamber with a 4 mm diameter 

conical skimmer. This region contains double‐field (250 V/cm, 925 V/cm) pulsed acceleration 

electrodes for the TOF analysis of the produced cluster ions. Therefore, the acceleration takes 

place in two stages resulting in spatially focused cluster ions. The first field which is formed by 

two parallel flat grids, 8 cm apart, is located about 14 cm from the formation region. The 

relatively long field length allows us to accelerate the entire ion packet (typically 1–7 cm long) 

produced from the source. The acceleration region is pumped by a Leybold Heraeus DI 1000/2B 

diffusion pump (1000 L/s), which is backed by a Leybold Trivac D25B rotary pump (25 m3/h). 

The operating pressure inside the second chamber is ~10-6 mbar.  

The detection chamber, is pumped by two turbo pumps: Leybold Turbovac 1000 C (1000 

L/s) and a smaller Leybold Turbovac 360 CSV (360 L/s) in parallel, and this allows for a 
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background pressure of ~10−6 mbar under operating conditions, using the same backing, Leybold 

Trivac D25B rotary pump (25 m3/h).  

Cluster ions are generated in the source (main) chamber using an open LaVa source (Fig. 

1.13), without a growth channel. The cluster ions are formed by mixing the plasma plume, 

produced by the laser ablation of a rod of high purity metal, with a supersonic expansion of 

molecular oxygen. The metal rod is placed just in front of the nozzle orifice and irradiated by 

fundamental beam (1064 nm) or a higher harmonic (first harmonic at 532 nm, second harmonic 

at 355 nm or the fourth harmonic at 266 nm) of a homebuilt Q‐switched Nd:YAG laser (pulse 

width 10 ns, repetition rate 10 Hz). The laser beam is focused on the target surface to a spot area 

≤ 1 mm2 using a lens with a 50 cm focal length. The rod is continuously rotating to ensure the 

laser is always ablating a fresh metal surface. The ablation plasma plume is crossed 

perpendicularly a few millimeters above the target surface with the pulsed 2O  molecular jet 

produced by a homemade pulsed nozzle (diameter 0.5 mm, tpulse=200 μs). The valve is operating 

at room temperature and with a backing pressure of ∼5 bar. The mixing takes place about 2–4 

mm downstream from the nozzle orifice. The delay between the initial gas pulse and the laser 

pulse is approximately 1 μs during operation, and can be optimized in order to produce more 

clusters. 

The vibrationally cold cationic clusters in the form of a supersonic jet flow are guided 

through the skimmer out of the source chamber, and the resulting pulsed molecular beam enters 

the acceleration region. A fast‐switching high voltage circuit provides a variable voltage pulse 

Vacc (typically 1500 V), that starts the acceleration of the cluster ions existing in the cluster beam 

and constitutes the time origin for the TOF spectrum. The accelerated cluster ions possess 

laboratory‐frame kinetic energy ELab=q·e·Vacc (e is the electron charge and q the charge state of a 

given ion). Traversing a field‐free region, the ions are separated according to their mass/charge 

(m/q) ratio and detected at different times, either directly in a linear arrangement, or after 

reflection from the reflectron assembly. The apparatus is equipped with two microchannel plate 

(MCP) detectors, and the TOF spectra are acquired with a 150 MHz computer‐controlled digital 

oscilloscope (LeCroy 9410). The final TOF spectrum is obtained by averaging over 100–200 

laser shots, and is transferred through a GPIB interface from the digital oscilloscope to a PC and 
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further processed using software developed in our laboratory. To synchronize the timing between 

the several pulsed components, coupled delay generators are used. 

2.2.1 Conventional and crossed beams method  

Two different CID methods have been applied to measure fragmentation cross sections of 

positively charged metal oxide clusters. The first one is the standard CID technique, where 

mass‐selected clusters collide with noble gas atoms in a collision cell. The second experimental 

approach is based on crossed molecular beams. For the sake of comparison, both the 

conventional and the new setup are presented in Figure 2.4.  

 
Figure 2.4. Schematic diagram of the experimental arrangement indicating the two different 

configurations used to measure fragmentation cross sections by: (a) “conventional” CID method with 

mass selection and reflectron detector and (b) crossed molecular beams arrangement with a retarding 

potential analyzer. (from Ref. 7) 
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Beam‐Gas Cell Configuration – In the first case, presented in Figure 2.4(a), we have used the 

well established CID technique, which has been widely used concerning fragmentation of several 

cluster systems.8,9 This method has been applied to small gas‐phase titanium oxide clusters (

Ti Ox y
+ ) in our laboratory, and the experimental details and results are described in a previous 

paper by our group.10 In this conventional experimental setup, after acceleration step the cluster 

ions are mass‐selected in order to study their individual properties. The mass selection is 

performed by a two‐plate pulsed capacitor placed at the spatial focus (~1 m) of the 

Wiley‐McLaren unit. A beam of mass‐selected parent cluster ions passes through a 27‐cm‐long 

collision chamber filled with krypton (Kr) gas at a pressure of 6 x 10‐4 mbar, where certain 

fraction undergoes fragmentation. Following fragmentation, the initially selected parent ion and 

all its possible fragment ions are separated with a reflectron setup.11 The ions are here detected 

with an MCP detector after reflection from the reflectron. The mass‐selected parent cluster and 

its fragments are recorded as different peaks in the same TOF mass spectrum.  

This well established “conventional” CID method, is relatively simple but is 

time‐consuming when measuring a series of clusters, due to the necessity of mass selection. It 

requires long‐term stability of the cluster beam and also special care has to be paid to avoid 

signal losses because of the different focusing conditions for each particular cluster, different 

fragment’s flight paths through the reflectron, etc. 

Crossed Molecular Beams – In the new crossed beam experimental setup, shown in Figure 

2.4(b), that we introduced recently7,11, no mass selection is needed. The technique utilizes a 

secondary beam of Ne atoms and a detector equipped with a retarding field energy analyzer 

(RFEA). Here the collision chamber is removed, and the primary cluster beam containing the 

entire distribution of cluster cations crosses perpendicularly, in the field‐free zone of the mass 

spectrometer, the pulsed secondary Ne beam with pulse duration of 700 μs. The secondary beam 

is formed in a separated chamber by expansion through a nozzle similar to the primary beam 

nozzle (0.2 mm diameter, 3.5 bar backing pressure). The background pressure in the chamber 

with the secondary beam nozzle is maintained at ∼10‐4 mbar by a 360 L/s turbo pump during the 

operation. This turbo pump is backed by a mechanical pump. 
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The secondary beam is skimmed with a 1 mm skimmer before entering into the main 

TOF‐tube and interaction with the cluster beam. The volume of the interaction region of the two 

beams is ~1×1×1 mm3. In this assembly the MCP detector is situated along the ion beam at the 

end of the TOF tube, and the detection is performed directly in a linear arrangement. The RFEA 

consisting of two grids is inserted in front of the MCP detector and is used to selectively filter 

ions. The first grid is grounded, while the second one (closer to the MCP) is at a variable 

retarding potential (Vgrid) and repels all ions possessing kinetic energy lower than z·e·Vgrid.  

Beam crossing experiments can be performed only by proper temporal overlapping of the 

two beams (configuration noted “beam on”). By introducing a 1‐ms time delay, the beam 

crossing is avoided (“beam off”), while the background pressure is unchanged. This allows the 

discrimination of processes due to beam scattering from the (possible) background or metastable 

fragmentation. The fragmentation products have almost the same velocity as the parent, and they 

are detected as part of the same TOF peak but possess lower kinetic energy (Eq. 1.39) and 

therefore can be rejected by the RFEA, reducing the intensity of the peak. The RFEA has an 

energy resolution of about 5 %. 

It is a significantly faster and more efficient method for obtaining fragmentation cross 

sections, without mass selection of the individual clusters. Furthermore, this method can provide 

information on additional reaction channels (besides fragmentation) activated by cluster 

ion‐atom energetic collisions (such as multi‐ionization or Coulomb explosion). 

2.2.2 Fragmentation cross sections measurements  

 Assuming single collision conditions for our experiments, the fragmentation cross section 

Q can be determined from the equation: 

0

1 ln( )IQ
NL I

= − ,                                      (2.4), 

where I and 0I  are the transmitted intensities of the ion beam with and without the presence of 

the secondary beam, respectively, N is the number density of the target gas, and L is the length of 
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the beams crossing area. By measuring I and 0I  and considering that N and L are the same for all 

clusters, the relative fragmentation cross section for the cluster series can be determined.   

In the case of beam‐gas cell configuration, fragment ions, with lower kinetic energy than 

the parent, are recorded as different peaks in the reflectron TOF spectrum before the parent ion 

peak. The fragmentation cross section Q is determined from the parent intensity PI , 

corresponding to parent peak in the TOF spectrum and the intensity FI∑  of all the fragment 

peaks using the relationship 

1 ln P

P F

IQ
NL I I

 
= −   + ∑

                                                                 (2.5), 

where N is the number density of the target Kr‐gas, and L is the length of the collision cell. These 

parameters (N and L) cannot be accurately measured1 in the present experimental arrangement 

but are common for all the clusters investigated and therefore are not necessary for the 

comparison of different clusters measured under the same conditions.  

In the case of crossed molecular beams, entire mass spectra are recorded at varying 

voltages applied on the RFEA grid (Vgrid), in the range from 0 V to a value significantly higher 

than the accelerating voltage (Vacc). From such spectra, the intensity of each cluster can be 

measured and Figure 2.5 displays the expected evolution of one particular cluster’s intensity as a 

function of RFEA potential, in the simplest case of a cluster having only one fragmentation 

channel (AB+ → A+ + B). The solid line shows the intensity in the “beam off” configuration, and 

the dashed line displays the intensity expected in “beam on” configuration.  
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Figure 2.5. Intensity of “beam off” (solid line) and “beam on” (dashed line) signal as a function of grid 

voltage in the simplest case of an ion with only one fragmentation channel. 

In the case of collisions (“beam on”), as the Vgrid increases, attenuation of the cluster’s 

intensity is observed, due to rejection of fragment ions. This happens because fragmentation of a 

parent ion Pm  accelerated to laboratory kinetic energy LabE  will lead to a fragment Fm  

possessing kinetic energy FE , which is a fraction of the parent’s kinetic energy (see Equation 

1.39).  The step‐like decrease in the signal at a certain value of Vgrid indicates the rejection of 

fragment ions with kinetic energy · ·F gridE q eV= . As the laboratory velocity of the fragments is 

not expected to vary significantly, and considering all ions singly charged, their molecular 

masses can be determined from Equation 1.39, hence identifying the fragmentation mechanisms 

of the parent ions.  

At low values of the RFEA voltage (Vgrid ≈ 0), initially formed clusters and newly formed 

fragments (ions and neutrals) will have the same TOF and contribute to the same peak, whose 

intensity represents the total signal7 (region I in Figure 2.5). Like the ions, fast neutrals impacting 

a MCP detector produce secondary electrons which result in a measurable signal. In this process, 
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the absolute detection efficiency for both ions and neutrals is similar.13 The neutrals’ energy is 

given by the initial acceleration voltage, and it is not changed under the influence of the RFEA; 

therefore, the neutrals’ contribution to the total MCP signal is constant and independent of the 

RFEA voltage. The signal is higher in “beam on” configuration than for “beam off” for every 

cluster in region I. The difference between the two signals corresponds to fragments 

(supplementary ions or neutrals formed from the parents). 

Considering all the possible outcomes of cluster ion‐atom collisions (Equations 1.31–

1.36), this increase can be attributed to energetic neutral fragments (Equations 1.32 and 1.35) 

and/or to the creation of additional charged species by ionization (Equation 1.33) and Coulomb 

explosion (Equation 1.36). 

At a RFEA voltage higher than the ionic fragments’ kinetic energy but slightly lower than 

the acceleration voltage (EF < Vgrid ≲ Vacc), all fragment ions are rejected and the measured 

intensity includes contributions from nonfragmented parents plus neutrals (region II). In this 

region, due to the rejection of ionic fragments, the “beam on” signal is lower than “beam off” 

signal. Finally, at Vgrid significantly higher than the accelerating voltage (Vgrid ≫Vacc) all charged 

species are rejected and only neutral species can reach the detector (region III).  

Referring to Figure 2.5 and Equation 2.4, the fragmentation cross section for each 

particular cluster can be obtained by simply recording TOF spectra corresponding to regions II 

and III in Figure 2.5, and measuring the intensity of each cluster. The fragmentation cross section 

is given by the Equation 2.6: 

ON ON
II III
OFF OFF
II III

1 ln I IQ
NL I I

 −
= −  − 

,          (2.6), 

where 
ON
III and 

ON
IIII  are signal intensities in “beam on” configuration in region II and III and 

OFF
III and 

OFF
IIII  are  “beam off” signal intensities in region II and III respectively (see Figure 2.5). 

OFF
IIII is measured in order to take into account the possible metastable and background induced 

fragmentation. In our case, however, the amount of fragmentation in the “beam off” case is 

negligible.   
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Chapter III  

Ultraviolet photodissociation of iodine 

monochloride (ICl) at 235, 250, and 265 

nm 

3.1. Introduction 

Well‐characterized sources of spin‐orbit excited atoms are necessary in order to study 

their relative chemical reactivity as compared to their ground state counterparts. Halogen atoms 

possess a wide range of spin‐orbit coupling energies making them suitable candidates for such 

studies. Heteroatomic dihalogens such as ICl, BrCl, and IBr not only have very interesting 

photochemistry, worth studying on its own, but are premium photolytic sources for generation of 

excited state hot atoms.  

