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Abstract

The stability of multiply charged clusters under the influence of electrostatic
repulsion contained within them is determined by the balance between the
cohesive forces holding the cluster together and the repulsion between the
charges. Experimentally, the onset of stability is determined through the
observation of a critical size, below which the cluster ceases to be observed.
There is a region above the critical size in which a multiply charged cluster
becomes metastable and the fragmentation into charged fragments can be
detected in the experimental time frame. The most interesting pathway is
the separation of the precursor into charged fragments which is termed
coulomb fission, which if the metastable peaks from the processes are
observed, can contain information about the interactions between the
charged dielectric fragments and add to our understanding of how like

charged species interact in nature.

The work contained presents an investigation of the multiply charged
molecular cluster systems: (Ce¢Hg)n?*, (CH3CN)nZ+, (C4HgO)nz*, (NH3)n** and
(H20)nz*. Using updated experimental procedures, the critical sizes for
multiply charged molecular clusters is determined for charge states of up to
z = 8+ and are compared to predictions made with existing theories. The
coulomb fission into charged fragments is observed using the mass-
analysed kinetic energy (MIKE) scanning technique and by simulating the
shape of the experimental peak, the experimental energy release following
the separation is determined. This energy is found to agree well with the
predictions of a dielectric particle drop model which describes the

interactions between dielectric bodies.
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Chapter 1: Introduction

Chapter 1 : Introduction

The purpose of this chapter is to give a selective overview of the research
and theory that has facilitated the work contained in this thesis. Where
relevant, progress in the field is given up to the current level of

understanding.

1.1  Multiply Charged Molecular Clusters

The study of physical chemistry has benefited greatly from the advent of
cluster science. Clusters give a researcher a medium that is distinguishable
from condensed or gaseous phases, atoms or bulk and one that is
controllable in size and composition. An accepted description of a cluster is
‘a large stable aggregate of atoms, ions or molecules that are weakly bound
[1], with anywhere between 2 and 10 - 105 aggregates’ [2]. Clearly this is a
very large range and physical and chemical properties will change
significantly within this range. With the application of modern laboratory
equipment the study of clusters has turned into an exciting field of research,
enabling the study of the development of characteristic properties of
compounds. It is possible in many cases to identify the size of a cluster in
which the system shows characteristic chemical and physical properties
that are identical to the bulk material. With modern laboratory equipment
one is able to accurately control the size of the cluster and follow a property
of interest as a function of cluster size. A classic example of this type of
experiment was published by Buffat et al. [3] who by measuring the size
dependent melting temperature of gold particles found that the melting
point of bulk gold could be reached with a finite number of gold atoms . The
evolution of other bulk properties can be measured by stepwise growth of
clusters: magnetism [4], ionisation potential, nature of bonding [5],
solvation [6-8] being notable examples. Due to the high proportion of
constituents on the surface, clusters have also attracted attention for their

1
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potential for use in catalysis [9]. Clusters have also been applied widely in
spectroscopic experiments due to the cold platform they provide for seeded

compounds [10-12].

A size dependent property that has been the focus of interest in the field of
cluster science is the ability of a cluster to support charge. It has been
known for a long time that there exists a critical size in cluster systems with
charge states z > 2 that below which the cluster ceases to exist, fragmenting
by a process termed coulomb fission [13]. This is the point where the
cohesive energy brought about by the surface tension is overcome by the
electrostatic repulsion of the total charge within the system. The number of
n molecules needed to support z charges in a cluster is termed the critical
size n..;;(z) and has been determined by an onset of ‘non-integer’ peaks in a
cluster mass spectrum [13]. Beyond this size the inter-charge distance is
great enough that the cohesive energy of the cluster can withstand the

diminished electrostatic repulsion and the cluster becomes metastable.

The study of stability under electrostatic repulsion and coulomb fission
from precursors containing a large amount of charge is the focus of this
work. Presented are new methods for determining the mechanism and
energetics of the coulomb fission process including results showing
coulomb fission up to charge state of 8+. Also included is a study of the onset
of stability of the multiply charged systems and how it compares to previous
theories. Results are presented for benzene -(Ce¢He)n?*, acetonitrile -
(CH3CN)q#+, ammonia - (NH3)n%*, Tetrahydrofuran (THF) - (C4HgO0).* and

water - (H20),* multiply charge cluster systems.



Chapter 1: Introduction

1.2 Stability and Coulomb Fission

The first relevant description of stability of multiply charged clusters and
droplets was proposed by Lord Rayleigh in 1882 [14] where he stated: “In
consequence of electrostatic repulsion, a charged spherical mass of liquid,
unacted upon by other forces is in a state of unstable equilibrium...when the
charge is great the spherical form is unstable...”. Theory developed from this
describes the stability of a charged droplet under the influence of charge by
treating the cluster system as a continuum with a spherical shape of
radius r, that being the minimum value of the surface energy. The critical
size, or the minimum number of molecules required to stabilise a cluster
containing z charges (n.;;(z)) is given by the Rayleigh equation [15]:

(ze)®

64TT2y 9T 3

Nerie(2) = (1.1)

Where z is the total charge, e is is the elementary charge constant, g; is the
permittivity of free space, y is the surface tension of the droplet and 7, is the
radius of the cluster. Below this size the cluster is unstable with respect to
fission, with a lifetime less than 1ps. In the context of the experiments to be
presented, this means that if a multiply charged cluster below the critical
size was to form during ionisation it would undergo fission before any
analysis could occur. An increase in size beyond n..;(z) stabilises the
cluster with respect to coulomb fission and the cluster becomes metastable
with a lifetime in the region of approximately 50 ps making it observable in
the experimental timeframe (see Chapter 2). The molecular radius is
calculated via the density of the bulk material in liquid phase, the same
method that is used to calculate cluster radii in the dielectric particle model.
Room temperature values for surface tensions were used. Beyond a certain
size the charge is stabilised to a degree where coulomb fission ceases to be

observed in the apparatus. This is termed the stable size for charge state z

(nstan(2))-
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On a molecular level, there will be a range of intermolecular forces holding
the cluster together against the electrostatic repulsion. Between neutral
molecules of any kind random dipole induced-dipole interactions
(dispersion interaction) will be present. If the molecules have strong dipole
moments there will also be dipole-dipole and dipole-induced dipole
interactions. The presence of charge on the molecules will cause charge-
dipole (electrostatic interactions) and charge induced-dipole interactions
(inductive interactions) depending on the presence of a permanent dipole
the molecules. Water and ammonia molecules, due to the presence of lone
pairs of electrons on the O and N atoms can also form hydrogen bonds.
Comparison between the experimental measurements on the bond
dissociation energy of the dimers of neutral water (1105 + 10 cm1) [16],
ammonia (660 4+ 20 cm1) [17] and benzene (564 + 81 cm) [18] (larger
calculated values for the benzene dimer have been reported, but the values
are for the well depth D. rather than the lowest vibrational energy Dy [18])
show the strength of the dimer bond is determined, to an extent, by the
strength of these interactions. The benzene dimer, held together mainly by
dispersive interactions has the weakest interaction energy. The water has a
higher energy than that of ammonia due to the increased strength of the
hydrogen bond between water molecules. The surface tension of the cluster
is the cohesive force that holds the cluster together. To minimise surface
energy, the cluster will take the form of a sphere or a close approximation of
a sphere. Water, having the strongest intermolecular forces, including
hydrogen bonds, will have the largest surface tension (0.072 Nm-1) at the
cluster interface. Ammonia clusters also have a hydrogen bonding network.
However, the strength of the ammonia - ammonia hydrogen bond is weaker
than for water, therefore, the magnitude of the surface tension is smaller. A
value of 0.038 Nm-! for ammonia is used in this work [19]. Benzene (0.029
Nm-1)[20], acetonitrile (0.029 Nm-1) [21] and tetrahydrofuran (0.026 Nm-1)

[22]all have smaller surface tensions. This reduction is due to the lower
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strength of the attractive intermolecular van der Waals interactions in these
systems compared to hydrogen bonds present in water and ammonia. The
second governing factor in the magnitude of the critical size n..;;(z) is the
molecular radius, which is calculated from the bulk density of the substance.
This results in the benzene system, which has a comparably small surface
tension, having a critical size n..;(2) =17 much smaller than water
N (2) = 35. This is due to the increased separation of the charges
compensating for the decrease in surface tension. Comparison between
water and ammonia (n.(2) = 50) which have similar molecular radii,
reveal the effect the stronger hydrogen bonds have on the value of surface

tension for water and the resultant decrease of the critical size.

Over the past 30 or so years there have been many attempts observe and
model coulomb fission in various systems [13,23-36]. Some of the work
concerns metallic clusters, optical molasses, morse clusters and droplet jets
which although may have different physical properties to molecular clusters
that are the focus of this work, have yielded some good results that have
benefited the whole area of study. Coulomb fission is a charge separation
process. The simplest description is that of a precursor with more than one
charge centre fragmenting into two or more charged fragment ions when
under the influence of electrostatic repulsion, carrying portions of the initial
mass of the body. Figure 1.1 gives a schematic of the elongation of the
precursor followed by the scission into two charged fragments beyond a

critical shape (c).
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(a) (b)

OO O

Figure 1.1: Schematic showing the elongation which originates from
the electrostatic repulsion of two like charges within a precursor (a).
leading to elongation (b,c) and then breakage (d). A generic representation
of coulomb fission

A mechanism for describing coulomb fission, starting from ionisation, is a
multi-staged process. Firstly, from a double ionisation event from a single
electron, a doubly charged ionic cluster of size n is formed with the charged
centres separated by m monomers: (M)*(M)m(M)*(M)n-m-2 [37]. The next
stage comprises rapid electron-hole recombination leading to the
repositioning of the charges to opposite sides of the cluster, minimising
electrostatic repulsion, giving the cluster ion the form of (M)*(M)a.2(M)*, a
mechanism first proposed by Gay and Berne [37]. Considering a molecular
cluster is assumed spherical in shape and dielectric in nature means the
charge that is initially gained through the ionisation process is able to move
to the surface of the sphere to achieve the most stable configuration.
Depending on the number of aggregates in the cluster it will now either be
unstable, metastable or thermodynamically stable with respect to fission.
The intrinsic energy barrier to fission E, ;. iS overcome by the residual
internal energy in the cluster left over from the ionisation process. This
energy is randomly distributed among the many vibrational modes within

the cluster, but a portion will be distributed into the collective mode that
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results in the critical shape before fission and will eventually drive the
cluster over the fission barrier. The magnitude of the maximum of potential
energy between the fragments with respect to infinite separation (U,,,4,)
can be derived from the experimental kinetic energy release, KER (see
Chapter 2.11). This value can contain information about the position of the
charges pre-coulomb fission. Previous work [38] has found that by using a
new dielectric particle model (Section 2.10) the interactions between the
fragments post-coulomb fission can be analysed. The magnitudes of the
calculated Uy are found to closely match the experimentally determined
KERs for a range of dication cluster systems. Figure 1.2 shows a generic

schematic for a potential energy curve for coulomb fission,

(M), (A) 7+ (B)

e i’f ___
E barrier

(M )nz+

(A) 2 + (B)

Electrostatic potential energy U

U,.. =KER
0 Surface-surface separation rpp
Figure 1.2: A potential energy curve for the coulomb fission of the

multiply charged cluster (M),z* into fragments (A)ni#** and (B)x*

It has been shown that in some circumstances the force between two like
charged dielectric particles can be attractive [39] (Section 2.10). This
mirrors observations made in other dielectric mediums. Ocht et.al. [40]

were able to measure the effect of charge in water droplets in free fall and
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found a range of interactions between the charged droplets. Attractive
potentials have been studied for powder based materials, similar to those
used in electrophotographic printers [41]. There are noted similarities
between the fragmentation pathways of the multiply charged cluster and
the fundamental step of the electrospray ionisation (ESI) technique in which
the final analyte is formed [42]. The work presented shows unimolecular
fission for clusters much larger and highly charged than previously
observed. This affords the opportunity to study molecular clusters that are

comparable in size and charge to an ESI droplet.
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2.1 Introduction

The experimental measurements of multiply charged molecular clusters
presented in this thesis have been carried out using a VG-ZAB double
focusing mass spectrometer of Niers-Johnson geometry; that is, with a mass-
selecting magnetic sector preceding the energy analyser. The mass
spectrometer ionises neutral clusters, and using different operating modes,
one is able to isolate both precursor and fragment clusters for study. The
mass spectrometer is coupled to a pulsed supersonic nozzle which produces
the neutral clusters. Cluster ions of a range of sizes and charge states are
produced in the ion source and are focused via a magnet into a field free
region (ffr) where fragmentation of metastable precursors can be measured
by scanning an electrostatic analyser (ESA) over a range of energy values.
The ion beam must also pass through three sets of focussing slits. One is
positioned at the end of the ion source and subsequent ion optics, the
intermediate slit is positioned at the end of the 2nd ffr and acts to focus in the
z-axis, and finally, the collector slit is positioned after the ESA and before the
detector. These slits act to align the ion beam and also discriminate against
divergence of the ion beam, allowing for more precise measurements of

coulomb fission.