In the case of ICl, the absorption exhibits two broad bands peaking at 270 nm and 470 

nm, respectively.1 A number of potential energy surfaces contribute to this absorption.2,3,4 

Following the labeling of Yabushita,4 the main contributors to the visible band absorption from 

the ICl ground state (X 0+(I)) are the A 1(I), B 0+(II), and C 1(II) states which correlate to 

( ) ( )2 2
3/2 3/2I P Cl P+  and the 0+(III) and 1(IV) states which correlate to I(2P3/2) + Cl(2P1/2). The 

two exit channels have threshold energies ΔE of 2.15 and 2.26 eV, respectively.5 
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( ) ( )2 2
3/2 3/2ICl  I P   Cl Phv+ → +   ΔE=2.15 eV  (3.1) 

( ) ( )2 2
3/2 1/2ICl  I P   Cl* Phv+ → +   ΔE=2.26 eV  (3.2) 

( ) ( )2 2
1/2 3/2ICl  I* P   Cl Phν+ → +   ΔE=3.09 eV  (3.3) 

( ) ( )2 2
1/2 1/2ICl  I* P   Cl* Phν+ → +   ΔE=3.20 eV (3.4) 

Several groups have explored ICl photochemistry above 480 nm. DeVries et al.6 report 

photofragment spectroscopy results in the 480–530 nm range. Probing the Cl fragment, they 

determined that ( )2
1/2Cl* P  comes from a parallel transition, while ( )2

3/2Cl P  has both parallel 

and perpendicular contributions, the latter attributed to curve crossing between B and 0+ states. 

In contrast to Child and Bernstein,7 they conclude that the A state has minimal contribution to 

ICl absorption. Zare et al. investigated alignment and orientation of Cl photofragments between 

490 and 560 nm,8,9,10 and report photofragment helicity oscillations due to the interference 

between A and B states.11 In the UV band, Tonokura et al.5 studied ICl photolysis and 

non‐adiabatic crossings in the 235–248 nm range and measured branching ratios of 0.68 for 

Cl*/Cl and 0.71 for I*/I, with B, 1(IV) and possibly 3Σ− states involved.  

Recently we reported our results from slice imaging experiments following ICl excitation 

from 400 to 570 nm.12 In agreement with previous work,6 we found that the Cl*/Cl branching 

ratio increases with dissociation energy from 570 to 490 nm; however, this trend reverses from 

490 nm down to 400 nm. The angular anisotropy (β) parameter for the I + Cl channel follows the 

same behavior, rising from −0.41 at 570 nm to 1.18 at 490 nm and subsequently dropping to 

−0.42 at 400 nm, while the I + Cl* channel beta parameter ranges between 1.4 and 0.6, following 

the I + Cl channel behavior down to 455 nm but exhibiting the opposite trend from 440 to 400 

nm. These results are discussed in light of adiabatic curve crossings and the symmetry of the 

states involved.  

In this chapter our results on the higher energy spectrum are presented. Three distinct 

wavelengths are studied 235 nm, 250 nm and 265 nm, covering essentially the half width of the 

absorption spectrum in this region. The results show an almost exclusive production of Cl* with 
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ground state Iodine atoms, while the opposite is true for Cl, i.e., the concomitant production of 

I*. 

3.2. Experimental setup 

The slicing13,14 apparatus used in the experiments has been described in Section 2.1 in 

detail. A supersonic molecular beam of ICl seeded in He is formed with the seed gas flowing 

over solid ICl. Because of the low partial pressure of ICl we have used a modified version of the 

piezo valve shown in Figure 3.1.  

 

Figure 3.1. Piezo valve design for operation with corrosive gases. 
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The basic valve design is based on original work of Trickl‐Proch15 with a modification 

similar to work of Liu and co‐workers16 and similarly Wodtke and co‐workers.17 In order to 

avoid the exposure of the piezo crystal to the corrosive gas, a bypass chamber is installed that is 

pressure separated from the piezo containing chamber via an reciprocating O‐ring seal on the 

valve plunger shaft. In our setup we find essentially no degradation in the traditional 

performance of our pulsed valve using the traditional design.15 In addition, we have found that 

the closer the ICl sample lies to the valve orifice the denser the beam appears in ICl. We thus 

mount a “Swagelock‐Type” TEE, one side of which is caped and loaded with solid ICl.  

For the slicing experiments reported here, the repeller is pulsed ON at the appropriate 

time delay (~200 ns for 35Cl, and  ~300 ns for 127I) following the photolysis and ionization. The 

pump laser (235nm, 250 nm, and 265 nm) in our experiments is produced by an 

Nd3+:YAG‐pumped optical parametric oscillator‐amplifier system (Spectra Physics MOPO). 

Probe laser is the frequency doubled output of an Excimer pumped (Lambda Physik LPX) dye 

laser (LPD3000) using the appropriate dye (Rhodamin 610 and Coumarin480 from Exciton and 

Radiant Dyes). The probe laser transitions used are ( )2
3/2Cl P  →→ 2

1/24p S  at 234.632 nm, 

( )2
1/2Cl* P  →→ 2

1/24p P  at 235.204 nm, ( )2
3/2I P  →→ 4

7/26p D  at 304.578 nm, ( )2
1/2I* P   

→→ 4
1/26p D  at 304.047 nm (numbers are laser readings). 

3.3. Results 

3.3.1. I‐atom images  

Representative images (235, 250, and 265 nm) of the I‐atoms fragment distributions 

following ICl photolysis are presented in Figure 3.2(a) and indicative kinetic energy release 

(KER) distributions are shown in Figure 3.2(b). Ideally two peaks are expected in the KER peak 

distribution corresponding to channels (1) and (2). Clearly a whole series of peaks are observed. 

Overlaying the KER for various photolysis wavelengths we notice that several of these peaks 

remain un‐shifted in energy. Peak assignments are listed in Table 3.1. We assign some of these 

peaks to “one‐color” channels where the probe laser also serves as the photolysis. In addition, we 
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have been able to also identify contributions to the KER spectrum from contaminants in the 

molecular beam. Based on known bond dissociation energies we are able to assign these peaks to 

the presence of IBr in the source as well as I2, not surprising as recently performed experiments 

on 3CH Br could leave traces in the manifold and result in production of IBr.  

Using the known dissociation energy for ICl, D0 = 2.15 eV,12,18 in the case of 235 nm 

photolysis, the KER for production of Cl and Cl* is expected at 0.65 and 0.68 eV, respectively. 

Based on our calibration the main peak in the spectrum is at 0.65 eV, however, being able to 

distinguish the second channel would require energy resolution of ΔE/E ~ 4%. We have 

demonstrated that this resolution should be routinely available to us,19 however, as we saw in our 

recent study of ICl in the visible region, hot bands (rotational and even vibrational) hinder the 

resolution of Cl and Cl* channels. 

 
Figure 3.2. (a) I‐atom photofragment images at three dissociation wavelengths. At 235 nm, the 

experiment is performed with a single color. (b) Kinetic energy release (KER) distributions obtained by 

appropriate radial integration of the slice images shown in caption (a). (c) Angular distributions obtained 

by appropriate integrating the slice images shown in caption (a). 
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Figure 3.3. I*‐photofragment images, KER, and angular distributions.  

 
Figure 3.4. Cl‐photofragment images, KER, and angular distributions.  
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Figure 3.5. Cl*‐photofragment images, KER, and angular distributions.  
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Table 3.1. KER spectra assignments for all channels      Table 3.2. Anisotropy parameter results 

       

 

To help resolve the contribution of these two channels we consider spatial anisotropy of 

the I‐atom photofragment and will make the comparison with the respective images of Cl and 

Cl* later. A typical angular distribution for I is shown in Figure 3.2 (c). In the case of I atoms we 

A I+Cl/Cl* (304.5 nm)   β SD(σ) 

B1 I+Cl/Cl* (265 nm)  I   

B2 I+Cl/Cl* (250 nm)  235 nm ‐0.76 0.05 

B3 I+Cl/Cl* (235 nm)  250 nm ‐0.87 0.01 

C I+Br* (304.5 nm)  265 nm ‐0.88 0.03 

D I+I* (304.5 nm)  I*   

E I+Br (304.5 nm)  235 nm 1.90 0.13 

F1 I +Br* (265 nm)  250 nm 1.65 0.05 

F2 I +Br* (250 nm)  265 nm 1.89 0.04 

G1 I +Br (265 nm)  Cl   

G2 I +Br (250 nm)  235 nm 1.85 0.06 

I I*+Cl (304.0 nm)  250 nm 1.93 0.06 

J1 I*+Cl (265 nm)  265 nm 1.71 0.11 

J2 I*+Cl (250 nm)  Cl*   

J3 I*+Cl (235 nm)  235 nm ‐0.72 0.05 

K1 I*+Br (265 nm)  250 nm ‐0.90 0.02 

K2 I*+Br (250 nm)  265 nm ‐0.99 0.05 

L I*+I (304.0 nm)     

N1 Cl+I* (265 nm)     

N2 Cl+I* (250 nm)     

O Cl+I* (235 nm)     

P1 Cl+I (265 nm)     

P2 Cl+I (250 nm)     

Q Cl+I (235 nm)     

R1 Cl*+I (265 nm)     

R2 Cl*+I (250 nm)     

S Cl*+I (235 nm)     
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did not check for atomic alignment as our results for Cl (see later) showed no significant 

alignment. We fit the angular distribution using the well know equation I(θ) ~ 1 + βP2(cosθ) and 

the results are shown in Table 3.2. We observe a negative near limiting β ~ −0.9 value on the low 

energy side of the absorption (250 and 265 nm) and a slightly reduced value of −0.8 at 235 nm. 

The near limiting β value suggests that the dissociation most probably takes place on a single 

excited potential energy surface, i.e., non‐adiabatic transitions are insignificant. 

3.3.2. I*‐atom images  

Representative images (235, 250, and 265 nm) of the I*‐atoms fragment distributions 

following ICl photolysis are presented in Figure 3.3(a) and indicative KER distributions are 

shown in Figure 3.3(b). As in the case of I‐atoms described above, a whole series of 

“unexpected” peaks are observed, that are assigned and detailed assignments are listed in Table 

3.1. Once again being able to distinguish the two channels (Cl/Cl*) is energetically not possible 

and will be elucidated by considering the angular distributions. Typical angular distribution for I 

is shown in Figure 3.3(c), and limiting values are observed as in the case of I photofragments, 

however, in the opposite positive limit of +2. We observe a β ~ 1.9 on either side of the 

absorption minimum and a slightly reduced value 1.65 at the maximum. Once again the near 

limiting β value suggests that the dissociation most probably takes place on a single potential 

energy surface, and possibly some non‐adiabatic transitions manifest themselves near the 

absorption maximum at 250 nm; these will be discussed later. 

3.3.3. Cl‐atom images  

Representative images (235, 250, and 265 nm) of the Cl‐atoms fragment distributions 

following ICl photolysis are presented in Figure 3.4(a) and indicative KER distributions of the 

Cl‐atom fragment are shown in Figure 3.4(b). The large S.O. splitting in Iodine atoms (0.94 eV) 

allows channels (1) and (3) to be clearly resolved. From the KER spectrum shown in Figure 

3.4(b) we are able to extract the I/I* branching ratio for these two channels and find it to be 

~10% throughout the wavelengths region studied. In addition β values for the I* channel are near 
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limiting (see Table 3.2) at ~1.9. The β value for the I channel because of the weak signal yields 

large error bars, but we can safely conclude however that β > 1. 

3.3.4. Cl*‐atom images  

Representative images (235, 250, and 265 nm) of the Cl*‐atoms fragment distributions 

following ICl photolysis are presented in Figure 3.5(a) and indicative KER distributions of the 

Cl‐atom fragment are shown in Figure 3.5(b). From the KER, within the signal to noise we 

observe no sibling I* production for the Cl* channel. In blowing up the image contrast we do see 

some “trace‐evidence” that cannot be quantified leading us to conclude that the I/(I* + I) ratio for 

Cl* is ~100%. The β values for Cl* reach −0.7 at 235 nm and approach the limiting value of −1.0 

at lower energies. 

3.4. Discussion 

While there have been three previous experimental measurements of the ICl 

photodissociation in the region reported here,5,20,21 all three of them seem to differ not only in the 

branching ratios of the four possible channels but even in the angular distribution of the products 

leading to different excited electronic assignments. In Figure 3.6 we show a schematic of the 

most recent potential energy surfaces calculated by Yabushita.4  

As mentioned earlier channel (4) than leads to I* + Cl* is essentially not observed, and is 

probably the single common observation in all studies of ICl in this region. 5,20,21 This can be 

understood in terms of poor Franck‐Condon factors in this energy range, between the X(0+, 

2440) and the V(0+, 2422 and 2332) states, where the notation (pqrs) stands for electronic 

configuration σpπqπrσ*s.4,5 In addition the 0+(V) state does not seem to cross with an other 

electronic state, and the large S.O. splitting in iodine sets this state well separated from the other 

excited electronic states in this region. 
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Figure 3.6. Schematic drawing of the potential energy surfaces for the states involved in ICl absorption 

from Yabushita (Ref. 4). The vertical dashed lines and the three circles indicted the region accessed in 

current experiments. 

We now consider channel (2), the only remaining channel producing Cl*. Two sets of 

information are available depending on which photofragment species is being probed. 

Comparison of the Cl* and I results in Tables 3.1 and 3.2 leads to some interesting suggestions 

/assertions. Comparing the β values we notice that these are nearly identical within the statistical 

error bars, and though approaching a limiting value of −1, the slight variation might be 

informative in deciphering these complex dynamics albeit diatomic species. Two factors could 

possibly reduce the β value: (a) non‐prompt dissociation (excited‐state lifetime) and (b) multiple 

electronic states of opposing symmetry involved. Based on the excited state potentials of Figure 

3.6, the excitation energies in the present study are well above any “bound” part of the potentials 
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and the molecule is placed on the repulsive part of the excited states upon absorption of a 

photolysis photon. In addition the small rotational constant of ICl (B ~ 0.1 cm−1) implies slow 

rotational motion as expected for two heavy atoms such as Cl and I. Hence we see no reason for 

anything else except prompt dissociation of ICl in this part of the energy spectrum.  

Considering the multiple surface scenario we examine the excited potential energy 

surfaces involved, i.e., the 3
0+

Π (2341), 1
1Π (2341), and 3

0+
−Σ (2422), that according to the 

calculations, 2–4,5 are the major contributors to the absorption spectrum at the three wavelengths 

studied in the report. When considering the spin‐orbit interaction in these states a series of Ω = 0 

and Ω = 1 states result, of which, the states that correlate to the channel Cl* + I are the 1(IV, 1
1Π

) and the 0+(III, 3
0+

Π ) states.5 When the photolysis wavelength is 265 nm, β is essentially 

limiting so we can safely conclude that the 1(IV) state is the dominate state involved. However, 

the calculated transition dipole moment strength in this region indicates that transitions to the 
3

0+
Π , 1

1Π  and 3
0+
−Σ  (2422) are approximately equivalent, and if anything the 3

0+
Π  shows the 

strongest propensity. So if the transition is to remain strictly perpendicular (β ~ −1), the 

contributions of the Ω = 0 states must be somehow “eliminated.”  

One possibility is the Avoided Crossing (Av2) at ~6.8 Å. The Landau‐Zener probability 

is calculated to be Av2
LZP   ~ 91% and this would be a great “sink” of any parallel‐transition (Ω = 0 

excited state) contribution. The contribution of the Ω = 0 states is greater at shorter wavelengths 

(see reduced β values in table 3.2), and we can estimate the contribution of the parallel 

component in our experimental data using the relation 

2 23 3( ) A cos B sin ,
2 4

I θ θ θ   = +      
 

where 21 3A B sin ,
3 4
β θ+  = +   

 and B=1‐A. 

For 235 nm, lowest wavelength studied here, β = −0.7 so, A = 0.1, and B = 0.9, which 

essentiallly means that our observed ratio of the parallel 0+(III) and 0+(IV) to perpendicular 

1(IV) contribution to the I + Cl* channel is 
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0

1

(I Cl*) 0.11
(I Cl*)

Ω=

Ω=

+
≈

+
. 

Based on the potential energy surfaces of Figure 3.6 we can attempt to predict the 

experimental ratios determined above. Specifically 

Av1 3 Av1 3
L Z L ZAv20 0 0

L Z 1
1 1

(1 P ) ( ) P ( )(I Cl*) (1 P ) ,
(I Cl*) a( )

α α+ +
−

Ω=

Ω=

− Π + Σ+
= −

+ Π
 

                                                   (1 0.8) 179 (0.8) 99(1 0.91) 0.07.
157

− ⋅ + ⋅
= − =  

where Av1
LZP  ~ 0.8 is Landau‐Zener transition probability for the avoided crossing between the

3
0+

Π  and 3
0+
−Σ  at ~ 5.4 Å, and α(Γ) is the transition dipole moment for the respective electronic 

state. 4,5 The agreement with the experiment is very good! 

Continuing our “modeling” of the dynamics we can estimate the branching ratio between 

channels (1) and (3) 

(I Cl) Channel(1) ,
(I* Cl) Channel(3)
+

=
+

 

                         
Av2 Av1 3 Av1 3
L Z L Z L Z0 0

Av1 3 Av1 3
LZ L Z0 0

(P ) (1 P ) ( ) P ( )
,

P ( ) (1 P ) ( )
α α

α α
+ +

+ +

−

−

 − Π + Σ =
Π + − Σ

 

                                                          [ ]0.91 (1 0.8) 179 (0.8) 99
0.70.

0.8 99 (1 0.8) 99
⋅ − ⋅ + ⋅

= =
⋅ + − ⋅

 

Analysis of the KER distributions of Cl photofragments at all wavelengths studied yields 

a propensity ratio for production of 

(I Cl) Channel(1) 0.10,
(I* Cl) Channel(3)
+

= ≈
+

 

in complete contrast with the theoretical predictions. If we were to “adjust” the theory numbers 

to fit our experimental observations, we would have 3
0

( )α +
−Σ  reduced by a factor of five (20 
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instead of 99), and the Av1
LZP ~ 0.9 (instead of 0.8) and Av1

LZP  ~ 0.7 (instead of 0.9). The major 

deviation appears to be the contribution of the 3
0+
−Σ  to the spectrum, as the curve‐crossing 

probabilities are not that different for what theory predicts. 

3.5. Conclusion 

We have studied the photodissociation dynamics of ICl in the UV region between 235 

and 265 nm. The spectrum in this region is dominated (~95%) by transitions to the 3
0+

Π , 1
1Π   

while the 3
0+
−Σ  excited state contributes only about 5% to the overall spectrum. The I* + Cl* 

channels is not active in this region while the branching ratios of the remaining 3 channels are 

estimated at 

(I Cl) Channel(1) (I Cl) Channel(1)0.10, 0.10,
(I* Cl) Channel(3) (I Cl*) Channel(2)
+ +

= ≈ = ≤
+ +  

(I* Cl) Channel(3) 1.
(I Cl*) Channel(2)

+
= ≈

+
 

In other words the photolysis of the ICl in this region produces about equal amounts of Cl 

and Cl*, with distinct kinetic energies, and distinct distributions in space, suggesting that ICl 

could potentially be used as a suitable precursor for studying the relative reactivity of Cl and Cl*. 
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Chapter IV  

Driving photochemistry by clustering: The 

ICl‐Xe case 

4.1. Introduction 

Understanding the photochemistry at the molecular level in the bulk requires an answer 

to the question: How does photodissociation change with solvation from the individual molecule 

to the corresponding bulk? Photodissociation studies in clusters are a viable approach to tackle 

this problem. In this respect, clustering of molecules with xenon atoms can provide a valuable 

insight: Xe as the rare gas atom serves as an archetype of chemically non‐reactive solvent, yet its 

interaction can be strong enough to cause electronic effects. In addition, due to its high mass it 

tends to cluster easily with molecules in supersonic expansions. 

Recent experimental and theoretical work on photolysis of pyrrole (Py) found drastic 

changes in photochemical behavior of pyrrole when seeded in Xe.1,2 The formation of Py‐Xe 

clusters essentially “quenches” the N‐H bond breaking for excitation wavelengths longer than 

240 nm. This was explained2 by qualitative altering of the shape of the excited state potential 

curve in the cluster. More recently, we have observed the influence of Xe clustering on HBr 

molecule.3 While in the pyrrole case, the electronic interaction of pyrrole molecule with a single 

Xe atom explained the experimental results, in the case of HBr it was the mechanistic effects of 
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caging, delayed cage exit, and direct exit4 that were implemented to explain the HBr molecule 

photodissociation in large Xe‐clusters.  

To understand the interplay between electronic and mechanistic effects of molecule‐Xe 

clustering, we selected to study the effects of Xe on the photochemistry of ICl. The ICl/Xe 

system is closer to HBr/Xe case as a diatomic is also involved, so the mechanistic effects 

proposed for HBr/Xe might also apply. On the other hand, heteroatomic dihalogen molecules 

like ICl exhibit significant electronic interaction effects such as predissociation, curve crossings, 

and avoided crossings in the excited state potential curves,5,6,7 which might be affected by 

clustering with Xe.  

In Chapter III the results of photodissociation experiments on ICl in UV region8 at three 

distinct wavelengths 235 nm, 250 nm, and 265 nm are discussed. This wavelength region covers 

essentially the half width of the absorption spectrum in this region. The results show an almost 

exclusive production of Cl* with ground state iodine atoms, while the opposite is true for Cl, i.e., 

the concomitant production of I*. In accordance with all previous studies of ICl in this 

region,7,9,10,11 we did not observe channel leading to I*+Cl* production, which is probably the 

single common observation. 

In this chapter, slice imaging results on the 235 nm photolysis of ICl seeded in Xe and He 

are reported and compared. Following photolysis in Xe, Cl, and Cl* photofragment energy 

distributions become broader and appear at 0.1–0.15 eV higher kinetic energy than for the 

photolysis in He. For the I and I* fragment distributions, the change is more dramatic: the sharp 

rings at 0.65 eV (I+Cl* channel) and 0.47 eV (I*+Cl channel) of He photolysis are replaced in 

Xe with broad distributions extending from 0 all the way to 2.5 eV. Possible explanations for 

those observations are discussed in Section 4.4.  

4.2. Experimental setup 

The slice imaging technique used in the experiments has been described in Section 2.1. in 

detail. A supersonic molecular beam of ICl seeded in He or Xe (1100 mbar total backing 

pressure) is formed with the seed gas flowing over solid ICl at room temperature. This way we 
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generate ICl‐Xe and ICl‐He mixtures with ICl concentration <4%. For the ICl‐Xe beam, the 

nozzle‐laser pulse delay is adjusted so that the laser photons excite the species at the peak of the 

molecular beam velocity distribution, where the strong clustering regime prevails.3 For the 

ICl‐He beam, the nozzle‐laser delay is adjusted so that the laser excites the species arriving at the 

interaction region 40–50 μs earlier than the peak of the molecular beam velocity distribution, 

thus, exciting only isolated ICl molecules. For the slicing experiments reported here, the repeller 

is pulsed ON at the appropriate time delay (~200 ns for 35Cl, and ~300 ns for 127I) following the 

photolysis and ionization. The Cl and Cl* photofragment images are recorded in a one‐color 

experiment where one photon is used to dissociate the ICl molecule followed by (2+1) REMPI 

(Resonance‐Enhanced Multi‐Photon Ionization) of the chlorine photofragment within the same 

laser pulse. The laser beam is generated by a Nd3+:YAG pumping a master oscillator power 

oscillator system (Spectra Physics MOPO). The probe laser transitions used for the detection of 

Cl an Cl* photofragments are 2
3/2Cl( )P  →→ 2 0

3/24p ( )D  at 235.326 nm and 2
1/2Cl*( )P  →→ 

2 0
1/24p ( )S  at 235.195 nm (wavelengths corrected for laser drift).  

The I and I* photofragment images are obtained in a two‐color experiment following the 

photolysis of ICl at 235 nm and (2+1) REMPI of the photofragments, where the laser pulses are 

separated in time by about 10 ns. The probe laser beam is the frequency doubled output of an 

excimerpumped (Lambda Physik LPX, operating with XeCl) dye laser (LPD3000) using the 

appropriate dye (Rhodamin 610). The I and I* photofragments were probed via 2
3/2I( )P  →→ 

4
7/26p ( )D  at 304.553 nm and 2

1/2I( )P  →→ 4
1/26p ( )D  transition at 304.024 nm, respectively. 

Background images are recorded with the lasers on and the molecular beam off and subtracted 

from the signal images. 

4.3. Results  

4.3.1. Cl and Cl* photofragments 

Slice images of the Cl photofragments when using He and Xe as the carrier gases are 

shown in Figures 4.1(a) and 4.1(b), respectively. Figure 4.1(a), obtained when using He as the 
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carrier gas, shows two sharp rings: the inner one corresponds to the Cl+I* exit channel and the 

outer to the Cl+I channel. The two rings were used to calibrate the kinetic energy release (KER) 

distribution of Cl photofragments. In Figure 4.1(b), obtained with Xe as the carrier gas, we 

observe two diffuse rings and an intense feature in the center of the image.  