This setup allows for the production and ionisation of atomic and molecular
clusters and subsequent probing of unimolecular reaction pathways of the
ions by using a technique called mass-analysed ion kinetic energy (MIKE)
scanning. Additionally, the ZAB can accommodate a collision cell at the end
of the 2nd field free region enabling the study of collision-induced

fragmentation reactions and has a port to allow a laser to pass into the
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chamber, allowing laser-induced fragmentation reactions to be performed.
There is also an option to include a ‘pick-up’ chamber between the cluster
chamber and the ion source enabling the production and study of metal-

ligand complexes.
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2.2 Experimental setup

The experimental process can be broken down into 6 stages: Cluster
production, ionisation, magnetic sector, second field free region, electric
sector and detection. Clusters are formed via the supersonic expansion of a
mixture of the solvent of interest with a carrier gas, which for all results
presented was argon gas. For experiments involving ammonia, a pre-seeded
gas mixture of 10% ammonia/argon was used. The neutral clusters then
travel a short distance to the ion source where they are ionised by electron
ionisation. Positive ions are then extracted by charged plates through the
first field free region (1st ffr) into the magnetic sector. Clusters are isolated
by using an electromagnet with a fixed radius of curvature. The value of the
magnetic field strength will select a cluster ion with a specific value of mass-
to-charge (m/z) and exclude all others. The selected ions travel on to the
second field free region (2 ffr) where the fragmentation of precursor ions
can be observed. Resulting fragments, and residual precursor ions pass on
to the electric sector which separates the ions according to their kinetic
energy in the laboratory frame. The reaction fragments then pass through to
be detected. Figure 2.1 is a schematic overview of the experimental

apparatus.

This basic setup has been used in similar experiments previously [12, 13].
Modifications have been made to maximise the probability of detecting the
very small signals resulting from coulomb fission presented in this work. A
pick-up cell, between the cluster chamber and ion source chamber was
removed. This reduces the distance to ionisation from the nozzle and so
reduces the divergence of the collimated molecular beam. This will increase
the number density of neutral clusters entering the ion source. This results
in additional ionisation in the ion source and consequently, additional
multiply charged precursors in the final ion beam. Secondly, in order to

maximise dynode conversion and peak separation in the MIKE spectra,
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higher accelerating energies were used. The increase in kinetic energy of
ions in the beam colliding with the dynode results in stronger signals at
detection. The resolution of MIKE peaks can be improved by increasing the
accelerating energy. The laboratory frame kinetic energy of MIKE peaks is
dependent on E, the kinetic energy of the parent (See Equation 2.10, Section
2.9). This energy is given to it by the accelerating potential. If one was to
increase this energy from 5 kV to 7 kV, the peaks would shift in energy by a
factor of 7/5, and so too would the spacing of the peaks. It may be assumed
that the MIKE spectra presented are performed under 7 kV accelerating

potential, unless otherwise stated.

Magnetic sector

Electric sector

] |
\!
lon source o A
W i

Detection system

Figure 2.1: The experimental apparatus: A supersonic nozzle coupled to a
VG-ZAB double focusing mass spectrometer with a dynode-photomultiplier
detection system.
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2.3  Cluster Formation

The first stage of cluster formation is to form mixed clusters of the solvent
molecules and argon atoms. To achieve this argon gas is passed into a
reservoir containing approximately 20 ml of the solvent. The gas enters at
the base of the reservoir and passes to the top, mixing with the vapour
phase of the solvent above the meniscus. The gas mixture then passes
through into the stagnation chamber located behind a nozzle inside the
expansion chamber. It is often found to be effective to apply some level of
cooling by using an ice bath to lower the vapour pressure of solvent in the
reservoir. This can help achieve a balanced mix of solvent/carrier gas thatis
suitable for supersonic expansion. High amounts of solvent in the stagnation
can ‘flood’ the chamber which can limit the supersonic expansion process as
a means of producing molecular clusters (Section 2.4). Figure 2.2 shows a
cross section of the reservoir. The only exception to this procedure was
during the production of ammonia clusters where a pre-mixed cylinder of
10% ammonia with argon gas is used to pass the mixture directly into the

stagnation chamber.

Argon In Argon / Solvent
_ _—
Vapour Out
Vapour
o
Solvent
&
Figure 2.2: A diagram of the solvent reservoir showing the production

of a vapour consisting of mixed argon/solvent molecules

15



Chapter 2: Experimental Section

The vapour is then passed into the stagnation cell housed inside the cluster
generation chamber (figure 2.3). The stagnation chamber is made of
aluminium and ~ 8 x 10 m3in volume, the nozzle orifice is part of the front
plate with a diameter of 0.2 mm and opens out to a 30° cone angle with a 5
mm channel length. In order to provide a pulsed gas flow a Bosch fuel
injector is mounted onto the front plate and is driven by a 12 V square pulse.
When switched off the cap and Kalrez disc attached to the fuel injector rests
against the nozzle orifice sealing the gas flow off to the cluster chamber.
When switched on the cap retracts back a short distance and returns
forward to seal the nozzle before the next cycle. This process allows a short
burst of gas through the nozzle initiating the first stages of pulsed
supersonic expansion (Section 2.4). There is also a mechanism to prevent
gas flow into the stagnation chamber, and instead, evacuate the stagnation

chamber using a rotary pump.

Front Plate

O-Ring sealed \<
Y ;
® O-Ring

Locking
Fuel Injector Nut

Cap and
l:‘ X Kalrez disc
Nozzle Power / / | ®
Feedthroughs
A
GAS INLET —» <«—— Conical Orifice

_E Threaded / I’]’

Mount

Gas Channel

Figure 2.3: The stagnation chamber.
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Figure 2.4 shows the location of the stagnation chamber in the main cluster
chamber. The skimmer is a fluted cone of diameter 1 mm and length 2.54
cm. The distance between the skimmer and the nozzle is 3 cm. When the
supersonic expansion hits the skimmer it is collimated into a narrow beam

containing neutral molecular clusters and residual argon atoms.

The cluster generation chamber is divided into two sections by a bulkhead,
the expansion chamber and the collimation chamber. The expansion
chamber is pumped by 8000 Is! oil diffusion pump which is backed by an
Edwards E2M40 2-stage rotary pump. This configuration achieves a base
pressure of approximately 6 x 10-7 mbar. When operational, an Edward EH
250 booster pump is used to assist pumping of the region, resulting in a
working pressure of approximately 9 x 10-4 mbar. The collimation chamber
is pumped by a 2000 Is* Edwards diffstak pump backed by an Edward E2M-
40 2-stage rotary pump, achieving a base pressure of approximately 5 x 10-7
mbar and a working pressure of 5 x 10-> mbar. The pressure in both sections

is monitored continuously by penning gauges.

Mozzle Height

T~ Nozzle Rotation

Ld

Penning Gauge Nozzle Tilt / Top
Fl
\‘ias Inlet / ange

l;rl 0 «—— Penning Gauge
Electrical Sliding
Feedthroughs ™| — Mount
Y EXPANSION < , TO ION SOURCE
SECTION Stagnation
X
Chamber — Skimmer

Bulkhead ——* COLLIMATION

SECTION

Figure 2.4: The cluster generation chamber
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2.4  Supersonic Expansion

Supersonic expansion is a means of producing a beam of uniform molecular
clusters for later study. Gas held at constant pressure and temperature is
passed through a nozzle of diameter Dy into an expansion chamber which is
under high vacuum. The combination of high backing pressure and a small
orifice results in frequent collisions in the region of the nozzle which acts to
redistribute the thermal motion of the molecules held in the stagnation
chamber into directional kinetic motion in the axis of the jet [1]. As a result
the velocity distribution is greatly narrowed giving a very low translational
temperature. For supersonic expansion to occur, a Knudsen number (K,) of

<1 isrequired. K, is defined by:

K, = 20/Dy

Where Ao is the mean free path of the gas and Dyis the diameter of the
nozzle. If K,>>1 the resultant expansion is termed effusive where due to the
lack of collisions significant reordering of velocities and subsequent cooling

is not seen. Figure 2.5 gives a schematic of the supersonic expansion.

BACKGROUND PRESSURE P,

COMPRESSION
WAVES

= REFLECTED SHOCK
MACH DISK SHOCK

EXPANSION

?'.; < | FAM M == M=<1 » FLOW
ZOMNE OF SILEMCE i
SLIP LINE
- M=1
BARREL SHOCK
JET BOUNDARY
Figure 2.5: The supersonic expansion. Not shown is the skimmer

which isolates the main beam from the rest of the expansion.
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As the gas mixture leaves the nozzle region it expands until it reaches the jet
boundary with background pressure P, and can expand no longer. This
creates shock fronts as reflected waves merge and form a singular front. In
the axial direction this is known as the mach disk shock and if allowed to
form will interfere with the molecular flow of the expansion. The position of

the mach disk is given by [2] :

Xm Py, \?

2 =067("0/p )

D, / Py

Where x.,is the distance from the nozzle and Py is the initial pressure in the
stagnation chamber. To isolate a molecular beam and avoid interference
from the mach disk a skimmer is placed upstream of this position which

isolates a molecular beam from the jet.

Collisions of expanding gas in the first few nozzle lengths lead to clustering.
During the initial stages of growth three-body reactions are predominant
with the energy generated by the process carried away with the third body.
When the cluster is large enough for the internal degrees of freedom to
accommodate the energy two-body growth reactions will occur [3]. There
are also destructive reactions that will reduce the size of the cluster. These

are termed sputtering and decay.

A, +A+B - A,,,+B (Three-body growth)
A, +A > Ay (Two-body growth)
A, +A - A, +24 (Sputtering)
A, > A, +A (Decay)
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2.5 lon Source

The ionisation source of the mass spectrometer consists of a dual EI/CI ion
source contained within a housing chamber held at approximately 3 x 10-7
mbar. For the experiments reported herein, electron ionisation (EI) is used
in the production of charge clusters. Electrons are produced by thermionic
emission from a tungsten filament and accelerated towards a trap electrode
kept constant at 1 mA, located at the opposite end of the source block. The
electrons are forced into a helical path by the presence of two permanent
magnets which are fixed on opposite ends of the outside of the source block,
this increases the distance the electrons travel through the path of neutral
clusters, hence increasing the probability of collisions. Neutral clusters enter
perpendicularly to the path of the high energy electrons and the final
trajectory of the resulting ions into the spectrometer. The ions are subject to
a small repulsive potential from the repeller which is controlled with a
variable voltage of - 40V to +40 V which directs the ions into the 1st field
free region. The source block is floated at a potential of up to 10 kV which
provides the ions with their initial kinetic energy. Several focussing plates
act on the ions as they travel into the mass spectrometer. Figure 2.6 shows a

top-down photograph of the source block.
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Trap

Trap shield

Repeller

Figure 2.6: A top-down view of the source block. The trajectory of the
ionised clusters is out of the page.