 
Figure 4.1. (Top) Cl‐photofragment slice images following the photolysis of ICl at 235.326 nm recorded 

using (a) He and (b) Xe as the carrier gas. (Bottom) Cl*‐photofragment slice images following the 

photolysis of ICl at 235.195 nm recorded using (c) He and (d) Xe as the carrier gas. 
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This central feature is indicative for the formation of clusters and usually appears as a result of 

caging processes in which the observed fragments lose their kinetic energy in inelastic collisions 

with the cluster constituents and are detected as near‐zero‐kinetic energy fragments.3 

Figure 4.2(a) shows the KER spectra of the Cl photofragments obtained from the images 

in Figures 4.1(a) and 4.1(b) when using for calibration the value of D0(ICl) = 2.15 eV.12 In the 

KER spectrum obtained with He, we observe two distinct peaks at 1.71 and 2.45 eV 

corresponding to the I* and I producing channels, respectively. When seeding in Xe, the KER 

spectrum differs substantially showing a slower, wide distribution of a statistical character 

peaking at around 0.1 eV and two high‐energy peaks at 1.81 and 2.55 eV, which are substantially 

broader and faster when compared to the two peaks from ICl photodissociation in He. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  KER distributions of Cl(2P3/2), Cl(2P1/2), I(2P3/2), and I(2P1/2) photofragments are shown in 

panels (a), (b), (c), and (d), respectively. The black and red lines represent KER distributions obtained 

using He and Xe as the carrier gas, respectively. The red marks indicate the peak position of the fast 

component: 1.81 and 2.55 eV in the case of Cl(2P3/2), and 2.50 in the case of Cl(2P1/2).  
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Slice images of the Cl* photofragments when using He as the carrier gas (Figure 4.1(c)) 

exhibit an intense sharp ring which corresponds to Cl*+I exit channel at 235 nm. A second faint 

ring (not quite distinguishable in Figure 4.1(c)) appears at a smaller radius corresponding to a 

KER of 1.62 eV. Energetically this ring could be assigned to the Cl*+I* channel, however, our 

previous study8 has shown that this channel has zero propensity at this excitation wavelength. It 

is more likely that it is due to Cl+I channel, where the Cl photofragment undergoes non‐resonant 

MPI. When using Xe as the carrier gas, the Cl* photofragment image consists of a diffuse ring 

and an intense central feature, as shown in Figure 4.1(d). Figure 4.2(b) shows the KER spectra of 

the Cl* photofragments obtained from the images in Figures 4.1(c) and 4.1(d). Similar to the 

case of the Cl photofragments, when using He we observe one peak at 2.36 eV corresponding to 

the Cl*+I channel, while the Xe KER features a wide distribution peaking at low kinetic energy 

and a wide high‐energy peak at 2.50 eV which is broader and faster compared to the peak from 

photodissociation in He. 

4.3.1. I and I* photofragments 

Figures 4.3(a) and 4.3(b) show slice images of the I(2P3/2) photofragments when using He 

and Xe as the carrier gas, respectively. The image obtained with He shows several rings with the 

outer one being the most intense. Weaker structures in the center of the image are due to 

impurities in the gas line, however, they do not interfere with our present analysis. A diffuse ring 

and a central feature are observed when seeding in Xe. 

Figure 4.2(c) shows the KER spectra of the I photofragments obtained from the images in 

Figures 4.3(a) and 4.3(b). In the KER spectrum in He, we observe an intense peak at 0.65 eV 

corresponding to the I+Cl* channel at 235 nm, and a weak peak at 0.39 eV due to photolysis at 

304.6 nm by the probe laser, while the additional inner rings of Figure 4.3(a) have no appreciable 

intensity in the KER spectrum and could be attributed to dissociative ionization of ICl or I2 

impurity. When seeding in Xe, we observe only a broad distribution extending to ~2.5 eV, which 

is significantly higher kinetic energy than that expected for the ICl monomer. 
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Figure 4.3. (Top) I‐photofragment slice images following the photolysis of ICl at 235 nm recorded using 

(a) He and (b) Xe as the carrier gas. The experiment was performed with two colors. (Bottom) 

I*‐photofragment slice images following the photolysis of ICl at 235 nm recorded using (c) He and (d) Xe 

as the carrier gas. 

Figures 4.3(c) and 4.3(d) show slice images of the I*(2P1/2) photofragments when using 

He and Xe as the carrier gas, respectively. The image obtained with He shows several sharp 

rings, which practically disappear in the case of Xe and a central feature, which could be 

(b)

(d)

(a)

(c)
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attributed to beam impurities, dissociative ionization, or even I2/ICl cluster formation. In any 

case, the contribution of this feature to the overall signal is small as seen in Figure 4.2(d) and 

does not affect our analysis. Figure 4.2(d) shows the KER spectra of the I* photofragments 

obtained from the images in Figures 4.3(c) and 4.3(d). In the KER spectrum in He, we have 

identified the peaks as originating from the I*+Cl and I*+I exit channels of ICl and I2 

dissociation at 235 nm and 304 nm. When using Xe, we observe a broad distribution that peaks 

at low but extends to significantly higher (~2.5 eV) kinetic energy release than expected for the 

monomer. In Section 4.4, we discuss our findings based on a rather simplified model of cluster 

dynamics. This discussion points out the need of a detailed theoretical investigation. 

4.4. Discussion  

4.4.1. Cl and Cl* photofragments 

The Cl and Cl* photofragment images obtained using He show only sharp rings as 

observed before8 due to photodissociation of the ICl monomer. For the Xe expansion, the images 

have two features: an intense “blob” feature in the middle of the image, and outer rings broader 

in distribution and higher in energy with respect to their He counterparts. The central feature 

points to cluster generation as outlined above. The broad distribution in the corresponding KER 

spectra of both Cl and Cl* decays exponentially up to ~2–2.5 eV suggesting that the fragments 

are formed as a result of dissociation of an ensemble of ICl‐Xe clusters of different sizes. This 

part of the Cl and Cl* KER distributions can be well fit with the following function:  

1
1( ) B Ef E A e−=  ,              (4.1)  

or with an equivalent expression in the velocity space:  

1
1( ) B Ef v A e−=  ,             (4.2)  

as seen in Figure 4.4, where E and υ are KER and speed of Cl photofragments, while A and B are 

the fitting coefficients. This statistical distribution fit is typical for fragments generated in a 

larger cluster, which lose their kinetic energy due to collisions on their way out of the cluster as 
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previously described by Buck and Farnik.3,4 Thus, we propose that this part of the distribution 

can be attributed to formation of large Xen clusters with ICl molecule(s) embedded inside. After 

ICl photodissociation, the fragments undergo either delayed cage exit or the cage effect.4 The Cl 

atoms interact several times with the surrounding Xe atoms and leave the cluster with lower 

velocity than in the case of dissociation of ICl monomer, thus, explaining the low kinetic 

energies observed. The fast rings are closer to ICl monomer photolysis as indicated by their 

angular distribution, however, they have increased kinetic energy release, inconsistent with an 

ICl monomer dissociation. A possible interpretation is the existence of small clusters consisting 

of several Xe atoms where ICl molecules are attached to the surface. Dissociation of the I‐Cl 

bond in those clusters would leave Xen‐I fragments behind and could explain the higher kinetic 

energies of Cl according to 

Xen···I‐Cl →Xen···I*+Cl.             (4.3)  

 
Figure 4.4. Speed distribution of Cl photofragments. The red line presents the fitted exponential function.   
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The KERs of Cl photofragments escaping from such clusters of increasing size are calculated 

based on the formula below: 

Xe I
Cl 0 int

Xe I Cl

( )laser
m n mE E D E

m n m m
× +

= − − ×
× + +

,           (4.4) 

where Elaser is the photon energy, D0 the I‐Cl bond energy, Eint the energy of internal degrees of 

freedom (I* excitation), Xem  the mass of Xe, and n the number of Xe atoms in the cluster. As the 

number n of Xe atoms in the cluster increases, the mass factor in Eq. 4.4 converges to 1 and the 

KER of the outgoing Cl photofragments increases, which explains the shift of the peak to higher 

kinetic energy. To evaluate the contribution of each cluster to the fast peak, we subtracted the 

exponential part A1exp(−B1E) accounting for the cage effect from the overall KER distribution. 

We fit the remainder with one broad Gaussian (peaking at 1.5 eV) accounting for subtraction 

imperfections and additional Gaussians (10 proved to be sufficient) of common width, each 

peaking at the energies calculated with Eq. 4.4. The result is shown in Figure 4.5. The best fit is 

obtained when assuming a mass distribution with 32% of ICl in the form of free monomer 

molecules, another 47% of ICl molecules form Xe‐ICl clusters and the remaining 21% of ICl 

molecules from higher order clusters (n = 2–9). Note that although individually they have small 

contributions, the inclusion of higher order clusters is necessary in order to improve the fit 

quality on the fast side of the peak. 

One can note several imperfections in the model: The Xe‐I bond energy, which would 

shift KER lower, was not taken into account. Also, a certain amount of the energy that is 

available after photodissociation is consumed during the Xe cluster evaporation process. In 

addition, some energy is deposited in vibrational modes of the Xen · · · I fragment. Finally one 

could include clusters with additional ICl molecules either inside or on the surface of the cluster. 

Therefore, the above numbers for cluster distributions are only an approximation, aiming to 

show that the proposition of photolysis of cluster‐surface‐bound ICl can actually interpret our 

fast‐peak data. 
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Figure 4.5. Speed Gaussian fit to the KER distribution of the Cl‐photofragments. In the legend, n denotes 

the number of Xe atoms in the cluster, the second number the peak position in eV, and the percentage the 

contribution of each peak (cluster) to the total peak area without counting the residual peak (the broad 

peak at 1.5 eV).  

Based on the above discussion, the Cl and Cl* data point to the existence of two cluster 

types: cage‐like clusters where one or more ICl molecules are surrounded by Xe atoms and 

relatively small clusters with ICl molecule(s) on the surface where I is bound to the Xe atoms of 

the cluster. High level theoretical calculations should be able to confirm or disprove this 

conclusion. An alternative explanation may involve pure ICl clusters of a broad cluster size 

distribution. In the small clusters, essentially all the molecules reside on the surface and Cl atom 

can escape directly after the photodissociation without losing its kinetic energy in the collisions 

with the cluster constituents. This would yield the faster fragments since the Cl departs against 

the cluster mass analogically to the ICl‐Xen case. Again, the fast peak would be a sum of 

weighted shifted peaks calculated for (ICl)n, n = 0, . . . , ∞ (the contribution from the very large 
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clusters would decrease and the shifting in energy would be negligible). The statistical 

distribution would then correspond to the Cl fragments originating from the interior of those 

(ICl)n clusters that are large enough so that Cl could undergo the caging. We consider the (ICl)n 

cluster case to be a weaker explanation of our results since it requires building of sufficiently 

large (ICl)n clusters, which seems unlikely in view of the relatively low concentration of our ICl 

vapor in Xe. Calculating the mean Xen cluster size using the famous Hagena’s formula3 for our 

experimental conditions, we obtain n ≈ 400 for pure Xe expansion and assuming full opening of 

the valve in the middle of the gas pulse.3 Thus, we propose the more likely alternative to be the 

generation of xenon clusters with some ICl molecules, leading to mixed ICl·Xen  or ( )ICl Xenm  

clusters.  

4.4.2. I and I* photofragments 

When it comes to I and I* distributions, Figures 4.2 and 4.3 and comparisons to Cl/Cl* 

fragments are extremely illuminating. The change in iodine fragment distribution from He to Xe 

expansion is more drastic than that of chlorine fragments and no rings are clearly visible. In 

addition, the angular distribution from monomers to clusters changes significantly. This is more 

evident in the case of 2
3/2I( )P  (Figure 4.3 panels (a) and (b)), where the perpendicular angular 

distribution in He becomes parallel in Xe. Both the angular and KER distributions for the I and 

I* in Xe expansion are rather similar. Thus, the first conclusion one can draw is that the effect of 

Xe is more dramatic for iodine fragments, therefore, Xe should interact more with the iodine 

rather than the chlorine in the ICl. We shall use the two cluster types (cage‐like and ICl‐on‐ 

surface) proposed earlier for Cl/Cl* data to rationalize the I/I* observations as well. The lack of 

I/I* fast peaks matching the Cl/Cl* fast peaks at 1.81 eV, 2.55 eV, and 2.5 eV can be explained 

by the stereo‐dynamics in the case of the clusters with surface‐mounted ICl. If the ICl molecule 

preferably attaches (anchors) to Xe‐cluster moiety, exclusively via the I atom, then upon 

“impulsive” photodissociation, the iodine photofragment would always be directed to and 

colliding with the Xe cluster, thus, losing kinetic energy. Therefore, no “direct”, fast distinct 

peaks would be observed for iodine photofragments. The broad iodine KER distribution features 

can be explained by cage‐like clusters. Iodine KER values slower than that expected for the 
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monomer, can be explained by the delayed cage exit and the cage effect similarly to chlorine 

fragments above. However, distributions in Figures 4.2(c) and 4.2(d) include I/I* fragments with 

significantly higher KER than what would correspond to monomer dissociation, reaching 2.5 eV. 

Such faster‐than‐expected fragments have been observed and rationalized previously for 

acetylene in various clusters including Xe‐clusters.13,14 The faster fragments were generated by 

multiphoton processes due to the cage effect: acetylene molecule was prevented to dissociate in 

the cluster and quenched to a vibrationally excited ground electronic state from which it was 

dissociated by the next photon yielding the fragment with a kinetic energy increased by the 

vibrational excitation. It is worth noting that essentially the same effect was observed also upon 

dissociation of HBr in rare gas clusters, where it however resulted in a well resolved additional 

ring at higher energies in the images.3 In the present case, caging to vibrationally excited ICl is 

possible but rather unlikely since it would also yield much faster Cl fragments than those 

observed. Another possible scenario would be generation of XeI molecule or XenI cluster upon 

ICl dissociation in the cluster and subsequent Xe‐I dissociation in multiphoton process which 

would yield the faster I fragments. The formation of the XenI would be consistent with the 

surface mounted ICl argument above, and the fact that we see no evidence for similar XeCl 

species generation further favors our suggestion that the ICl preferably anchors to the surface of 

the Xen cluster almost exclusively via the I‐atom.   

4.5. Conclusion 

In this paper we present the dramatic effects that even a noble seed gas like Xe can have 

on the photochemistry of a relatively simple diatomic molecule like ICl. In ICl photolysis in 

molecular beam of He and Xe seed gases, we observe broadening of themonomer peaks, which 

is more severe in the case of I and I* where even angular distributions are changing from 

perpendicular to parallel. The KER of Cl and Cl* increases in Xe compared to that in He. We 

explain these observations based on formation of two cluster types: a cage‐like type where one or 

more ICl molecules are embedded in Xe and another type where small clusters of Xe or Xe‐ICl 

cores feature an ICl molecule on the surface. Although many open questions remain about the 

actual mechanism of the observed effects, the experimental evidence is solid and well interpreted 
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by the rather qualitative models of cluster dissociation proposed. A more detailed insight into the 

photodissociation dynamics in the present clusters requires high level theoretical treatment, 

which goes beyond the present purely experimental paper. Yet one of the contributions of the 

present work is to stimulate such theory to treat these exciting problems of molecule 

photochemistry in confined cluster environments. Our present results continue the effort to 

understand clustering effects on molecular photochemistry. These effects have now been 

observed in a number of systems extending from diatomic to polyatomic molecules and need 

additional experimental and theoretical work to be understood in detail.  
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Chapter V 

Collision‐induced dissociation of NbxOy+ (x 

= 1, 2, y = 2–12) clusters: crossed 

molecular beams and collision cell studies  

5.1 Introduction 

Niobium oxides have been found to exhibit outstanding catalytic properties. They find 

application in the petrochemical industry, as a support material in metallic or oxide catalysts for 

selective hydrocarbon oxidation, and in NOx conversion for pollution control.1,2,3 These 

applications triggered a series of studies on the preparation, molecular structure–reactivity 

relation, and their catalytic behavior.4-8 It was concluded that the catalytic activity of the niobium 

oxide surface is dependent on the preparation process with the active species being a 

photo‐excited Nb=O bond dispersed on the catalyst surface.  

A complete understanding of the formation mechanism of these surface oxides and the 

relationship between the structure and reactivity still has not been achieved, due to the 

complexity of coordination sites in terms of stoichiometries and phase structures present on 

niobium oxide surfaces. Various surface experimental techniques that provide information on the 

atomic structure and composition of surfaces often show limited abilities to directly probe 

structure‐reactivity relationships. As an approach to overcoming the difficulty of surface 

inhomogeneity, studies on gas phase clusters can provide insights in the physical and chemical 

properties of catalytic surfaces. A few studies have been conducted on free gas phase niobium 

92 
 



 

oxide clusters, with the aim of modeling isolated active sites present on niobium oxide catalysts. 

These investigations started with studies on gas phase reactions of some small niobium oxide 

anions9 and cations10 and continued later with studies on chemistry of reactions of anionic and 

cationic niobium oxide clusters.11-13  

In order to understand the chemical reactivity, the knowledge of the structure and the 

stability of the clusters is crucial. Related to this, Castleman et al.13 have studied the properties of 

cationic niobium oxide clusters. Based on their experiments on CID, they found the building 

blocks and the corresponding cluster stoichiometry of the most stable species. Motivated by the 

results from these CID experiments, Sambrano et al.14 have presented a DFT study for neutral 

Nb Ox y  and cation Nb Ox y
+  clusters, providing a complementary theoretical study of geometric, 

thermodynamic, and electronic properties. Furthermore, extensive studies on cluster structures 

have also been done using infrared multiple photon dissociation (IR‐MPD)15 and UV‐Vis 

photofragmentation.16 

In our laboratory, we have used photofragmentation spectroscopy and CID of 

mass‐selected ions to study the stability and the structure of metal‐doped noble gas clusters17 and 

metal oxide clusters.18-21 In a similar manner, in this contribution we study the positively charged 

Nb oxide clusters by time‐of‐flight mass spectrometry and collisions with noble gas atoms. We 

measure the clusters’ fragmentation cross section using our recent approach based on crossed 

molecular beams21 compared with the standard CID technique.13,20,22-24 The new experimental 

configuration, which uses a secondary molecular Ne beam crossing perpendicularly the primary 

cluster beam, and a retarding field energy analyzer (RFEA), is significantly faster and more 

efficient for obtaining fragmentation cross sections, without mass selection of the individual 

clusters. Furthermore, information on additional reaction channels (besides fragmentation) 

activated by cluster ion – atom energetic collisions (such as multi‐ionization or Coulomb 

explosion) can be obtained. 
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5.2 Experimental apparatus and methods   

5.2.1 Setup 

The differentially pumped molecular beam apparatus used in these experiments has been 

described in detail previously.21,25-28 A molecular beam of niobium oxide clusters is generated in 

a source chamber by combining the laser ablation of a niobium target with a supersonic 

expansion of oxygen. The niobium oxide cluster cations are carried and cooled down in the 

supersonic expansion and subsequently pass through a 4‐mm‐diameter skimmer into a 

double‐field TOF mass spectrometer that can be used either in linear configuration or as a 

reflectron assembly. The stability and the dynamics properties of the produced clusters have been 

investigated in detail using collision induced fragmentation 

5.3 Results 

5.3.1 Mass spectra 

 In Figure 5.1, we present mass spectra of the cationic niobium oxide clusters formed in 

our source, obtained in linear TOF configuration, with and without the secondary beam crossing 

(dashed and full line, respectively). Contrary to experiments using a pure He beam as carrier 

gas,30 by adding 2O ,13,31 or using pure 2O  as carrier gas in our case, no atomic ion ( Nb+ ) or 

niobium monoxide ( NbO+ ) are detected, due to their exothermic reactions with oxygen.32,33 The 

dominant production of cluster ions containing one metal atom is observed and discussed in 

several previous studies18,34 performed by our group. The configuration of our cluster source – 

without confining channels – limits the number of metal‐metal collisions, necessary for the 

formation of clusters containing more than one metal atom. Nevertheless, small amounts of 

2Nb O y
+  (y = 2–15) and 3 7 9Nb O+

−  were also detected. 
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Figure 5.1. Mass spectra of niobium oxide clusters Nb Ox y
+  obtained at Vgrid≈0, with beam crossing 

(dashed line) and without beam crossing (solid line). The Δ indicates the hydrated clusters (see text for 

details). 

The NbO y
+  series consists mostly of clusters with an even number of oxygen atoms. The 

absence of clusters with an odd number of O atoms differs from earlier studies13,15,35 where both 

even‐ and odd‐numbered clusters were formed. A similar odd‐even alternation is noticed for 

2Nb O y
+  cluster series, but not as prominent as in the case of NbO y

+  clusters. The use of pure 2O  

reacting with the Nb ablation plume leads to the formation of clusters very rich in oxygen.36-38 

Although not so strong, this effect is also seen in the distribution of 2Nb O y
+  clusters, where, 

2 6Nb O+

 cluster is the most intense of the series. Additionally, hydrated clusters (marked by 

triangles in Figure 5.1), with the general formula 2NbO (H O)y w
+  (y = 2, 4, 6, 8, w = 1, 3) were 

generated from water impurities present in the gas inlet system. 
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5.3.2 Fragmentation channels 

Another striking feature in Figure 5.1 is an important intensity increase in all peaks when 

the secondary beam is on. Considering all the possible outcomes of cluster ion-atom collisions 

(Equations 1.29–1.34), this increase can be attributed to energetic neutral fragments (Equations 

1.31–1.33) and/or to the creation of additional charged species by Coulomb explosion (Equations 

1.34). This second possibility will be discussed later. 

The newly formed ionic species can be separated from the nonfragmented parent (one by 

one) by gradually increasing the RFEA voltages (Vgrid) and measuring the decrease in the signal 

for each particular cluster as already mentioned in Section 2.2.2. The signal’s evolution with 

increasing Vgrid between 0 V and ~2000 V (Vgrid≫Vacc) is shown in Figure 5.2 for two cluster 

ions, 8NbO+  and 10NbO+ . 
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Figure 5.2. The fragmentation of the 8NbO+  (a) and 10NbO+  (b) clusters. The arrows with the labels 

indicate the kinetic energy and the size of the corresponding fragments. 

 

The determination of fragments’ masses, as described in the Section 1.2.6, indicate that NbO y
+  

clusters dissociate via loss of one or more 2O  molecules (or pairs of oxygen atoms). 
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 The fragmentation pathways for the NbO y
+  clusters are also investigated with the 

conventional gas cell experimental configuration, described in Section 2.2.1. In investigations 

using a reflectron, similar results were obtained for all NbO y
+  clusters, and we present in Figure 

5.3 only the cases of 8NbO+  as a representative example (collision partner Kr, collision energy in 

the center‐of‐mass frame, ECM =275 eV).    
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Figure 5.3. Reflectron TOF spectrum of the mass‐selected 8NbO+  cluster, showing the fragments formed 

after collisions with Kr atoms in beam‐gas cell arrangement.  

Both methods clearly indicate similar fragmentation patterns, showing the loss of one or 

more 2O  molecules. The mass of the neutrals cannot be directly measured, but is calculated as 

the difference between the masses of the parent and the observed ionic fragments; therefore the 

form of oxygen fragments (atomic or molecular) is undetermined. Loss of groups of two 

O‐atoms or, more likely, molecular oxygen is one of the fragmentation channels of larger 

Nb Ox y  clusters for highly energetic collisions13 and the main photofragmentation channel for 

oxygen‐rich 2Nb O y
+  clusters.16 In our group, it has also been previously observed for 2Fe(O )n

+  (n 

= 1–6) clusters.21,34  
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The loss of oxygen is also observed for clusters containing two Nb atoms. In Figure 5.4, 

we present the intensity of 2 8Nb O+  cluster, as a function of the Vgrid before and after secondary 

beam crossing and we indicate in the figure by arrows and labels the kinetic energy and the size 

x,y of the expected fragments, respectively.  
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Figure 5.4. The fragmentation of the 2 8Nb O+  cluster. 

5.3.3 Collision cross section measurements 

As analyzed before in Section 2.2.2, the fragmentation cross section Q for an individual 

cluster is determined using Equation 5.1. In particular, for the Nb Ox y
+  clusters in collisions with 

Ne atoms with an acceleration potential of 1500 V we use: 

ON ON
Vgrid=1400 Vgrid=2000
OFF OFF
Vgrid=1400 Vgrid=2000

1 ln
I I

Q
NL I I

 −
= −   − 

          (5.1). 

In Figure 5.5 we plot the QNL values obtained from the crossed beam (CB) fragmentation 

of NbO y
+  clusters as a function of the number of oxygen atoms y, for three values of the 
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laboratory collision energy (500, 1500 and 1800 eV). For comparison, Figure 5.5 also shows the 

QNL results (circles) obtained using the conventional beam‐gas cell (BG) configuration, at 

ELab=1500 eV. The data sets were normalized to each other using the least square method. Some 

representative error bars (~20%) (due mainly to the reproducibility of the data) are also shown in 

the figure. The CB and BG results are in good agreement showing a similar trend of increasing 

cross section with increasing y for NbO y
+  (y = 4, 6, 8) clusters, as predicted by the 

quasi‐spherical cluster model.39 As notable exception, for 10NbO+  the fragmentation cross section 

is equal or smaller than for 8NbO+ . A similar situation was observed for iron oxide clusters21,34 

and it was explained by an increased stability of 10FeO+ , as proven by the corresponding mass 

spectra and the DFT calculations. In the same way, in the present case, the mass spectrum of 

niobium oxide clusters supports this assumption showing an intense peak for 10NbO+ , followed 

by an important signal decrease for the next clusters of the series.   
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Figure 5.5. Fragmentation cross sections of NbO y
+  clusters. The values were obtained from the crossed 

beam (CB) experiments with secondary Ne beam at different laboratory collision energies (■ 1500 eV, × 

1800 eV, + 500 eV) and the beam‐gas cell (BG) experiments using Kr as the collision gas (Ο) at 1500 eV 

collision energy.   

99 
 



 

The fragmentation cross section is the lower limit and in certain conditions represents a 

good approximation of the total collision cross section.21 Under these circumstances, the 

evolution of the fragmentation cross section as a function of cluster size should be independent 

of the collision energy. In order to prove this, cross section measurements of NbO y
+  clusters were 

performed for three different values of kinetic energy in the laboratory frame of reference ELab at 

500 eV, 1500 eV and 1800 eV. The results are very similar and can be explained by the fact that 

even at the lowest ELab investigated here (500 eV), the collision energy is high enough (ECM 

ranges from 37 eV for 10NbO+  to 70 eV in the case of 2NbO+ ) and every collision leads to cluster 

fragmentation.  

This is also the case for the beam‐gas cell experiments, performed with Kr as a collision 

partner. The larger mass of Kr (m = 84), as compared to Ne (m = 20), makes that for similar 

laboratory energies, the center of mass collision energy is higher. Moreover, increasing the ECM 

by increasing the accelerating potential to 1800 V (up to 248 eV for 2NbO+  in collision with Ne) 

did not lead to the appearance of new (high energy activated) fragmentation channels. 