In the first stages of the ionisation event the approaching electrons act to
distort the electric field of the neutral clusters. If the energy of the electron
exceeds a critical point, termed the appearance energy, some of the neutral
clusters will be ionised and a secondary electron is ejected from the cluster.
Cluster ionisation follows Frank-Condon principles [4], thus the resultant
ions will initially take on a range of excited vibronic states. There is likely to
be a large internal energy of up to 6 eV [5] which can then be dissipated by
the release of monomer units of solvent and the remaining argon atoms, as
well as radiative emission [6,7]. The initial ionisation event takes place in
the timescale of approximately 10-1¢ s, with subsequent aforementioned
processes creating the ions forming the main ion beam entering the mass

spectrometer within 108 s using the current experimental set-up [8].

A general scheme for electron ionisation of atomic clusters has been given

[9]:

e"+R, >R, +(n—m)R + 2e”
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This process produces two secondary electrons which are then scattered
from the initial trajectory of the primary electron. If the energy of the
primary electron greatly exceeds the appearance potential then it is possible
for the secondary electrons to travel through the cluster and undergo
subsequent ionisation events, thus resulting in multiply charged clusters.
This mechanism was first proposed based on molecular dynamics
simulations by Gay and Berne [10]. It is supported by observing that the
appearance potentials of multiply charged atomic clusters correlate to the
potential required for single ionisation multiplied by the number of the
charge state [11]. One can therefore predict the accessibility of higher-order
z-fold charge clusters by only knowing the bare ionisation energy of the

solvent.
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2.6 Magnetic Sector

In the first field free region the ions experience no external force and are
propelled by their initial kinetic energy, obtained from the ion source. The
working pressure of the flight tubes from the ion source through the mass
spectrometer is kept at approximately 6x10-7 mbar by four Edward Diffstak
mk 2 oil diffusion pumps. It is especially important that the pressure in the
mass spectrometer is as low as possible to attempt to eliminate the
interference from collision-activated processes. lons entering the magnet
experience a force perpendicular to the direction of their motion of a
magnitude proportional to its charge and the strength of the magnetic field.

This is called the Lorentz force:

F = zvB (2.1)

Where F is force, z is charge on the ion, v is initial velocity of the ion and

B is the strength of the magnetic field. The magnetic force is balanced by the

2
centrifugal force (F =%) acting outward of the radius of the circle.

N

F="-=2zuB (2.2)

Equation 2.2 can be rearranged to give a linear relationship between mv and

the magnetic field.
mv = zBr (2.3)
Subsequent rearrangement gives:

v=— (2.4)

The ions produced in the ion source will have energy kinetic energy given

by the accelerating voltage (mv2/2 = zV) which can be rearranged to mv2 =
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2zV. When the equation above is put into this a relationship between mass

and charge and magnetic field strength is obtained:

m_ B (2.5)

z 2V

The ions are transmitted through a curvature of radius r if the mass to
charge ratio (m/z) of the ion cluster is in keeping with the expression above.
Those ions which do not have the required m/z ratio impact the walls of the
magnet are not transmitted. It is possible to manually select ions of known
m/z by adjusting the value of B. Upon leaving the magnetic sector the
selected cluster ions enter the second field free region (2nd ffr) situated
before the electric sector. It is in this region where coulomb fission of
selected multiply charged cluster ions occurs, as well as other unimolecular

processes.
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2.7  Electric Sector

The second half of the double focusing functionality of the ZAB is the electric
sector which is comprised of an electrostatic analyser (ESA). The role of the
ESA is to separate the charged fragments formed in the 2" ffr by their
kinetic energies in the laboratory frame. For ions to travel the length of the
electric sector they must follow a trajectory along the curvature of the
electric plates which has radius r. The electrostatic force (zE) felt by the ions
is balanced by the centrifugal force acting outwards of the radius of the

circle:

=zE (2.6)

Where z is the charge on the ion and E is the voltage on the electric sector
plates. The kinetic energy of the ions is given by the accelerating potential

(V) of the source is given by:
~mv? = 2V 2.7)

Substituting for mv2 into Equation 2.6 and rearranging to give an expression

for the value of curvature of radius r is derived:

== zE (2.8)
Z=r (2.9)

The implication of this is that all ions accelerated by the same voltage at the
source will be transmitted at field strength, E, irrespective of their mass or
charge. So in effect the ESA is kinetic energy analyser and not a mass
analyser. If the accelerating voltage is decoupled from electric field (by
scanning E and holding V constant) one can search for fragments of the mass
selected precursor ions. This technique is known as mass analyser ion

kinetic energy (MIKE) scanning and is described fully in Section 2.9.
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2.8 Detection

The detection system used in this work is a Daly scintillation detector
combined with a photomultiplier tube allowing detection of weak signals.
lIons leaving the ESA are attracted to a dynode off-axis to the ion beam
which is held at a potential of -15 kV. The collision of the ions with the
dynode results in an electron cascade. Following which, the electrons are
repelled by a negative voltage towards a phosphor screen. Collisions with
the phosphor screen release photons which are passed into a sealed
photomultiplier tube (Thorn EMI 9324B) which acts to amplify the electron
count creating a current pulse at the end dynode. This signal is delivered
into a preamplifier and then into a Stanford Instruments SR850 lock-in
amplifier that is able to distinguish between pulses originating from the

nozzle and background signal.
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2.9 MIKE Scanning

It is possible with the experimental set up previously discussed to decouple
the accelerating voltage from the electric sector and scan the voltage on the
plates. This technique is called mass-analysed ion kinetic energy (MIKE)
spectrometry and enables fragments of the mass-selected precursor ion
formed in the 27 ffr to be detected. When a precursor fragments into
daughter ions, their kinetic energy is partitioned as a ratio of their masses
(laboratory-frame velocity will be the same). As the initial kinetic energy is
given by the accelerating voltage (E,) at the ion source the kinetic energy of
the fragment (Ey) will be a multiple of that dependent on the ratio of masses.

The full expression is given by equation 2.10.

i)
Ef

E, (2.10)

Mpi

Where Mrand M, is the mass of the fragment and precursor ions respectively
and Zr and Z, are the charges on the fragment and precursor ions
respectively. In the experimental data presented, only the heavier of the two
fragments from coulomb fission is detected. This is due to less experimental
discrimination experienced by the heavier ion. MIKE scanning is an effective
technique for observing fragmentation as the magnetic sector allows the
mass selection of a particular precursor ion, and the subsequent separation
of fragment ions by their kinetic energies allows different reaction pathways
to be seen in the same scan. Interference from additional processes from
other precursors is minimised due to the mass filtering of the magnetic
sector. The ESA can transmit at voltages between 0 - 10kV which can be
adjusted to allow for additional resolution in the MIKE spectrum or to
accommodate additional features at energies not accessible with a
particular initial energy. A MIKE spectrum shows the variance of the ion
count at the detector as the magnitude of the electronic signal relayed from

the detection system.
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What has been observed in MIKE spectra of coulomb fission of dication
molecular clusters is the appearance of ‘dish shaped’ peaks [12-14]. The
dishing of the peaks is characteristic of charge separation has occurred with
a large release of kinetic energy in three dimensions [15]. Figure 2.7 shows
a schematic of the precursor ion in the 27 ffr, prior to coulomb fission,
travelling along the x-axis. Highlighted are the three dimensions that the
fragment can follow post-coulomb fission in relation to the walls of the flight

tube.

direction of travel

Figure 2.7: Schematic of the 2nd ffr showing the direction of
fragmentation with respect to the initial velocity of the precursor ion

Clearly the fragment can leave the precursor at any trajectory. The
trajectory exactly co-axial to the x-axis will gain the greatest amount of
kinetic energy in the laboratory frame, and the trajectory 180° in the
opposite direction will lose the greatest amount. In a disk shaped MIKE peak
this will correspond to the two extremes in the energy spread of the peak.
Those ions with trajectories with large velocity components in the y or z

plane will represent the diminished intensity seen in the middle of the peak
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as some of these ions will collide with the walls of the flight tube before
reaching the slits at the end and so will be lost to detection. ‘Dishing’ of
MIKE peaks is typically seen following processes with a large KER. The mass
of the detected fragment is also crucial as it determines the magnitude of the
change in velocity brought about by the KER post coulomb fission. Example
of dishing are seen in the coulomb fission of dication molecular clusters (see

Figure 3.3 for a good example of these features)

The detection of fragments observed in a MIKE spectrum is subject to
timeframe constraints. Only fragments formed in the 2nd ffr will be detected,
this corresponds to a time interval of 38-60 us under a 5 kV accelerating
potential. Fragmentation pathways with lifetimes outside of this window
will be followed either before or after the precursor ions are in the 2nd ffr

and will not be detected. Lifetimes of the detected pathways can be

compared from the heights of the fragment peaks. In general, the closer the
fragmentation is to the middle of the flight tube of the 2nd ffi, the stronger
the peak will appear in the resultant MIKE spectrum, as it agrees more
closely with the experimental constraints. A recent publication showed how
the trend in intensity of fragment peaks from fission of the (NH3)sz?*
precursor can be reproduced using a simple kinetic model [14]. The
lifetimes for a range of energies corresponding to the barrier to fission
(Ebarrier) were compared to the time interval for the 2nd ffr. The resultant
trend in intensity implies that when the lifetime is too short the majority of
ions undergo fission before the 2nd ffi. The sharp rise to a peak in intensity
corresponds to ions with a lifetime towards the middle of the time interval,
and the long tailing off in intensity corresponds to the ions undergoing

fission along the long path length of the 2nd ffr.
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2.10 Dielectric particle model

The simplest treatment of interacting charges considers two totally
polarising spheres or point charges. The electrostatic energy between two
charges Q,, Q, at distance d can be derived from coulombs law. Including a
correction to account for the dielectric nature of the spheres by including
the relative dielectric constant (&,) of the bulk substance in the denominator

term will give equation 2.11.

Uo = — a% (2.11)

- 4mey (g)d

Solving equation 1 for any of the dication clusters that have previously been
studied, assuming the charges will be as far apart as possible in the cluster,
to take account of the observation of a minimum size, the value of U° will be
much smaller than that observed experimentally [12]. To account for the
measured energy, the charges would have to be located on neighbouring
molecules. The dielectric particle model [16] provides a solution to the
problem by treating the charged fragments as dielectric spheres. The total
charge is a combination of free and bound charge: (o, = o + 0,), which is
dynamic and located on the surface of the sphere. The free charge is taken to
be fixed and uniform across the surface of the particle and is not influenced
by the dielectric nature of the particle or any external electric field. The
bound charge is also initially distributed evenly on the surface of the
particle, however, under the influence of an electric field it will become
polarised. In the case of a small particle in close proximity to a larger one,
the degree of attenuation of the electrostatic potential is great enough to
produce attraction between the particles at short distances [17]. Equation
2.12 [18] gives the magnitude of the electrostatic interaction energy of a
dielectric sphere of charge Q,, radius a» and dielectric constant k; at a
distance h from the surface to a point charge Q,. The redistribution of the

bound charge is represented by the multipole terms in equation 2.12 Taking
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m = 1-3, the three leading terms becomel/h4, 1/h6 and 1/h8 which

represent ion induced -dipole, -quadrupole and -octupole terms of a

multipole expansion.