In our previous work on iron oxide clusters,21,34 the equivalence between the 

fragmentation cross section and the total collision cross section at high collision energies has 

been proved by comparing the experimental results with the calculated geometrical cross 

sections for theoretical structures. To the best of our knowledge, such structures are not available 

for the (quite uncommon) oxygen‐rich clusters containing one niobium atom (ion) reported here. 

We noticed, however, some similarities between the experimental results (compare mass spectra 

and QNL measurements from this paper with Refs. 21, 34) obtained for niobium and iron oxides 

clusters, like the prevalence of clusters containing an even number of oxygen atoms and the 

stability of clusters with 10 oxygen atoms followed by a sudden decrease in the intensity for 

larger clusters. Similar evolution is noticed also in the case of the fragmentation cross sections of 

the two series: a linear increase with the size, with the small decrease for 10MO  clusters (M = Nb 

or Fe). These similarities encouraged us to assume similar geometries for niobium oxide and iron 

oxide clusters. In addition, we approximated the length of different bonds between the 

constituent atoms from structures reported in the literature for larger niobium oxide clusters 

(containing more than 1 Nb atom)14,40,41. We considered the distance between Nb and O to be 1.9 
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and 1.75 Å, for a single bond and double bond, respectively, and the length of O – O bond to be 

1.3 Å. By rescaling the iron oxide clusters structures reported in Ref. 42 to the bond lengths 

mentioned earlier, we determined some probable geometries for the NbO y
+  clusters studied here. 

In Figure 5.6 we compare the fragmentation cross section measured in the crossed beam 

experimental configuration and the geometrical cross sections determined by applying the 

projection model to structures considered as most probable for O‐rich NbO y
+  clusters.  
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Figure 5.6. Comparison of experimentally determined fragmentation cross sections (CB experiments at 

collision energy 1500 eV), and calculated geometrical cross section for NbO y
+  clusters.  

As in the case of iron oxide clusters, a good correspondence is observed between most of the 

experimental and theoretical values. The only discrepancy, observed for 10NbO+  can be explained 

(like for FeO y
+ ) by the fact that in theory we calculate the geometrical cross section, which is only 

approximated with the fragmentation cross section determined experimentally (Qgeom ≥ Qfrag) . 

This effect is evident also for the thermodynamically stable 2NbO+ : its fragmentation cross 

section as measured by our method is very small, close to zero in the error limits.  
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Cross section determination using the crossed beam configuration does not require prior 

mass separation of individual clusters. In this way, even clusters with a low abundance can be 

measured. As already mentioned, in our source, clusters with more than one metal atom are 

scarcely formed (see Figure 5.1), but their intensity is enough to allow cross beam 

measurements. In Figure 5.7 we plot the results (squares) for the fragmentation cross section of 

2Nb O y
+  clusters as a function of the number of the oxygen atoms y at ELab=1500 eV. 
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Figure 5.7. 2Nb O y
+  clusters fragmentation cross sections obtained from the crossed beam experiments at 

ELab=1500 eV and the calculated geometrical cross section for structures from Refs. 14 and 41. 

As expected, the general trend of the increasing cross section with the cluster size is 

observed. Furthermore, it is worth noticing that the fragmentation cross sections reflect also the 

stability of the clusters, so that the local minima in the cross section indicate higher stability of 

the respective clusters.  This is in accordance to the mass spectra of figure where the stability of 

the same clusters appears as peaks with higher intensity. As previously observed for 10NbO+ , in 

this case 2 6Nb O+ , 2 8Nb O+  and 2 10Nb O+  seem to be more stable in comparison to their neighbors.  
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Several authors14,40,41 reported calculations of low energy structures for 2Nb O y  clusters 

(neutrals and/or ions). For the 2 4Nb O  and 2 5Nb O 14, the differences between the neutral and 

cationic structures are insignificant; they have the same geometries, only the bond lengths are 

slightly different. This allows us to use the neutral geometries reported by Zhai et al.41 as an 

approximation for larger clusters’ structures and we used the projection model to determine their 

geometrical cross section. The calculated values (triangles) agree with the experimentally 

determined fragmentation cross sections in the limit of the experimental errors. Theoretical 

calculations are necessary for larger clusters in order to have a more thorough comparison. 

5.3.4 Collisional multiionization 

If the outcome from a collision between a cluster ion (AB+) and an atom (X) is the 

fragmentation  

AB+ + X  →  A+ + B + X,         (5.2) 

then the intensity of parents (AB+) and the ionic fragments (A+) varies with Vgrid as presented in 

Figure 2.5 In the case of NbO y
+  clusters, B would correspond to an undetermined number of 

neutral oxygen molecules or atoms produced by fragmentation. It is assumed that for Vgrid ≈ 0, 

the intensity difference between “beam on” and “beam off” is exclusively due to the neutral 

fragments (B). The amount of these neutrals can be measured when Vgrid ≫Vacc with the 

secondary beam “on” (the charged species are rejected and only neutrals are detected).  

However, this is not the case for the experimental data shown in Figure 5.2, where the 

high intensity of clusters at Vgrid≈0 after the interaction with the secondary beam exceeds the 

amount of the neutrals and thus, clearly indicates the appearance of new ions. Additional charges 

can be formed from one ion by Coulomb explosion of a multiply charged cluster, as indicated in 

the Equation 5.3.  

( ) ( ) ( )z-x ++ z+ - x+ -+NeAB AB + z-1 e AB +B + z-1 e→ →                                          (5.3) 
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The first ionization potentials of both molecular (IP( 2O )=12.07 eV) and atomic (IP(O I)= 

13.6 eV) oxygen43 are smaller than the second ionization potential of niobium (IP(Nb II) = 14.32 

eV),44 so no stable 
2Nb O y
+

 clusters are expected to be formed. Instead, the second charge will 

appear on one of the O atoms and because the cluster is not big enough to compensate the 

Coulombic repulsion by charge separation, a positively charged fragment will be ejected. It is 

well known that multiply charged clusters are observed only above a critical size (appearance 

size); for example pure 2Nbn
+  clusters have been detected only for n≥9.44 For a discussion on 

charge delocalization dynamics on metal clusters and metal oxide clusters see Refs. 45,46.  

The ratio of charged particles formed following collisional activation (CE) to the initial 

parents is noted ( )0 0/I CE I+  and can be determined from the cluster’s intensity measured at 

Vgrid≈0, where all the fragments are detected (region I in Figure 5.2), using the formula:  

ON ON
0 I III

OFF OFF
0 I III

I CE I I
I I I
+ −

=
−

,                                                                            (5.4) 

where I0 is the intensity of the parent and CE represents additional ions formed by Coulomb 

explosion. ON
II , ON

IIII , OFF
II  and OFF

IIII  are the intensities measured in regions I and III for “beam 

on” and “beam off” respectively. In Table 5.1 we present the values obtained for NbO y
+  clusters 

at three different acceleration energies. 

Table 5.1 Ratio of ions detected after collisions to the initial parent ions at different acceleration energies.  

Cluster ion Vacc = 500 V Vacc = 1500 V Vacc = 1800 V 
+
4NbO  1.14 1.36 1.94 

6
+NbO  1.25 1.82 2.20 

8
+NbO  1.31 2.21 2.42 

10
+NbO  1.35 2.52 2.50 
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Values of the ratio superior to 1 prove the formation of new charges by Coulomb explosion in all 

studied cases, for example 14% of supplementary charges formed from 4NbO+ . The ratio 

superior to 2 indicates at least one channel leading to the appearance of two or more new 

charges. For the clusters considered, the fraction of newly formed ions to the initial parents is 

increasing with the cluster size, indicating the loss of more ionic fragments from larger clusters.  

For any particular cluster, the increase of acceleration energy promotes the formation of 

more charged fragments. This can be explained by the fact that at higher collision energy, more 

energy is transferred to the cluster electronic excitations, possibly removing many electrons and 

resulting in the formation of higher z multiple charged ions that will produce more fragment ions. 

A thorough study of the extent of Coulomb explosion for various (high) collision energies, 

feasible using our technique, would give information on the parent cluster’s energetic states and 

multiionization phenomena. 

5.4 Conclusions 

In this paper, we present the formation and fragmentation of Nb Ox y
+  clusters (x = 1–2, y 

= 2–12) after collision with noble gases. The open configuration of our cluster source, combined 

with the use of a high oxygen content beam for the clusters formation, leads to the apparition of 

small, oxygen‐rich aggregates whose O/Nb ratio is very different from the stoichiometry of the 

common niobium oxides. We also measured the collision cross sections of those clusters. The 

results are based on the fragmentation cross sections, obtained following collision induced 

dissociation.  

Without precisely measuring the N (the number density of the collision partner) and L 

(the length of the interaction region between clusters and noble gas), the absolute value cannot be 

determined, but the evolution of measured cross section with the cluster’s size (number of atoms) 

is representative and could be used for validating structures obtained by ab initio calculations, as 

we have recently shown.21  

While the conventional CID studies using a reflectron are limited (by ion optics) to the 

detection of fragments with molecular masses close to the parents’, the linear configuration used 
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in our new approach allows the efficient detection of ions (and neutrals!) in a larger mass range. 

Therefore, the new experimental configuration allows detecting and quantifying the Coulomb 

explosion of small clusters, opening the way to new studies.   
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Chapter VI 

Formation, fragmentation and structures of 

YxOy+ (x = 1, 2, y = 1–13) clusters: collision 

induced dissociation experiments and density 

functional theory calculations 

6.1 Introduction 

The research field of transition metal clusters, especially transition metal oxide clusters 

has exhibited a rapid development in both experiment and theory in the past decades. The 

clusters have attracted much attention because of wide applications in many areas, such as 

catalysis, material science, nanotechnology and microelectronics.1,2,3 Among them, yttrium 

oxide clusters have been a subject of many theoretical and experimental studies. For example, 

yttrium doped vanadium oxide cluster cations are investigated in order to demonstrate the local 

charge effects on methane activation for catalytic purposes.4 Another study has shown that 

nanoparticles composed of cerium oxide or yttrium oxide could have possible applications in 

medicine.5   

For studies of free clusters (in gas phase), well established experimental procedures – by 

coupling of ablation laser with a mass spectrometer – have been used,6 providing information on 

molecular, fragment and cluster ion formation in the ejected plume. Laser ablation of simple 
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oxides ( 2 3Y O ) or Y-M-Cu-O metal‐composite oxides (M = Ba, Sr, Ca, Mg)6,7,8,9 (for example 

2 3 7YBa Cu O x− )  in high vacuum led to formation of pure yttrium oxide cluster ions 2 3YO(Y O )n
+  

or mixed cluster ions of various sizes and compositions. The laser vaporization experiments of 

Becker and al.6 have shown 2 3Y O  and YO  to be the building units of generated cluster ions and 

the authors suggest that these clusters are products of condensation in gas phase rather than 

direct emission from the solid.  

Recently, there have been several studies on electronic properties of small yttrium‐oxide 

clusters. Knickelbein probed the photoionization spectra and measured electron vertical 

ionization potentials (IP) of Y Ox  clusters (x = 2–31).10 Wu and Wang11 performed the 

photoelectron spectroscopy studies (PES) on YO y  (y = 1–5) clusters. Pramann et al. produced 

Y Ox y
− (x = 2–10, y = 1–3) clusters, presented their PES spectra and measured the electron 

affinities.12  

Yttrium oxide clusters of the form Y Ox y
+ , produced by laser vaporization, have also been 

investigated by Reed and Duncan, with time‐of‐flight (TOF) mass spectrometry and 

mass‐selected photodissociation, providing insight in their fragmentation mechanism 

(fragmentation channels) and identifying the most stable stoichiometries.13  

Moreover, formation mechanisms, structures and relative stability of transition metal 

oxide clusters, have been studied in our laboratory employing the collision‐induced dissociation 

(CID) method, for mass selected titanium,14 iron15,16 and niobium-oxide clusters cations.17 With 

regards to the yttrium oxide clusters, the CID method was employed earlier to investigate some 

smaller species at collision energies 30–110 eV and 170 eV by Kahwa et al.18 Their CID spectra 

have shown higher thermodynamic stability for the clusters with general formula (3 1)/2Y Oa a
+

− , 

where a is an odd number (e.g. YO+ , 3 4Y O+  , 5 7Y O+  , 7 10Y O+ ). 

The progress in the experimental studies has motivated some theoretical calculations of 

the yttrium-oxide clusters, most of which were focused on monoxides. Hybrid density functional 

theory (DFT) calculations were performed to study the structural (geometry) and electronic 

properties of neutral, anionic and cationic 3Y O  clusters19 and 4Y O  clusters.20 Yang and Xiong 
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extended theoretical work on monoxides with their study on structural and electronic properties 

of Y Ox  (x = 2–14) clusters.21 Theoretical reports on other types of yttrium‐oxide clusters, 

containing more oxygen atoms, started with the investigation of the relative stabilities and 

structures of Y Ox y
+  cations and their neutrals.13 In another study, DFT calculations were 

performed to investigate electronic and magnetic properties of 2Y Ox  and 2Y Ox
−  (x = 1–8) 

clusters.22 In a recent study, electronic and geometrical structures of neutral and charged YO y  (y 

= 2–12) clusters were investigated using various functionals.23  

However, up to now, the structure and stability of yttrium‐oxide clusters, especially 

oxygen‐rich clusters, have not been investigated sufficiently. In this contribution we study mass 

spectra, structure and stability of Y Ox y
+  (x = 1, 2, y = 1–13). In our experimental studies we used 

an alternative CID method based on crossed molecular beams,15,16 which enables fast 

measurement of fragmentation processes without the need of mass selection of individual 

clusters.  