Ul = Q1Q2 —k1Q12 © (kp—1)m__aZ™*1

- 4megh m=1 [(ky+1)m+1] h2Mm+1 (2.12)

It is the balance between the first and second terms of the expression that
determine the magnitude of the total interaction. The interactions of
dielectric spheres with an external point charge within the dielectric
particle model are summarized in Eq. 2.12. Agreement between calculated
interaction energies using equation 2.12 and experimental KER support this

treatment of dynamic surface charge [12].
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2.11 Peak simulation model

A new methodology has been developed to improve the measurement of
KER following coulomb fission. Previous measurements use the full width at
half maximum (FWHM) of the peak assuming a Gaussian shaped curve to
calculate a single energy release for the process. This method has several
issues associated with it. Firstly, it relies quite heavily on the quality of the
experimental data as the measured KER value is very sensitive to the width
of the peak. This can be obscured by poor signal-to-noise levels, which
towards the upper end of the size and charge range in the experimental data
becomes a significant issue. Additional broadening may originate from
artefact peaks as a result of the fragmentation of precursor ions that are
formed in the 1st ffr. Elucidating the magnitude of the components of the
width originating from the artefact and precursor is problematic. Secondly,
this methodology assumes that all ions that fragment to make up the peak
release the same amount of kinetic energy upon fragmentation. This is
slightly erroneous as there will certainly be a range of energy releases in
three dimensions, with the peak made up of these individual energy

releases.

A method by Beynon and colleagues seeks to address this [19,20] by
computing a distribution of KERs from a simulated peak and subsequently
finding an average KER. The calculations take account of the fact that from
the centre of mass frame, fragmentation is equally probable in every
direction, which assuming an equal distribution of charge on the surface of
multiply charged clusters in these experiments, is a valid assumption. A
distribution n(T) of kinetic energies is calculated and is used to construct
the peak. Additionally, restrictions in the z-axis due to the height of the
intermediate slit can be incorporated. In the case of a small kinetic energy
release and if the length of the intermediate slit is large in the z-axis a single

kinetic energy release will be very close in shape to a rectangle and a
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multiple releases of equal probability will take the form of multiple

rectangles of equal areas.

)
H,
H,
H:I
8
&
H,
I
. AN
E, En E1E2ES E, E.
energy, B
Figure 2.8: A visualisation of the construction of the metastable peak

from single energy releases [20].

Figure 2.8 shows the division of a MIKE peak into a finite number of
rectangles. The average translational energy is labelled as Ey on the x-axis
and the maximum translational energies are labelled as E,, and E,,". Ey
corresponds to the predicted laboratory-frame Kkinetic energy of the
detected fragment, Er Equation 2.10. From the maximum spread (E,, — E;)

one can calculate the maximum KER (denoted as T,,;) [15].

T, = m2e (A=t E")2 (2.13)

T 1emg Eo

Where m; and mzare the masses of the two fragments, e is the elementary
charge constant and V is the accelerating potential. From the value of T, the
peak is subdivided into m number of rectangles. The rectangles correspond

to KERs (T; ) given by eq. 2.14:

7, =2m (i =12..m) (2.14)

m
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It is found that a value of m = 25 is sufficient to accurately produce a
distribution to simulate most experimental peaks [20]. The high energy
value of the translational energy for each rectangle E; is determined and the
corresponding value of the height H; is determined using the equation for
the area of a rectangle. If we consider that the height of each rectangle
contributing to the peak is h;n(T;), then the distribution of KERs can be
determined by considering the height of ordinate H; which can be expressed
as a function of the height of the rectangle h;n(T;) added to the height of the

ordinate ‘underneath’it, H;, ;.

Hy= hn(T;) + Hiyy (2.15)

From eq. 2.15 the final distribution function n(T)is determined and the

average kinetic energy release <KER> is calculated.

_ XLTin
< KER > = o (2.16)

The model can incorporate parameters which account for large z
discrimination, which leads to discrimination against some of the ions that
would contribute to the central region of the peak, resulting in dishing of the
peak. The degree of dishing will depend on the position of fragmentation,
the length of the intermediate slit in the z direction and the magnitude of

KER.

This methodology is used to construct simulated peaks that fit the
experimental peaks in the MIKE spectra presented in this work and thus
giving the magnitude of <KER> for the fission pathway. In most cases the
simulated peaks are regarded as ‘fitted’ if the width and shape match the
experimental peak well. It is also used to determine which fission
mechanisms are being followed as the simulated widths for different
mechanisms typically show large differences, due to significant changes in

the parameters of mass and KER in the calculation. However, this
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methodology cannot account for the heights of the peaks for the
experimental pathways. All fragmentations are assumed to occur at the
same position in the flight tube and therefore the lifetime factors in
determining the peak intensity for the pathways are not accounted for. The
simulated features are therefore manually modified to match the heights of
the experimental profile. No attempt has been made to correct for additive
effects from close lying simulated peaks to the total profile as this will not

contribute to the simulated width.
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Chapter 3: Multiply Charged Benzene
Clusters

3.1 Introduction

Benzene, first observed as a by-product of working with oil and coal, is a
common and important molecule in the study of chemistry. It has intrigued
scientists due to its uncommon molecular structure, eventually realised to
be a ring of carbon and hydrogen atoms with a delocalised ring of electrons
above and below the plane of atoms. The understanding of the delocalised
pi-system changed perspectives on the nature of chemical bonding [1-6]. In
the field of physical chemistry, benzene is a common solvent used as a
ligand in gas phase metal-ligand systems. This is due to its ability to donate
some of the electron density in the ring to the electronically unsaturated
metal ion centre. It also has a suitable vapour pressure in the liquid state,
under mild cooling, to be used effectively in the cluster formation step in

pick-up type experiments [7, 8] .

Work by Gotts et al. [9] focused on the collision induced dissociation (CID)
of multiply charged benzene clusters. It was found that by activating the
clusters via collisions with a background gas, charged fragments originating
from coulomb fission were detected for doubly and triply charged clusters.
However, due to the large exchange of energy upon collisions many
monomer units will leave the mass-selected charged cluster before fission.
This can cause complications in identifying the precursor cluster ion that

undergoes fission and hence assignments of the energetics involved.

More recently, data showing the unimolecular Coulomb fission in doubly
charged benzene clusters has been presented [10]. The resolved peaks in
the MIKE spectra were shown to be from coulomb fission. By analysing the

potential energy between the fragments for the observed fragmentation
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pathways using a dielectric discontinuity model [11, 12], also with the more
sophisticated dielectric particle model described in section 2.3 [10], the
calculated electrostatic barrier was shown to be in close agreement with the

experimentally determined kinetic energy release (KER).

The work presented in this chapter seeks to build on these results by
applying the peak simulation model to the older data, showing how by using
this methodology more accurate <KERs> are obtained from the fitted peaks
which are more closely matched to the barrier heights predicted by the
dielectric particle model (Unmax) for the pathways seen experimentally.
Additionally, presented is the identification and coulomb fission of triply
and fourfold charged benzene clusters. By using the described experimental
techniques and analysis, the identification of the fragments and the
magnitude of the energy release following coulomb fission are accurately

determined.
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3.2 Doubly Charged Benzene Clusters

The detection of the critical size of doubly charged benzene clusters
(n¢rie(2)) can be accomplished using mass spectrometry. Figure 3.1 shows
the onset of these species above (CsHg)172*. Below this size there are peaks
coincident to the doubly charged species, these are possibly due to internal
fragmentation of molecules in the singularly charged cluster post ionisation.
The observed critical size of n.;(2)=17 is smaller than previous
assignments of 23 [13] and 22 [12]. This is possibly due to the increased
number density of the small dication clusters brought about by modification
to the experimental apparatus from ref [12]. As noted in Chapter 2 the
removal of the pick-up cell between the cluster chamber and the ion source
will reduce the distance of cluster formation to the point of ionisation and
hence decrease the divergence of the molecular beam, allowing more
neutral clusters into the ion source. This increase in neutral clusters
entering the source is reflected linearly in the final ion count at detection.
Additionally, it should be noted that the experiments in ref [12] were
performed with an accelerating potential of 5 kV, where as these
experiments were carried out at 7 kV. As mentioned in Chapter 2, this has
two advantages over the former: Improvement in the dynode conversion
efficiency and improvement of the resolution of the MIKE peaks. Particularly
relevant to this new observation, using a higher accelerating voltage will
increase the velocity of the ions and reduces the time frame of the
experiment. In the case of ions very close to the critical size the barrier to
fission will be close to zero and therefore the time constant for fission will
be comparatively very small. By reducing the timeframe of the experiment it
is possible that the smaller ions that previously were decaying before
reaching the detector will now reach the 2nd ffr before fragmenting, and can

now be detected. To verify that clusters as small as n=17 are being
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produced, presented in Figure 3.2 is the MIKE spectrum following coulomb

fission of (C¢He)172*.
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Figure 3.2: MIKE spectrum of (C¢Hg)17%*
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It has been shown that the dielectric particle model predicts the KER
following coulomb fission of doubly charged benzene clusters accurately
[10]. Therefore, in this methodology that value is used as a guide to the
range of KERs that will go into simulating the peak using the peak simulation
model. It is found that in conjunction with the barrier height, using the same
basic input parameters representing instrumental settings, i.e. slit height,
precursor width, one can reproduce the experimental data accurately. The
average Kinetic energy release (<KER>) which is made up of the allowed
KERs that form the peak give a more accurate description of the energy of

the ejected fragments and agrees more closely with the values of Upngx.

Figure 3.3 (a,b) show the coulomb fission of (CsHe)23%* and (CeHg)242*
precursors. Overlain over the MIKE spectra are the simulated peaks for each
pathway from the peak simulation model. As in every case of MIKE spectra
presented in this work, only the larger of the two ions is detected due to less
experimental discrimination experienced on that ion. Most features of the
experimental data are reproduced accurately, the width and the degree of
‘dishing’ to the simulated peaks shows strong agreement to the
experimental MIKE peaks. The peaks are therefore considered ‘fitted’ and
the values for the <KERs> for the pathways are used in subsequent analysis.
The only exceptions to this are the peaks for the k=11 channels in both
clusters where the experimental peak is narrower and resembles a full
Gaussian-like peak. This observation is evidence for neutral evaporation
following an initial coulomb fission reaction to produce the final cluster.
Since the KER following neutral evaporation is significantly smaller than the
approximate 0.85 eV observed following coulomb fission the fragments will
undergo less divergence from the main ion beam, so experience little to no
discrimination in the z-axis from the focussing slit. This results in a full,

Gaussian-like profile. There is a peak in the intensity of the fragment peaks
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corresponding to loss of approximately 35% mass for both spectra. The
intensity trends are due to the different lifetimes of fragment channels with
respect to coulomb fission and how closely this value is to the average time
spent in the 2nd ffr of the mass spectrometer as shown in a recent

publication [14].

(a)
(CGH5)232+3 detecting loss of (C_H,),”
0.03
k=11 k=10 k=9 k=8 k=7
0.02
o
= |
|
L
£ 0014
0.00

I I
2000 000

Laboratory-frame kinetic energy / eV

42



Chapter 3: Multiply Charged Benzene Clusters
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Figure 3.3: MIKE scans showing coulomb fission from mass-selected (a)
(CeHe)232*, (b) (CeHe)24%* clusters. Overlain in blue are the simulated peaks.