We also systematically investigated the structures of the prominent series of clusters with 

an odd number of oxygen atoms, YO y
+  (y = 2k + 1, k = 0–6), and their electronic properties and 

energetics, using density functional theory (DFT) calculations, as previously done for iron oxide 

clusters.15 Finally, comparison between theoretical and experimental results are performed and 

discussed.    

6.2 Experimental apparatus and methods   

6.2.1 Setup 

The cluster source and the basic experimental setup have been described in detail 

elsewhere24,25,26 and only the general features will be presented here. Yttrium oxide clusters are 

produced in a first vacuum chamber (source chamber), where a rotating pure yttrium target is 

placed just in front of an oxygen ( 2O ) pulsed nozzle (diameter 0.5 mm, backing pressure 4 bar). 
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The fundamental (1064 nm) of a Nd:YAG (neodymium‐doped yttrium aluminum garnet) laser 

(BMI, Series 5000) is employed to vaporize the yttrium target. 

6.3 DFT calculations 

 To further investigate the structure and stability of the 2 +1YO k
+  (k = 0–6) clusters 

identified in the mass spectra, we have performed theoretical density functional (DFT) 

calculations with the Gaussian 03W program package,27 to obtain the lowest energy structures, 

Mulliken population analysis, and energetics of these clusters.  

As previously seen, the B3LYP hybrid exchange‐correlation functional28,29,30 in 

combination with LanL2DZ basis sets has been proven to be efficient for the prediction of 

structure and different electronic properties of various yttrium‐oxide clusters 3Y O ,19 4Y O ,20 

2Y Ox  and 2Y Ox
− .22 In addition, the use of a larger polarized Quadruple‐ζ basis set def2‐QZVP31 

instead of effective core potential LanL2DZ basis set provides more accurate DFT calculations 

of bond parameters and frequencies.23  

The geometry optimizations on 2 +1YO k
+  (k = 0–6) clusters have been performed using 

B3LYP hybrid functional and pure functional BPW91.28,32 The yttrium atom was treated with 

def2‐QZVP basis set,31 whereas the full electron basis set 6‐311G(d,p) was used for oxygen.  

Two growth patterns were considered for determining the ground‐state structures and 

low‐lying isomers of the clusters. (1) We first optimized YO+ and then we continued with the 

sequential addition of 2O . To locate the most stable geometrical configurations during 

calculations, several initial geometries were attempted for each 2 1YO k
+

+  cluster by adding one 2O  

molecule in various positions, in the vicinity of the previously optimized structure of the 2 1YO k
+

−  

(k = 1–6) cluster. Some of these initial structures were built according to a certain symmetry 

group; however no symmetry restrictions were considered in the calculations in order to ensure a 

more thorough exploration of the potential‐energy surfaces of the clusters. (2) We also 
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considered the possible structures reported for the same yttrium oxide cluster ions by 

Venkataramanan.23  

For each of the initial structures, we tested different spin multiplicities (S) to find the 

most stable electronic state. Finally, harmonic vibrational frequencies by numerical 

differentiation of analytical gradients were computed on the optimized geometries (structures) at 

the same level of theory to characterize the stationary points and obtain zero‐point energy (ZPE) 

corrections. No correction factors were applied for the calculation of the frequencies or the ZPE 

correction. The stability of the obtained wave function for the ground state structures was 

checked performing single point energy calculations with the same method and criteria, 

including the keyword Stable in the input file.  

The optimized geometric structures from the DFT calculations were used to calculate 

geometrical cross sections of the clusters, which were then compared with the experimentally 

determined collision cross sections to validate the obtained ground state structures of the 2 +1YO k
+  

(k  = 1−6) clusters. The geometrical cross sections of the theoretical structures were calculated as 

the average of structures projections under different orientations using the projection model.16,33 

The radii of the atoms were evaluated using the universal potential model at the center of mass 

collision energy (radius Y+ = 0.85 Å and radius O = 0.60 Å).16,34,35 

6.4 Results and discussion 

6.4.1 Mass spectra 

A typical TOF mass spectrum of the Y Ox y
+  clusters obtained in our apparatus is shown in 

Figure 6.1. The intensity peaks of Y Ox y
+  clusters are labeled as x, y ranging from 1, 1 to 3, 4. The 

spectrum reveals the formation of two main cluster series containing one (YO )y
+  and two 

yttrium atoms 2(Y O )y
+ . The YO y

+  series consists of members with an odd number of oxygen 

atoms whereas those with an even number of oxygen are absent. The maximum number of 

oxygen atoms observed for these two series was 13 for YO y
+  and 6 for 2Y O y

+  under our 
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experimental conditions. In addition, presence of water impurities in the gas inlet system led to 

the formation of hydrated clusters (marked by triangles in Figure 6.1), with the general formula 

2YO (H O)y
+  (y = 1, 3, 5, 7).  
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Figure 6.1. Mass spectra of Y Ox y
+  clusters (labeled as x,y) obtained at Vgrid=0, with beam crossing 

(dashed line, red) and without beam crossing (solid line, black). The Δ indicates the hydrated clusters (see 

text for details). 

Accordingly to the spectrum in Figure 6.1, for the series of cluster ions containing an odd 

number of O atoms, 2 1YO k
+

+  (k = 1−6), we assume a formation mechanism by subsequent 

physisorptions of 2O  molecules to the initially formed YO+  ion. Clusters containing more than 

one Y atom are also formed, but in small amounts, due to the particularity of our open cluster 

source,16 and the most abundant cluster containing two yttrium atoms is 2 3Y O+ , where the formal 

oxidation states of Y in the cluster ion can be represented in combination of +3 and +4. Although 
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in relatively small amounts, a peak at mass 331 amu in our mass spectrum is attributed to the 

3 4Y O+  cluster, as this cluster appears with high stability in the experiments of Reed and 

Duncan,13 and it is also the most abundant species produced by Kang and Bernstein.36 Also, 

YO+ and 3 4Y O+  are identified as stable species and as preferred dissociation products of larger 

clusters by other groups.18 

6.4.2 Fragmentation channels 

We have measured ion intensities versus retarding potential for several YOn
+  and 2Y O y

+  

clusters using the procedure described in Section 5.3.2. The potential on the retarding electrode 

Vgrid was increased from 0 to a value significantly higher than the accelerating voltage, i.e., 

~2100 V, and the results are shown in Figure 6.2(a−d) for YO y
+  (y = 5, 7, 9, and 11) clusters, 

respectively.  

In the case of “beam on” signal, as the Vgrid increases, fragments with EF ≤ qVgrid are 

rejected and this appears as a sudden signal intensity decrease. This value of Vgrid is used to 

derive the mass Fm  from Equation 1.39. For each of the YO y
+  cluster investigated, the only 

fragmentation channels we could identify were those corresponding to loss of one or more pairs 

of O atoms (possibly molecules) and are seen as well pronounced steps in Figure 6.2(a−d). As a 

typical example, there are four possible fragmentation channels in the case of 9YO+  (Figure 

6.2(c)), which lead to the 7YO+ , 5YO+ , 3YO+ , and eventually YO+  products.  

Similar measurements were performed for clusters containing two yttrium atoms. The 

2 2Y O+  fragmentation (results not shown) produces only one fragment ion, YO+ , in agreement 

with Ref. 18. The graphs in Figure 6.3(a,b) show plots of ion intensities vs retarding potential for 

two representative clusters containing two yttrium atoms: 2 3Y O+  and 2 4Y O+ , respectively. 
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Figure 6.2. Relative ion intensity of (a) 5YO+ , (b) 7YO+ , (c) 9YO+  and (d) 11YO+  versus retarding 

potential, with beam crossing (circles) and without beam crossing (squares). The arrows indicate the 

laboratory kinetic energies ELab of the corresponding fragment ions. The kinetic energy distribution of the 

ions is obtained by taking the negative differential. 

From Figure 6.3(a), we observe that 2 3Y O+  releases O to produce 2 2Y O+  or undergoes 

fragmentation by loss of 2YO  to produce YO+ . The center of mass collision energy of 2 3Y O+  is 

124 eV, and the main CID product is YO+ , also in agreement with Ref. 18, where formation of 

YO+  was identified as the dominant product at collision energies higher than 50 eV.  
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Figure 6.3. Fragmentation of (a) 2 3Y O+  and (b) 2 4Y O+ , with beam crossing (circles) and without beam 

crossing (squares). 

The fragmentation channels of the ion 2 4Y O+ , depicted in Figure 6.3(b), are most likely 

the following two:  

a) 2 4 2 2 2Y O Y O O+ +→ +  

b) 2 4 2Y O YO  YO  O+ +→ + +   

Although we cannot directly identify the neutral fragments, the products accompanying the 

formation of YO+  in Reaction b) are most likely YO  and 2O , as 3YO  is not expected to have a 

stable structure. All fragmentation channels of the 2Y O y
+  clusters and their fragmentation 

products are summarized in Table 6.1. 

Table 6.1. Fragmentation channels of 2Y O y
+  clusters and their fragmentation products 

Cluster ion Fragment ion Neutral(s) 

2 2Y O+  YO+  YO  

2 3Y O+  2 2Y O+  O  

YO+  2YO  

2 4Y O+  2 2Y O+  2O  

YO+

 2YO + O  
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6.4.3 DFT calculations 

To gain further insight in the formation and stability of the clusters, we performed DFT 

calculations on the prominent species in our mass spectra, 2 +1YO k
+ (k = 0−6). For each cluster 

investigated, we optimized numerous initial geometries and multiplicities in the search for the 

ground state structure (and multiplicity).  

The calculation of the total binding Eb energy, which corresponds to the attaching of all 

2O  units to the YO+  ion, 2 2 1YO O YO kk+ +
++ = , was done according to the following formula: 

2 1 2 2 1(YO ) (YO ) (O ) – (YO )b k el el el kE E k E E+ + +
+ += + ⋅ , 

where all the electronic Eel energies were corrected by adding the zero point energy (ZPE) to the 

calculated values:  

( )ZPEel calcE E E= + .  

The optimized geometries which correspond to the ground states and low‐lying isomers 

of 2 +1YO k
+  (k = 1–6) clusters, along with their multiplicities, are presented in Figure 6.4. The 

stable structures are designated by ya and yb, where y is the number of oxygen atoms, whereas 

labels a and b correspond to the ground and first low‐lying states, respectively (according to the 

total binding energy Eb from high to low). Relative energies (RE), which represent the difference 

in total binding energy Eb between the energetically lowest structures, are also given in the 

Figure 6.4.  
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Figure 6.4. The optimized cation ground‐state and low‐energy structures for the 2 +1YO k
+  (k = 1–6) 

clusters along with bond lengths, multiplicities and relative energies RE.   
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The relative stability of the clusters usually correlates with differences in the binding 

energies of the successive clusters, calculated with the relation 

2 1 2 –1(YO ) – (YO )b b k b kE E E+ +
+∆ = . 

In Table 6.2, we summarize the multiplicities of the most stable and some low‐lying cluster 

isomers, the calculated electronic Eel energies for these configurations, the total Eb binding 

energies for all 2O  ligands, and the binding energy differences ΔEb of the 2 1YO k
+

+  clusters.  

Table 6.2. Calculated structures (symmetries), multiplicities, total binding energies Eb, relative energies 

RE, and binding energy differences ΔEb of 2 1YO k
+

+  clusters obtained at the DFT/B3LYP level of theory.   

cluster 
Symmetry 

group (isomer)  
multiplicity Eb (eV) RE (meV) ΔEb (eV) 

3YO+  
Cs (3a) triplet 2.217 0 2.217 

Cs singlet 0.624 1593 ‐ 

5YO+  
Cs (5a) quintet 4.408 0 2.191 

Cs (5b) triplet 4.253 155 ‐ 

7YO+  

C3v (7a) septet 6.577 0 2.169 

C1 (7b) quintet 6.548 29 ‐ 

C1 triplet 6.546 31 ‐ 

9YO+  

C1 (9a) triplet 8.699 0 2.122 

C1 septet 8.693 6 ‐ 

C1 quintet 8.693 6 ‐ 

C4v (9b) nonet 8.676 23 ‐ 

11YO+  

Cs (11a) septet 10.819 0 2.120 

C1 triplet 10.807 12 ‐ 

C5 (11b) 11‐et 10.614 205 ‐ 

C1 septet 10.590 229 ‐ 

13YO+  

C2v (13a) nonet 12.795 0 1.976 

C2v 11‐et 12.787 8 ‐ 

C1(13b)  13‐et 12.457 338 ‐ 

C1 11‐et 12.030 765 ‐ 
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The global minimum of YO+  is a singlet state, in agreement with Ref. 23. The calculated 

length of the yttrium-oxygen bond is 1.747 Å, which also agrees with the value of 1.745 Å 

computed at the same B3LYP level in the same study.  