Precursor Fragment  KER from FWHH/ Unax/ eV <KER>/

eV eV
(CeHe)23% K=10 0.73 0.93 0.86
K=9 1.10 0.93 0.86
K=8 0.95 0.93 0.86
K=7 0.94 0.94 0.84

Precursor Fragment KER from FWHH / Unax/ €V <KER>/eV

eV
(CeHe)2a2* K=11 0.42 0.91 0.86
K=10 0.92 0.91 0.86
K=9 0.98 0.92 0.86
K=8 0.91 0.92 0.86
K=7 - 0.92 0.86

Table 3.1: A table comparing the predicted barrier heights Una with the
<KER> from the simulated peaks of (C¢Hg)232* and (C¢He)242*. Also shown are
values of KER calculated using the width of the peak [12].
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Table 3.1 shows the predicted barrier heights (Umax) against the <KER> from
the simulated peak for each fragmentation pathway. Also shown are values
of KER that have been calculated from the older method of using the FWHH
of the experimental peak [12]. The values of Unewxand <KER> are closely
matched for each channel with the values of Unaxfall consistently below the
values of <KER> in energy. This is likely due to the partitioning of energy
into internal modes of the fragment as the fragments separate, hence, the
energy is ‘lost’ [10, 14] which may correspond to partition of energy into the

compression modes proposed by Gay and Berne [15] .
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3.3 Triply Charged Benzene Clusters

Presented are the first observations showing direct, unimolecular coulomb
fission of triply charged benzene clusters. Triply charged benzene clusters
were produced and detected as described in Chapter 2. Figure 3.4 shows the
onset of triply charged cluster ions in a mass spectrum. The 3+ peaks can
coincide with a singularly charged ion possessing 1/3 of the mass, and
hence the large cluster peak will contain a component of a triply charged
cluster, provided it is above nci(3). The peak corresponding to of n.,.;;(3) is
completely obscured by the presence of background peaks in the mass
spectrum, and is not seen in Figure 3.4. To reach a definitive value it is
necessary to perform MIKE scans on the cluster peak of interest to
determine if the feature is a 3+ peak or a background feature. Following this
analysis, a value ofn.;(3)= 43 is assigned. This value is well below
previously reported values of 52 [13]. The discrepancy is possibly due to the
likely presence of background peaks in previous mass spectral studies into
benzene clusters obscuring the measurements. It is only by performing
MIKE scans on the features that fragments from triply charged benzene

clusters are found.
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Figure 3.4: A mass spectrum showing the onset on triply charged

benzene cluster peaks. Please note, the peak corresponding to the critical
size is not shown, see above text for details

Figure 3.5 shows MIKE spectra of the coulomb fission of triply charged
(CeHe)a73*, (CeHe)ag3+ and (CeHe)ao3* cluster ions into two charged fragments.
The heavier of the two contains roughly 85% of the initial mass and two of
the three charges, the remaining mass and charge is accommodated in the
smaller of the two fragments. As before, only the larger of the two fragments
is detected. The fragment peaks resemble a full profile opposed to the
examples presented in Section 3.2, this is due to the mass of the fragments
being significantly larger and hence undergoing less divergence from the
main ion and therefore experiencing less discrimination by the apparatus.
The simulation model predicts an onset of dishing to the peaks as the
fragment reduces in size, see k=7, 8 in figure 3.5(a). This is less apparent in
the experimental data, possibly because the degree of loss of signal

predicted from the centre of the peak is slight, and is smaller than the noise
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level in the spectrum. The exception is figure 3.5b where there is a

detectable degree of dish shape in the k=9, 10 fragment peaks.
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Figure 3.5: MIKE spectra showing coulomb fission of (a) (CsHe)473+, (b)

(CeHe)4s3* and (c) (CeHe)a03+. Overlain in blue are simulated peaks for the
processes detected.

Precursor Fragment Umax/ €V <KER> / eV
(C6H6)473+ K=4 1.62 1.57
K=5 1.60 1.57
K=6 1.58 1.56
K=7 1.56 1.56
K=8 1.55 1.56

Precursor Fragment Unax [ €V <KER> / eV
(CeHe)as?* K=5 1.59 1.56
K=6 1.57 1.56
K=7 1.56 1.56
K=8 1.54 1.56
k=9 1.53 1.56

Precursor Fragment Unax [ €V <KER> [ eV
(CeHeg)a03+ K=5 1.58 1.57
K=6 1.56 1.57
K=7 1.55 1.55
K=8 1.53 1.53

Table 3.2: Calculated values of the barrier heights from the dielectric

particle model and <KER> from the fitted simulated peaks in figure 3.4.
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Figure 3.6 show the electrostatic potential energy curve calculated by the
dielectric particle model following the coulomb fission of the (CsHg)ss3*
precursor. The six channels k=5-10 are plotted from centre-centre
separation = 0 to around 0.5 nm. As can be seen, the interaction is repulsive
over all channels. This is due to the relatively low value of the dielectric
constant of benzene (€:=2.3). The consequent lack of polarisability in the
charged cluster fragments means that even in the case of large mass
asymmetry (88%), electrostatic repulsive interactions dominate over
induced polarisation interactions. Conversely, because of the increased
charge density in the smaller fragment for the more asymmetric
fragmentation pathways, repulsive forces become more effective, and hence,
the maximum in electrostatic potential energy is seen to be raised relative

to more symmetric fragmentation
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Figure 3.6: A plot of the electrostatic potential energy as function of

surface - surface separation. Shown are the curves calculated following
coulomb fission for the fragmentation channels seen for the (CsHg)ag3*
precursor cluster (Figure3.5(b))
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3.4 Fourfold Charged Benzene Clusters

Results are presented showing the coulomb fission of fourfold charged
benzene clusters. Due to the weak signals in the mass spectrum from these
large ions no success was found in the identification an accurate critical size
N (4) from mass spectral investigation. However, coulomb fission was
detected for two cluster ions giving a rough estimate of the critical size.
Analysis performed on these spectra reveal the barrier height and the
<KER> values from the fragment peaks agree well. Fourfold charged cluster
peaks above the critical size are predicted to appear every M;/4 = 19.5 amu
in a mass spectrum. This means they can be coincident with singly charged
peaks and doubly charged peaks, both of which possess a peak intensity of a
magnitude much greater than a fourfold cluster peak close to n,;;(4). Due
to this it is found to be preferable to ‘sit’ on a singly or doubly charged peak
corresponding to a fourfold charge cluster of interest to ensure correct mass
selection for the ensuing MIKE scan. There will be little interference from
processes from these clusters in the MIKE spectrum as the coincident
clusters (roughly (CeHe)so?* and (CeHe)753+) will exceed the stable sizes for
these charge states and will not undergo coulomb fission. Due to lack of
mass spectral data and acknowledging the above, assignment of an accurate
value of n..;;(4)is difficult, an approximate value of 96 molecules is
assigned as no evidence for fission is found below this number. The
magnitude of the stable size is found to be 100 molecules giving a critical
range of 4 molecules. This is out of step with observations on other fourfold-
charged molecular clusters (see subsequent chapters) which all show a
significantly larger critical range. There is no apparent reason why benzene
should possess such a narrow range compared to other molecules, so this
and the weak signals observed lead to the conclusion that the absolute
critical size under our experimental conditions is lower than the stated

value by a margin. This is supported by the predicted critical size given by
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the liquid drop model being the order of 20 molecules smaller (see Section

3.5).

The assignment of fragments from the MIKE spectra becomes more
problematic for fourfold-charged clusters due to there being two
possibilities for the charges to partition between fragments. For instance,
the fragments detected could be triply charged, leaving the smaller cluster
with one charge, or, it could be doubly charged leaving the second fragment
also doubly charged. Application of Equation 2.10 on its own will give the
two potential identities of the larger fragment for the charge states Zs= 3, 2,
but no way of determining which (or both) is being detected. The solution to
this is to use the peak simulation model to predict the peak profiles for both.
It is expected that the two mechanisms will have visibly differing profile due
to the discrepancy in size and charge. A general methodology for this would
be:
1) Use equation 2.10 to work out the identity of fragments to be
tested for a value of Z¢
2) Calculate the predicted barrier for the fission process via the
dielectric particle model for the first set of fragments
3) Use this information to simulate the experimental peak and

compare with MIKE scan
4) Repeat for second fission mechanism

Following this methodology will reveal the coulomb fission mechanism and
give a good account of the shape of the experimental peaks for most

instances.
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Figure 3.7: MIKE spectrum of the coulomb fission of (C¢Hg)os**

Figure 3.7 shows the MIKE spectrum following coulomb fission of mass
selected (C¢Hg)og** clusters. Following the methodology above, Figure 3.8
gives the simulated peaks for Z, =3, 2 for the peak at approximately 9300 eV.
Table 3.3 gives the outputs from the calculations, the simulated peaks have a
<KER> close to the predicted barrier height for both fission mechanisms, but
it is immediately apparent that the Zr= 3 pathway is being observed. The
peak is roughly the same width and general shape as the experimental MIKE
peak. Whereas, the peak simulated for Zy = 2 shows the effect of large
divergence and instrumental discrimination on a lighter fragment (and

larger KER for fission), and hence is much more wide and dish shaped.
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Figure 3.8: Simulated peaks for the two possible pathways for the high
energy feature in figure 3.7

Zs 3+ 2+
Molecules in Fragment 97 63
Unax /[ €V 2.11 2.30
<KER> / eV 2.00 2.18
Table 3.3: The fragment size and the barrier height Unm. for the

fragment at 9279 eV in figure 3.6 and the values for <KER> in the simulated
peaks for each Zrshown in figure 3.7

Figure 3.9 shows the complete assignment of the fitted simulated peaks for
the MIKE spectra of (C¢He)os** and (CeHe)100** clusters. It is apparent that
each fragment peak is from a triply charged fragment due to the consistent
fitting to the simulated data. One curiosity is the break in the trend for a
continuous range of fragments to be detected that is seen in lower order
charged clusters. In the instance of fourfold charged clusters there is a
difference of 2-5 molecules between successive fragment peaks in the MIKE

spectra. The difference in the energy of the barriers for fission will not be
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considerable for two adjacent pathways, so there is no apparent kinetic
reason why one fragment should be resolved relative to the other. The
observation of pathways may be due to a specific stability of either the

detected fragment or the small singularly charged fragment that is ejected.
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Figure 3.9: MIKE spectra with simulated peaks overlain for the

precursor ions: (a) (C¢He)os** (b) (CsHe)100**

precursor Fragment Umax/ €V <KER>
cluster
(CeHe)og** k=1+ 2.12 2.00
k=3+* 2.01 2.00
k=8+ 1.94 1.98
Precursor Fragment Umax/ €V <KER>
cluster

(CeHe)100* k=2+ 2.07 2.00

k=5+ 1.99 1.99

k=9+ 1.91 1.98

Table 3.4: The values for the barrier height and the <KER> from the

fitted peaks on figure 3.8
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3.5 Stability of Multiply Charged Benzene Clusters

With experimental data for the determination of critical sizes of multiply
charged benzene clusters of charge state up to Z, = 4 it is possible to
compare and assess the suitability of the liquid drop (LD) model for
predicting the stability of multiply charged benzene clusters. The Rayleigh
equation is given as (Equation 1.1):

(ze)?

Nerie(2) = W

Where z is the charge state of the cluster, e is the elementary charge
constant, y is the surface tension, g; is the permittivity of free space and 7,
is the molecular radius. Previous calculations have been performed [16]
using Lennard-Jones potentials to calculate the point at which the calculated
barrier to fission becomes equal to 0. This point is taken as the critical size.
These values along with the calculated values using Equation 1.1 and the
experimental results are plotted on figure 3.10 and tabulated in table 3.5.
There is an increasing divergence between the values of the experimental
critical size and what is predicted by the LD model as the charge state
increases. This could be due to general concerns regarding the LD model.
Firstly, surface tension is strongly size dependent, this has been shown for a
number of different droplets [17] and in some research, attempts have been
made to correct for this [13]. In general, the value of the surface tension
decreases exponentially from the bulk value with decreasing radius of the
droplet. In the case of small clusters the difference between the size
dependent surface tension and the bulk value used in the calculation is
greatest. However, reference to figure 3.9 shows a close agreement in the
two values for n.,;;(2) and n.,;;(3) and a marked disagreement for n,.;; (4).
This would apparently rule out a major contribution from the value of the

surface tension to the observed stability.
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Another crucial aspect of the LD model is that the symmetry of the cluster is
assumed to be spherical and will undergo deformations from that starting
configuration. When the initial structure deviates strongly from this
symmetry it could impact on the accommodation of charge, and therefore,
the stability of the cluster. There is evidence to suggest that benzene dimer
ions can exist in multiple configurations. Lee and co-workers [18]
performed ab-initio calculations that showed as well as pi-pi stacking, ‘T-
shaped’ conformations were also accessible. If these directing forces are
present in the cluster system the final structure may not ‘add up’ to a
perfectly spherical structure. If this is the case then as the structure

becomes larger, the deviation from a spherical shape will increase.

It is accepted that there is considerable uncertainty in the assignment in the
experimental value of n_,;;(4) for the reasons set out in the text. This is
understandable as the signal strengths in the two clearest examples in
figure 3.10 are comparatively weak relative to examples of fission in lower
ordered charged clusters. This would suggest that clusters with weaker
signals approaching the smaller critical size are not being resolved. It might
be that large neutral benzene clusters are not being produced at great
numbers. It is accepted that a highly excited charged clusters will lose
energy after ionisation by the ejection of a number of neutral molecules
[19]. To compensate for this, there is a requirement for neutral clusters
larger than the multiply charged precursor to from. Insufficient energy
supplied by the ionising electrons is another potential factor. The ionisation
energy of benzene is 9.24 eV, so following the ionisation mechanism
outlined in section 2.5, at least 36.96 eV will need to be supplied for four
ionisation events to be accessible. This is well within the limit of the ion

source which is has a maximum electron energy of 100 eV.
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Figure 3.10: Values for critical sizes for benzene charged benzene
clusters up to charge state 4+. In blue are the experimental results obtained
through experiment in this work, red are the calculated values from the
liquid drop model and green are the values obtained in ref 13

Charge Experimental n..;(z) Calculated n.;;(2) %
state z difference
2+ 28 30 7
3+ 66 69 4
4+ 161 122 2
Table 3.5 Values for the experimental and calculated critical sizes

using the liquid drop model for benzene
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3.6 Conclusions

Well resolved data showing the critical sizes for multiply charged benzene
clusters up to charge state 4+ have been presented and discussed with
comparison to the predictions from the established liquid drop model. It is
found that the model accurately predicts the critical sizes for 2+ and 3+
charged clusters, but disagreement is seen for 4+ charged clusters.
Generally speaking the general form of the liquid drop model more
accurately predicts the experimental sizes than the model used in reference
13, which uses a slightly more involved methodology to calculate the critical

size.

It is found that by using the peak simulation model, accurate accounts of the
peak shapes and energy releases are obtained for the fission of the dication
precursors. By comparing the values of <KER> to previously reported values
[10, 12] better agreement is found with the barrier heights given by the
dielectric particle model for dication benzene clusters. The experimental
parameters used in the peak simulation for the dication species are kept
constant in the analysis of the higher ordered charged clusters (Section 3.3,
3.4) and again, good accounting of the peak shapes is seen. Dishing of the
peak at reduced fragment size is predicted for all species and is seen
experimentally in one MIKE spectrum (figure 3.5b). The values of the <KER>

are compared to the predicted barrier heights and good agreement is seen.

For fourfold charged benzene precursors, it has been determined through
the methodology set out in Section 3.4 that the fragments following fission
are 3+ and 1+ charged. The ejected singularly charged clusters contains less
than 10 molecules. This resembles the loss of highly charged solvent
clusters from ESI droplets (alongside neutral evaporation). The resolved
fragmentation pathways do not follow an inclusive range as seen in lower
order charged clusters as there is a difference of at least two molecules

between successive peaks.
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Chapter 4 : Multiply Charged Acetonitrile
Clusters

4.1 Introduction

Multiply charged acetonitrile clusters are produced as described by the
experimental procedure in Chapter 2 and are studied to gain insight into the
stability of these clusters under the influence of charge. The coulomb fission
reactions close to the critical size are monitored using the MIKE scanning
techniques. The resolution and subsequent analysis of these peaks reveals
information about the energetics of the processes. Acetonitrile is a simple
organic nitrile with the formula CH3CN. It has a dielectric constant of ¢, =
36.6 exists as a liquid at temperatures 227-354K, properties which make
acetonitrile ideal for use as a solvent. Acetonitrile is extensively used as a
solvent in the production of butadiene [1] and is often used as a building
block in organic synthesis [2], Acetonitrile is also used extensively as a
solvent in electrospray ionisation (ESI) in mass spectrometry. As mentioned
in Section 1.1, there are noted similarities in study of the mechanics of the
initial stages of ESI and the processes observed in the study of coulomb

fission in molecular clusters [3].

Dication acetonitrile clusters have also been the subject of a study into
collision induced fission reactions, where a large range of fragments were
detected [4]. As mentioned previously, detailed analysis of collision-induced
fragmentations is difficult due to the uncertainty of the identity of the final
precursor formed prior to coulomb fission. Dication acetonitrile clusters
have been a subject of recent publications which presented the observation
of fragment peaks resulting from unimolecular coulomb fission [3,5]. The
KERs were determined from the FWHM of the Gaussian fitting of the
experimental peak, and was found to agree to within approximately 20% of
the values of Unax predicted by the dielectric particle model [6]. The work
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presented applies the improved experimental setup and methodology for
measurements on dication acetonitrile clusters. The measurements and

analysis is then taken forward to charges states of up to Z, = 4.
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4.2 Doubly Charged Acetonitrile Clusters

The identification of doubly charged acetonitrile clusters is achieved by the
observation of non-integer peaks in the cluster mass spectrum and the onset
of these peaks corresponds to the critical size n,;;(2). Figure 4.1 shows the
mass spectrum of acetonitrile. Above a size of n=28, peaks approximately
20.5 amu from the main cluster peaks appear. These peaks reveal the
presence of doubly charged clusters in the ion beam at detection. The
critical size of n.;;(2)= 28 is coincident with the smaller singularly
charged (CH3CN)14* ion which comprises the majority of the peak. The
presence of the doubly charged ion is determined from using the MIKE
scanning technique to detect the resultant fragments from this ion. The
clusters grow in stability with an increase in size, which is reflected in the
heights of the doubly charged peaks in the mass spectrum reaching a
consistent height beyond a size of n=31. The intensity of the peaks makes

the cluster ions very suitable for the MIKE scanning technique.
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Figure 4.1: The mass spectrum of acetonitrile showing the onset of
doubly charged peaks
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Figure 4.2 shows an expanded view of the MIKE spectrum in the region of
coulomb fission for the precurosr ion (CH3CN)312*. The centres of the three
main dish-shaped peaks rising fom the baseline are at energies that
correspond to the loss of a singularly charged cluster containing between 6
and 8 molecules. The noise levels in the peaks are quite high, however,
analysis can still be performed. The partially resolved peak which would
correspond to the k=5 fragment is observable, however, the remainder of
the peak exceeds the energy limit of the ESA and is therefore, not resolved. A
more complete specrum has been presented at a lower accelerating energy
(E,=5000 V) [5] which presents a complete range of detectable fragments.
Figure 4.2 was peformed at 6000 eV in order to maximise the signal
intensity of the peaks, whilst allowing for resolution of the majority of the
fragments inside the ESA limit of 10 kV. What can be seen is that the
maximum of intensity is seen at the k=6 fragment, corresponding to
roughly 20% loss of mass, indicating this pathway has a lifeime that most
closely agrees with the timeframe of the experiment. The simulated peaks
are overlain in blue, acceptable fitting to the experimental data is seen,
allowing for a small degree of discrepancy in the shape. When compared to
the raw data, the simulated peaks appear to be too wide at the base of the
peak and too narrow at the top. When the relatively high levels of noise in
the spectrum is considered, the discrepency is acceptable and the simulated
peaks are considered fitted. The < KERs > from the fragments that make
up the peaks agree well with what is predicted by the barier model (Table
4.1). Also shown are the values of the KERs calculated from the measured
FWHM of the experimental peaks from the previous analysis. As can be seen,
the agreement using the newer method, within 95%, far exceeds the 85%

agreement seen using the older method.
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Figure 4.2: MIKE spectrum showing the coulomb fission of the

(CH3CN)342* ion. Overlain in blue are the simulated peaks

Precursor Fragment < KER >/ KER / Unmax /
cluster eV eV eV
(CH3CN)312+ k=6* 0.89 0.76 0.89
k=7+ 0.86 0.77 0.90
k=8+ 0.86 - 0.90

Table 4.1:

Values for < KER > and U,,,, for the pathways shown in

figure 4.2. Also shown are values calculated for the kinetic energy release

from the FWHM of the shown as KER using the older method [5].
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Figure 4.3: The potential energy curves for the pathways shown in
figure 4.2

Figure 4.3 shows the electrostatic potential energy curves calculated by the
dielectric particle model for the fragmentation pathways seen. Each
pathway shows the characteristic shape resulting from the effects of
polarisation of the dielectric fragments. This is to the degree that a short
range attractive barrier at separations < 0.8 nm is apparent. Due to the
asymmetry in charge density, the charge on the larger fragment is distorted
by the smaller fragment resulting in polarisation of the larger fragment. The
resultant induced attractive forces attenuate the electrostatic repulsion of
the charge at short separations, causing attraction between the acetonitrile
fragments. The magnitude of attraction is large enough to affect a trend in
the maximum in electrostatic energy (U,,..) between the fragments. The
value of Unmay is seen to be brought down by asymmetry, due to the increase
effectiveness of polarisation of the larger fragment from the increasingly
charge dense smaller fragment. At approximately 0.7 nm the curves switch
ordering due to the reduced influence of the induced potentials at increased

separations. Therefore, the asymmetric k=6 pathway has the largest
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potential energy as the fragments separate. This now reflects the increase in
the effectiveness of electrostatic repulsion from a higher charge density on

the smaller fragment.
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4.3 Triply Charged Acetonitrile Clusters

Triply charged acetonitrile cluster peaks are observed in a mass spectrum.
Figure 4.4 shows a mass spectrum in the region where the onset of peaks is
observed. The presence of background signals occurring where the onset of
peaks is expected obscures the observation somewhat. The loss of HCN and
CH; are expected fragmentation routes in the acetonitrile mass spectrum
under electron ionisation [7] and the peaks seen in Figure 4.4 that are 27
and 14 amu below the singularly charged ion (CH3CN),* peak will
correspond to the (CH3CN)n1CH2* and (CH3CN),.tHCN* ions respectively,
the result of internal fragmentation of the precursor cluster. The spectrum
is further complicated by the presence of the large, stable doubly charged
acetonitrile clusters undergoing the same fragmentations, resulting in peaks
13.5 and 7 amu down from the doubly charged peaks. However, beyond a
size of n=67 peaks corresponding to triply charged acetonitrile rise above
the baseline and grow in intensity with the stepwise increase in size of the
cluster. The presence of the (CH3CN)es3* ion which lies underneath the
intense (CH3CN)22* ion is resolved using the MIKE scanning technique to

detect fragments from that triply charger precursor.
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Figure 4.4: Mass spectrum showing the onset of triply charged
acetonitrile peaks