For 3YO+ , a planar geometry with Cs symmetry is predicted, where the oxygen atoms are 

bound to the yttrium to form one oxo ligand (terminal oxygen atom) and an end‐on bonded η1‐

2O  ligand (superoxo ligand), presented as the structure 3a in Figure 6.4. In this study, the 

terminal oxygen atom and terminal Y−O bond will be denoted as Ot and Y−Ot, respectively. The 

distance between Y and the superoxo ligand is quite long (2.513 Å) compared with the length of 

the Y−Ot bond (1.756 Å). For this cluster we predicted a triplet ground state. Another stable 

structure obtained for 3YO+  is a singlet (not shown in the Figure 6.4), also with Cs symmetry. In 

this structure, the distance between Y and superoxo group is significantly longer (2.603 Å). 

However, this isomer structure is higher in energy then the triplet with 1593 meV and on the 

basis of the large energy difference we rule out this structure. The predicted minimum energy 

structure 3a is comparable with the observation of YO (CO)+  instead of 2Y (CO )+ .37 

In the case of the 5YO+  cluster we obtained two stable structures, 5a and 5b, 

corresponding to a quintet and a triplet state, respectively, with quite different structures. The 

quintet state has a nonplanar structure corresponding to Cs symmetry, with one Ot atom and two 

end‐on bonded superoxo ligands coordinated around central yttrium, where the bond lengths are 

slightly longer than in the case of 3YO+  cluster. In the triplet state the oxygen atoms form side‐on 

bonded peroxo (η2‐O2) and ozonide (η2‐O3) ligands similarly to the structure presented in Ref 23. 

The quintet state is energetically lower than the triplet for 155 meV, and represents the ground 

state of 5YO+ .  

The ground electronic state of 7YO+  is a septet with C3v symmetry (7a), with an Ot atom 

and three superoxo ligands coordinated around yttrium. All bond lengths are around 0.01 Å 

longer than in the case of the ground state 5YO+  structure (5a), except O O− bond of the 

superoxo ligands, whose length remains unchanged (around 1.203 Å), and is very close to the 

calculated value of 1.207 Å for 2O . The calculated bond length is in very good agreement with 
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the precise experimental value of 1.2074 Å.38 Additionally, two stable structures were found, 29 

and 31 meV higher in total binding energy than the ground state, corresponding to a quintet and a 

triplet state, respectively, thus representing two degenerate states. These two states are very 

similar superoxo−peroxo ozonide structures, with close geometrical parameters, thus only the 

quintet state is presented (7b).  

In the case of the 9YO+ , we obtained three degenerate states: a triplet, a quintet, and a 

septet, with the triplet state being the most stable, whereas the later two isomers are ~6 meV 

above the triplet. All three structures have C1 geometry and very similar values of structural 

parameters; therefore only the ground triplet state is presented (9a). These cluster structures have 

two superoxo, one peroxo, and one ozonide groups connected to the central yttrium. Another 

stable structure (9b) was obtained, with one oxo and four superoxo ligands, placed 

approximately in the same equatorial plane normal to the axis of the YO+  unit (the axis of the 

cluster); the angles between the YO+  axis and the coordinated superoxo ligands are around 60°. 

Although the optimized structure has C1 symmetry, by putting a higher cutoff level below which 

structural parameters are considered to be equal, the 9YO+  cluster can be approximated with a 

higher C4v symmetry group. 

 Of several different stable isomeric structures obtained in the case of 11YO+  cluster, the 

ground state and the first low‐lying isomer have similar geometrical structure and bond 

parameters and are found to have septet (11a) and triplet spin multiplicity, respectively. They are 

predicted to be (nearly) degenerate, with the ground septet state being only 12 meV more stable 

than the triplet (not presented in the Figure 6.4). These two isomers have a geometrical structure 

similar to the one of the most stable 9YO+  isomer (9a), however, with one additional superoxo 

ligand. In addition, there also exists a low‐lying isomer structure 11b (205 meV higher than the 

ground state) with the multiplicity of 11, possessing C5 symmetry with five oxo ligands 

distributed around the YO+  unit.  

For the largest cluster theoretically studied, 13YO+ , we found two degenerate structures 

corresponding to the ground state (13a) and the first low‐lying state with a multiplicity of 9 and 
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11, respectively, where the latter one is 8 meV higher. The two structures have four superoxo, 

one peroxo, and one ozonide groups, and possess C2v symmetry. Similarly to the previous 

clusters, for this cluster size we have also found low‐lying structures with a YO+  unit – with 

multiplicities of 13 (338 meV above the ground state) and 11 (765 meV above the ground state), 

respectively. These two isomers were found to have C1 symmetry with one oxo and five 

superoxo ligands in pentagonal arrangement and one additional superoxo ligand placed 

approximately on the same axis with the YO+  unit. These two isomers have very similar 

structures (13b), with the bond lengths differing by less than 0.01 Å. Of the six bonds between 

yttrium and superoxo ligands, the five in the “equatorial” plane are around 2.630 Å, whereas the 

on‐axis bond is quite elongated (2.925 Å).  

From Figure 6.4 we observe a series of cluster isomers with n ≥ 3, possessing a shorter 

Y−Ot bond, and significantly longer bonds between central yttrium and the weakly coordinated 

superoxo ligands. Here the optimized Y−Ot bond distance increases with the cluster size, 

between 1.747 Å in the case of YO+  and 1.787 Å for the largest 13YO+ . For the same structures, 

the bonds between yttrium and the superoxo ligands range from 2.513 Å in the case of 3YO+  to 

2.630 for 13YO+ . These structures strongly imply the existence of a chemically bound YO+  

cluster core whose formation can be explained by the fact that the initial phase in the growth of 

these clusters, 2Y O YO O+ ++ → + , is exothermic.39 The preference for formation of clusters 

with an odd number of O atoms can also be explained by the stability of YO+  core, where 

yttrium takes its stable +3 oxidation state13 corresponding to the bulk yttrium oxide, 2 3Y O .40, 41 

We observe another series of cluster isomers without the YO+  core, starting from the 

size y ≥ 5, containing superoxo, peroxo, and ozonide oxygen. All the bonds connecting yttrium 

and these ligands show a slight increase in the bond lengths with the cluster size. The bond 

lengths between yttrium and superoxo ligands range between 2.487 and 2.591 Å, the bond 

lengths between yttrium and peroxo ligands are between 2.165 and 2.213 Å, whereas the bonds 

between yttrium and ozonide ligands vary from 2.167 and 2.363 Å.  
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In Figure 6.5 we plot the binding energy difference ΔEb of the ground energy state 

(ground state structures of) 2 1YO k
+

+  (k = 1–6) cluster ions, corresponding to the reaction

2 –1 2 2 1YO O YOk k
+ +

++ →  leading to the formation of 13YO+ .  

 

Figure 6.5. Variation of the binding energy difference ΔEb of the 2 1YO k
+

+ , (k = 1–6) cluster ions 

with the number of 2O  ligands. 

Figure 6.5 shows that as the number of 2O  attached to the YO+  core increases, the 

sequential reactions gradually become less energetic favorable. The sequential bonding energy 

shows only a slight decrease until 11YO+ , and then it shows a sudden decrease for 13YO+ . As a 

consequence, the formation of clusters with more than five 2O  ligands becomes 

thermodynamically less favored. These results are in agreement with our experimental results for 

the cluster abundances shown in the mass spectrum (Figure 6.1), where the a series of relatively 

intense clusters containing up to five 2O  ligands is followed by a much lower 13YO+  peak. This 
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observation is similar to the case of iron oxide clusters, where attaching up to five 2O  molecules 

to a Fe cation is a thermodynamically favored process, but adding one more 2O  is endothermic, 

which resulted in dominant production of 2Fe(O )n
+  (n = 1–5) and much weaker peaks for 

clusters with more than ten O atoms.15  

In contrast to the theoretical results of Venkataramanan,23 which indicate that there are no 

thermodynamically stable structures for clusters with n > 8, our experimental results have shown 

formation of significant amounts of 9YO+ , 11YO+ , and 13YO+  clusters. Our calculations showed 

that for each 2 1YO k
+

+ , (k = 0–6) cluster there are two types of structures, close in energy. On the 

basis of the current state of the calculations, we are not able to rule out any of them; probably a 

mixture exists in the cluster beam because the cluster formation starts at relatively high 

temperature (≥300 K) in the gas-plasma mixing region. Therefore, more calculations are needed 

to gain information on these aspects. 

6.4.4 Collison Cross Section Measurements 

For the experimental determination of the fragmentation cross section we employ the 

procedure described in Section 2.2.2 as it is outlined in detail in Ref 17. Equation 2.4 can be 

rewritten in the following way: 

( ) – ( )
ln

( ) – ( )
ON grid acc ON grid acc

OFF grid acc OFF grid acc

I V V I V V
QNL

I V V I V V
= −








                                                                    (6.2) 

where ONI  and OFFI  are signal intensities at appropriate voltages with (ON) and without (OFF) 

the secondary beam. With Equation 6.2, the quantity QNL, which we call relative fragmentation 

cross section is determined from the graphs in Figure 6.2(a−d) for the individual YO y
+  clusters. 

The results corresponding to experiments performed at the acceleration voltage 1500 V 

(laboratory kinetic energy = 1500 eV) as a function of the cluster size, i.e., the number of oxygen 

atoms y, are displayed in Figure 6.6. Measurements were also performed at an acceleration 

voltage of 1000 V, and these results are also plotted in Figure 6.6. 
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Figure 6.6. Comparison of relative fragmentation cross section of  YO y
+  clusters, obtained using 

different acceleration voltages Vacc, as a function of number of oxygen atoms, y. 

The cross sections show similar trends, within experimental errors (estimated at around 20%). 

The cross sections for YO y
+  + Ne collisions increase with y, as seen in Figure 6.6. The relative 

minimum observed for y = 9 can be explained by the special stability of this cluster, as noticed 

also in the mass spectrum in Figure 6.1, where it is seen as the most prominent cluster. A similar 

observation was made for the iron oxide cluster containing 10 oxygen atoms.15  

The center of mass frame collision energy for the smallest YO y
+  cluster investigated, 

3YO+ , is 193 eV and decreases with the number of O down to 106.1 eV in the case of 11YO+ , 

whereas for comparison, the dissociation energy of YO is ~7.4 eV.23 Therefore, in collisions with 

the target gas, for every cluster of the series the energy available for conversion to internal 

energy is much higher than the dissociation threshold and therefore it is expected to cause 

efficient fragmentation. In the situation of high‐energy collisions, where all collisions lead to 
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dissociation, the measured fragmentation cross sections can be considered as the lower limit of 

the total collision cross section. Because the present experiments are performed under a relative 

large center of mass collision energy, the collision cross section can be approximated with the 

orientationaly averaged geometrical cross section, which reflects directly the geometrical 

structure of the involved species.  

Based on these considerations, a validation for the theoretical geometrical structures from 

Section 6.4.2 is the comparison of their geometrical cross sections with the experimentally 

determined collision cross sections. In Figure 6.7 they are shown as a function of the number of 

oxygen atoms, y. The experimental values are normalized and displayed on the same figure for 

comparison. 

 
Figure 6.7 Comparison between the experimental (squares) and theoretical (circles) cross sections at 

1500 eV laboratory energy. The experimental values have been normalized to the theoretical ones. 
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The general evolution trend is similar for the two sets of data and a good correspondence 

exists between the experimental and theoretical values. Although the theoretical values show an 

almost linear trend, a change of slope is observed at 9YO+  for the experimentally determined 

cross sections. This discrepancy can be due to the fact that we compare the measured 

fragmentation cross section with the theoretically calculated geometrical one. Though generally 

the two values are very similar, in the case of clusters with special stability, the fragmentation 

cross section can be smaller. This was also observed in the cases of 10FeO  and 10NbO .16,17 

 

6.5 Conclusions 

We produced oxygen rich yttrium oxide clusters by mixing the laser‐ablated yttrium 

plume with a pure oxygen molecular jet. Mostly clusters containing one metal atom are formed, 

with reduced quantities of clusters containing more Y atoms. Contrary to other transition metal 

oxide clusters produced in our laboratory ( FeO y
+ , NbO y

+ ), the YO y
+  clusters have odd values of y, 

due to the negative standard enthalpy of formation of YO, whereas for FeO and NbO (TiO, TaO, 

VO) is positive.42 Additionally to the TOF mass spectrometry, the YO y
+  clusters have been 

studied by CID and their relative collision cross sections were measured. We used an 

experimental configuration developed in our laboratory, on the basis of the interaction of the 

ionic clusters beam with an atomic beam of noble gas and the subsequent separation of the 

reaction products (fragments) using an energy filter. In this way, we identified the fragmentation 

channels of the clusters after collision with noble gas atoms as the successively loss of oxygen 

molecules (or pairs of oxygen atoms) down to a YO+ core. Therefore, on the basis of the 

fragmentation patterns of the clusters, we propose that the clusters are formed via sequentially 

attaching of 2O  molecules to the initially formed YO+ cluster core. 

Furthermore, DFT calculations were performed to identify the clusters’ structures. 

Starting from 5YO+ , two different series of structures are observed. In the case of the first series 
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of cluster isomers, 2O  molecules bind to the YO+ core, to form end‐on bonded superoxo ligands. 

In the second series of cluster isomers, the oxygen is in superoxo, peroxo and ozonide states. 

Although the energy difference between the isomers of the same size is relatively small, 

there might exist a high‐energy barrier for the isomerization reaction, which leaves most of the 

cluster in one of the isomer forms. Further theoretical work is needed to calculate different 

configurations and to explore the configuration space of these systems.  
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