Coulomb fission is observed by sitting on a peak containing a component of
triply charged acetonitrile clusters and scanning over a range of energies
corresponding to expected fragments. This was performed for the
(CH3CN)693* and (CH3CN)743* precursor ions. The resultant MIKE spectra are
shown in Figure 4.5. A range of 6 fragmentation pathways are seen for both
precursors, with the trends in intensity corresponding to the degree of the
agreement of the lifetime of the pathway to experimental constraints. Both
precursors are seen to eject a singly charged cluster containing between 5
and 10 molecules corresponding to around 10% mass loss. Figure 4.5(a)
shows the profile from the fission of (CH3CN)e93*, where 5 strong peaks from
the k=5-9 channel are observed. The presence of the k=10 channel inferred
from the slow tailing off of the profile at low energy. The peaks are
sufficiently resolved to perform peak analysis on and the shape of the
simulated peaks reproduces the experimental profile well. The width of the
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k=7 peak does not quite account for the full width of the experimental
feature. However, broadening of MIKE peaks can occur from additional
processes happening in the 2m ffr, for example fragmentation from artefacts
or component clusters i.e. protonated species. The remainder of the profile
is accounted for well by the simulations. Figure 4.5(b) shows the fission of
the (CH3CN)743* cluster, where all 6 fragmentation channels are observed
from peaks in the MIKE spectrum. There is a large broadening in the k=8
fragment peak which makes the total peak width much wider than what is
simulated. This feature may be the result of a significant contribution from

artefacts.
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Figure 4.5: MIKE spectra showing the coulomb fission from the

precursor ions a) (CH3zCN)eo3+ and b) (CH3CN)743*. Overlain in blue are the

simulated peaks for the pathways observed
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a) Precursor Fragment < KER > eV Unax / €V
cluster
(CH3CN)e93+ K=5 1.53 1.52
K=6 1.53 1.52
K=7 1.53 1.52
K=8 1.52 1.52
K=9 1.52 1.52
K=10 1.52 1.51
b) Precursor Fragment < KER >¢eV Unax / €V
cluster
(CH3CN)743+ K=5 1.43 1.49
K=6 1.43 1.49
K=7 1.43 1.49
K=8 1.42 1.48
K=9 1.42 1.48
K=10 1.42 1.48
Table 4.2: Values for < KER > and U,,,, for the pathways shown in
figure 4.5

The values for the barrier heights U,,,, and the average kinetic release
< KER > for the observed pathways are tabulated in Table 4.2. In general
the agreement is better for the (CH3CN)g93* precursor, possibly a reflection
on the better quality of the experimental data, hence allowing a more
realistic fitting for the simulated peaks. Figure 4.6 shows the electrostatic
potential energy curves for the fragmentation pathways shown in Figure
4.5(a) in the region of short separation. The changing degree of the short
range barriers to fission at close separations is apparent, from a relatively
large short range barrier for the most asymmetric pathway to almost 0 for
the most symmetric. This reveals how sensitive the charge on the larger
doubly charged fragment is to the effect of the electric field from the smaller
fragment. The values of U,,,, do not decrease with the magnitude of
asymmetry as seen previously and there is no cross-over of the curves at

larger separations. This demonstrates the joint effectiveness of the
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polarisation of the larger cluster from the smaller fragment and the
effectiveness of the electrostatic repulsion at beyond 0.5 nm separation at

large asymmetry.
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Figure 4.6: Electrostatic potential energy curves for the pathways

shown in Figure 4.5a
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4.4  Fourfold Charged Acetonitrile Clusters

Distinct peaks corresponding to fourfold charged acetonitrile clusters
(CH3CN)q#* are not resolved in a mass spectrum. The identification of
fourfold charged clusters and the determination of the critical size is
achieved via the MIKE scanning technique. A profile of 3 strong peaks
resulting from coulomb fission of (CH3CN)ies** is resolved in a MIKE
spectrum. This profile was monitored as a function of decreasing precursor
size until it disappears completely a critical size of n.,;;(4) = 161. Figure 4.7
shows an overlay of 4 MIKE spectra from precursors in the size range of
n=161 to n=165. For the precursors that do not coincide with a strong
cluster peak in the mass spectrum (i.e. a singly or doubly charged peak) the
nominal position on the m/z scale was determined from the difference in

m/z for the cluster relative to a strong cluster peak.

EI(CHON),.
:l {CH5CN}15:+
I:l {CHE-CNLEZ**-
] {CH5CN}161“

NRNNEN

NNNN
ANANANAN

181
@600 a800 8000 8200 9400 9500
Laboratary - frame kinetic energy / eV
Figure 4.7: An overlay showing how the characteristic profile from the

fission of fourfold charged acetonitrile clusters develops as a function of size
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The possible fission mechanisms are either the fragmentation into 3+/1+ or
2+/2+ charged fragments. To determine which, the peak simulation
methodology is employed in conjunction with the dielectric particle model.
Figure 4.8 shows the MIKE spectrum for the fission of (CH3CN)1¢5*". Using
equation 2.10 for Zs= 3, the three peaks are found to correspond to highly
asymmetric coulomb fission. The loss of singly charged clusters containing
1, 3 and 5 molecules is determined. Overlain in Figure 4.8(a) are the
simulated peaks for the two low energy peaks of the spectrum. The KER
range used in the simulations is directed by the values for U,,,, which is
calculated using the dielectric particle model. The peaks are seen to match
the general shape of the experimental peaks. To confirm that these features
are not from the 2+/2+ mechanism the analysis was repeated at the energy
for the central peak for the fragment in charge state Z; = 2 and the resultant
simulation is shown in Figure 4.8(b). The comparative lightness of the
fragment in addition to the large magnitude of the KER (predicted from
Unax = 2.10 eV) result in a wide and highly dished peak that far exceeds the
width of the experimental feature. The values for < KER > and U,,,, are

given in Table 4.3
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Figure 4.8: MIKE spectra from the coulomb fission of (CH3CN)igs%*.

Overlain is the simulated peaks for a) the 3+/1+ mechanism and b) the

2+/2+ mechanism.
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a) Precursor cluster Fragment <KER>/eV Upy.’eV
(CH3CN)165% K=1+ - 1.83
K=3+ 1.90 1.83
K=5+ 1.90 1.82

b) Precursor cluster Fragment < KER>/eV Upqx’/eV
(CH3CN)165% K=672+ 1.96 2.10

Table 4.3: Values for U,,,, and < KER > for the pathways shown for

the two fission mechanism shown in figure 4.8(a,b)
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Figure 4.9: Potential energy curves for the fragmentation pathways

shown in figure 4.8a
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Figure 4.9 shows the calculated potential energy curves for the fission
pathways producing 3+/1+ charged fragments from the precursor
(CH3CN)165%* . A short range barrier to fission is evident for the k=1 pathway
which becomes smaller in magnitude at the k=5 pathway. This is a reflection
of the change in charge density from one molecule to 5 molecules in the
smaller fragment, and the resultant change in polarising ability. The most
asymmetric pathway has the largest values of electrostatic potential energy
as the fragments separate, as for triply charged precursors (Figure 4.6), the

electrostatic repulsion has a demonstrably large effect.

79



Chapter 4: Multiply Charged Acetonitrile Clusters

4.5  Stability of Multiply Charged Acetonitrile
Clusters

With the collection of data on multiply charged acetonitrile clusters it is
possible to compare the experimentally determined critical sizes with what
is predicted by the liquid drop model. Table 4.4 gives the values of
experimental n.,.;;(z) collected by the methods described in the preceding
sections. The values of the calculated n.,;;(z) are determined from the
solution to the Rayleigh equation (equation 1.1):

(ze)?

Neri(2) = W
m

Where z is the charge state of the cluster, e is the elementary charge
constant, y is the surface tension g, is the permittivity of free space and r;, is
the molecular radius. The % difference in the assignments of doubly and
triply charged clusters is small, however, the assignments for fourfold
charged clusters show a 27% increase from the theoretical size. This
observation could be caused from two potential situations. Firstly, if beyond
a certain size the acetonitrile cluster becomes deformed significantly from
the theoretically assumed spherical shape, it could cause the charges to
come into closer proximity, hence, requiring additional molecules to
increase the inter-charge distance. This is a tempting conclusion to draw as
the acetonitrile cluster does not have the hydrogen bond network that is
shown to contribute to the spherical shape of molecular cluster, particularly
water and ammonia [9,10]. As previously mentioned acetonitrile is found to
favour stacking in anti-parallel conformations [8], DFT calculations
performed by Remya et. al. [11] show how the structures of acetonitrile
cluster up to a size of n=27 are determined by the cooperativity between
adjacent molecules that favours a stacking configuration. This is shown to
produce clusters that are irregular in shape and definitely non-spherical.

The cluster size for n.,;;(2) and n_,;;(3) exceed the limits of this study but
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one might assume that at that size the multiply charged cluster will deviate
significantly from the spherical shape assumed by the liquid drop model.
However, it would seem that the liquid drop model is capable of predicting
the correct sizes for charge states Z,, = 2 and 3. Therefore it is possible that

the deviation observed is due to experimental factors.

Charge Experimental n..;;(z) Calculated n.;:(z) % difference

state z
2+ 28 30 7
3+ 66 69 4
4+ 161 122 27
Table 4.4: Experimental and calculated values forn,.;;(z)and the

percentage difference for multiply charged acetonitrile clusters
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The identification of the onset for fourfold charged precursors is
determined from the evolution of a characteristic fission profile in the MIKE
spectrum above critical size. However, a measurable MIKE signal from
coulomb fission is dependent on the number of precursors in the 214 ffr, and
also if they are undergoing fission in the correct timeframe. The magnitude
of observed coulomb fission signal can be strongly dependent on the size of
the precursor, for instance, many of the cluster systems presented in this
work have a certain size range within the critical range that show
particularly strong signals from coulomb fission. It is likely that this is
determined by the magnitude of the barrier to fission (Ejq,rier) Over all
available pathways. As the cluster gets larger so too does Ej ;e as the
cluster becomes more stable, and so the lifetimes for all available fission
pathways will increase. This could ensure a sufficient number of precursors
are able to enter the 2 ffi before undergoing coulomb fission, producing a
measurable signal. Furthermore, the values of U,,,, observed for the fission
of (CH3CN)165%* show a maximum for the k=1+* pathway. This could be an
indication that the magnitude of (E,grier) iS S0 small that only the
pathways with the largest value of U,,,, (and hence E}4,s,) for the n=165
precursor, (i.e. the k=1+ pathway), live long enough to be detected. In this
instance, it does not mean that fourfold charged clusters below the
measured critical size do not exist, only that the lifetimes with respect to all
coulomb fission pathways are not great enough to be detected using the

experimental setup.
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4.6 Conclusions

The work presented in this chapter builds on previous measurements on
dication acetonitrile clusters and extends measurements on both the
stability of the precursor clusters and the measurements of the coulomb
fission reaction up to precursor charge states of Z,, =4. The measurements
on the dication system confirmed initial measurements showing how the
magnitude of the kinetic energy release following the coulomb fission
reactions is accurately predicted by the dielectric particle model [3]. Using
the peak simulation methodology more accurate measurements of the
kinetic energy release are possible, which takes the agreement closer to the

predicted values of Upax.

Strong peaks in the mass spectrum are observed for triply charged
acetonitrile clusters, which show an onset close to what is predicted by the
liquid drop model. The fact that the peaks are strong enough to rise above
the significant background signals in the mass spectrum is an indication of
the large number of the precursor species in the ion beam at detection. The
coulomb fission reactions show ejection of a singularly charged cluster
containing between 5 and 10 molecules corresponding to approximately
10% mass loss from the precursor cluster. The fitted simulated peaks match
the predicted barrier heights quite closely, although there are a few
instances where the shape of the simulated peak does not account for the
full width of the experimental feature. This is likely a result of broadening of

the experimental peaks from artefacts in the spectrum.

Fourfold charged clusters were detected from the presence of fragment
signals in the MIKE spectrum from the fission from the fourfold charged
cluster. The characteristic profile is seen to rise from the baseline above the
critical size and take the form of three peaks corresponding to the loss of a

singularly charge cluster containing up to 5 molecules. The large
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experimental value of n.,;; (4) compared to the liquid drop prediction could
be due to not enough small precursors making it into the 2nd ffr to produce a
measurable fission signal. Or alternatively, a strongly non-spherical
structure in the nc(4) size regime, not accounted for by the liquid drop
model. A question remains as to why there is a difference in two molecules
between the fragments peaks in the MIKE spectrum. Acetonitrile has been
shown to form stable anti-parallel pairs [8], which might lead to the large

fragment requiring an even number to ensure pair formation.
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Chapter 5 : Multiply Charged Ammonia

Clusters

5.1 Introduction

Multiply charged ammonia clusters have been the subject of recent attempts
to model unimolecular coulomb fission reactions in molecular clusters.
From the Stace research group, Wu et al. [1] published results showing the
delayed asymmetric coulomb fission of ammonia dication clusters. These
were the first observations of unimolecular coulomb fission in molecular
clusters, i.e. the precursors are isolated and the fragmentation pathways can
be assigned from clear signals in a MIKE spectrum. From the same group it
was shown that by modelling the charged fragments as dielectric spheres,
the calculated maximum in electrostatic potential energy U,,,, (barrier

height) gives a good account of the measured kinetic energy release (KER)

[2].

Using the same experimental techniques, the current work extends these
observations to higher charge states, and precursor charge states of up to 8+
are identified and studied with respect to coulomb fission. Precursor
identification is achieved by using the MIKE scanning technique to identify
the onset of multiply charged cluster ions from the resulting coulomb fission
signals. The exception to this are doubly and triply charged clusters which
can be identified by an onset of non-integer peaks in a mass spectrum. The
mass spectra of both systems are known and have been published
previously [3, 4]. The work presented analyses the previous data using
current theoretical and methodological techniques, showing more accurate
assignments of the energetics and extending this work onto higher ordered
charged ammonia clusters. As before, in MIKE scanning techniques, only the

larger of the two fragment ions is detected.
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5.2. Doubly Charged Ammonia Clusters

The identification and coulomb fission of dication ammonia clusters was
achieved from observation of resolved peaks in a MIKE spectrum
corresponding to charged fragments [1]. The KERs of the processes were
determined from the FWHM of the experimental peaks, which in general
were found to agree well with the predictions of a dielectric discontinuity
model [5] and subsequently the more advanced dielectric particle model
that is also used in this work [6]. Improvement in the assignments of the
KER values is sought by application of the peak simulation model. By
simulating the fragment peaks, using the known barrier heights as a guide
to the expected values of KER, simulated peaks can be fitted to the
experimental data, thus resolving more accurate < KER > values for the
processes. The improvements this methodology brings may be considered
especially important for the study of doubly charged (and higher order
charged states) ammonia as the peak signal strengths are characteristically
weak. This is due to the relatively small molecular mass of ammonia
meaning the peaks are closely spaced together in energy, making resolution
difficult. This makes energy analysis using the FWHM of the peaks difficult.
It is also shown that for the cases of higher order charge states, this
methodology can be used to determine the charge state of the fragments
when the assignments of the observed pathways are ambiguous and hence

the mechanism of coulomb fission that is observed.

The improvements in the experimental method, as explained in Chapter 2,
reducing the distance between the supersonic nozzle and ion source and
increasing the accelerating voltage from 5 kV to 6 kV post-ionisation will
improve overall signal strength at the detector. This will also allow an
improvement in the resolution of the individual MIKE peaks in the spectrum

as the energy spacing of fragment peaks increases by a factor of 6/5
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(Equation 2.10). In light of these changes, the MIKE spectra that are

presented are under new experimental conditions.

Figure 5.1 shows a mass spectrum in which the onset of doubly charged
ammonia cluster peaks is observed beyond a critical size of neit(2)=50. The
resolution of the mass spectrometer is such that peaks originating from
both the fragmentation of the clusters and intra-cluster ion-molecule
reactions are resolved. These reactions were the subject of a paper by
Garvey et al. [3], who were able to assign the mass spectra peaks as
products of the following intra-cluster reactions. The dominant ion-
molecule reaction inside a charged ammonia cluster is the formation of the

NH4* ion via Reaction 1:
(NH3)n+ - (NH3)n—2NH4+ + NH, €Y

In a doubly charged cluster with two charge centres Reaction 1 can occur up
to two times inside the cluster producing 2 additional peaks separated by %2
amu, these are labelled as ¢ and d in figure 5.2. Also observed are the

fragmentation reactions of the cation in the un-reacted precursor cluster

[7]:
(NH3)," = (NH3),_NH," + H ()

Reaction 2 is responsible for peaks a and b in figure 5.2, as before, the
number of charge centres determines the number of times reaction 2 can
occur. A loss of up to two hydrogen atoms is possible from the dication
cluster resulting in peak g, 1 amu below the precursor peak p in the mass

spectrum.

The peaks to the right of d are from further intra-cluster reactions
producing the NHs* cation solvated in the cluster. The additional proton is
inferred to be ‘donated’ by the bulk of the cluster. This ion can form by two

possible mechanisms [3, 8]:
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(NH3), " = (NH3),_,NHs" + NH 3)

(NH3),* > (NH3),_sNHs" + N,H, 4

It is interesting to note the relative intensities of peaks seen in figure 5.2.
Peaks a-f all show increased intensity relative to the precursor peak
compared to the previous work [3]. To account for this it is worth
considering that the size of the cluster (n=55) is smaller than the examples
show in Garvey’s work (n=59-85) which will have additional degrees of
freedom to accommodate the excess energy in the cluster, hence effectively
quenching these reactions. Additionally, the electron energy of the ion
source used in this work can go up to 100 eV, making it possible for the
cluster to contain additional excess energy post-ionisation. This energy can
drive the inter-cluster reactions. The work by Garvey and colleagues only

shows data collected up to 90 eV.

Figure 5.3 shows MIKE spectra recorded for two dication ammonia clusters
(NH3)s12* and (NH3)s22* where the cluster is losing a (NH3)x* fragment. The
fragment peaks all show a degree of dishing. In the MIKE spectrum in figure
5.1a peak corresponding to the k=11 pathway, which corresponds to the
largest cluster fragment in the range detected, has the least degree of
dishing. This is not unsurprising due to the reduced divergence the
fragment will experience post coulomb fission due to its larger mass relative
to the other fragments. The peak simulation model does not reproduce this
entirely; a small degree of dishing is predicted, reduced in magnitude to the
simulated peaks for smaller fragments. The peaks for the k=12 and k=13
channels show a high degree of dishing in the experimental MIKE spectrum
which is not completely accounted for by the simulation model. Possibly the
fragmentations are happening, on average, further away from the electric
sector than the model predicts, due to having a relatively short lifetime. This

will therefore increase the total amount of divergence of the ions that is
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possible before the focussing slit at the end of the flight tube, and hence the

dishing of the peak.
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Figure 5.1: Mass spectrum showing onset on doubly charged ammonia
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Figure 5.2: An expanded view of the Hy(NH3)ss2* region showing the

ions that comprise it. p: (NH3)ss2*, a: (NH3)ss.1NH22%, b: (NH3)saNH2+, c:
(NH3)54NH42+, d: (NH3)53(NH4+NH4+), e: (NH3)53 (NH5+NH4+), f: : (NH3)53
(NHs"NHs*).

91



Chapter 5: Multiply Charged Ammonia Clusters

Overall, the experimental peaks are better resolved in the MIKE spectrum of
(NH3)s22+. This could be due to the increased size of the cluster the charges
are accommodated more efficiently and therefore the total energy of the
cluster is reduced. This stabilises the cluster against fragmentation with
respect to coulomb fission, therefore, more cluster ions will have a lifetime
long enough to pass through the magnet and undergo coulomb fission. It is
interesting to note that the dishing of experimental peaks is more accurately
described by the peak simulation model than in the previous example. There
is less dishing in the peaks of the MIKE spectrum. This may be due, in part,
to an increase in quality in the experimental data. With reference to the
values in Table 5.1a and 5.1b, the values of < KER > and U,,,, are in close
agreement, approximately 1%. This is much closer than what has been

reported previously where the agreement was within approximately 25%.
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Figure 5.3: MIKE spectra for precursor ions (a) (NH3)si2* and (b)

(NHs3)s22* showing coulomb fission. Overlain are the simulated peaks
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(a) Precursor Fragment < KER > [eV Unax /€Y
cluster pathway
(NH3)s12* k=11+ 0.99 0.98
k=12+ 0.99 0.98
k=13+ 0.99 0.99
k=14+ 0.99 0.99
(b) Precursor Fragment < KER > [eV Unax /€V
cluster pathway
(NH3)s22+ k=11+ 0.99 0.97
k=12+ 0.99 0.98
k=13+ 0.99 0.98
k=14+ 0.99 0.98
Table 5.1: Values for < KER > and U,,,, for the fragmentation

pathways shown in figure 5.2 for (a) (NHz3)s12* and (b) (NH3)s22*

Figure 5.4 shows the potential energy curves for the separation of charged
fragments produced from the coulomb fission of (NH3)s22+ in the range of
k=11-14. It is apparent, the most asymmetric pathways produce a curve
that is strongly attenuated by attractive potentials, producing a short range
barrier to fission at surface-surface separation less than 0.5 nm. A reduction
in the magnitude of the maximum of electrostatic potential energy (Umd) is
seen as asymmetry increases. This observation is due to the high
polarisabilities of the larger of the ammonia cluster fragments, with respect
to distortion caused by the external electric field originating from the
smaller fragment. This results in significant attractive potentials which
attenuate the electrostatic repulsion of the total charge in the two
fragments. At approximately 0.1 nm there is a crossover in the trend in the
potential energy for the pathways. Now the pathway that is most
asymmetric has the greatest potential energy between fragments. This is

due to the reduced influence of the short range attractive potentials at
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larger separations. Additionally, the electrostatic repulsion becomes more

effective when the electric field originates from a small sphere.
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Figure 5.4: Solution to the dielectric particle model for the reaction

pathways shown in figure 5.3b
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5.3. Triply Charged Ammonia Clusters

The onset of triply charged ammonia clusters may be identified, in part,
through a mass spectrum. Figure 5.5 show the mass spectrum with the
onset of non-integer peaks at around 690 amu corresponding to the ion
(NH3)1213+. This however is not found to be the critical size, fragments
originating from coulomb fission are observed down to a precursor size of
(NH3)1163*. These measurements are achieved by tuning the magnet to the
m/z value of the triply charged ion and performing a MIKE scan which
reveals the presence of the characteristic signal arising from coulomb
fission which diminishes in intensity towards the critical size. One can rule
out any possibility that these signals are from close lying or coincident
doubly charged cluster peaks as the corresponding sizes of these clusters
(approx. (NHs)772*) would far exceed the stable size (44, (2) = 54 ). The
fact that these precursor ions are not resolved in the mass spectrum
highlights the necessity to verify observations from mass scanning
experiments with corresponding MIKE spectra if possible. The observation
of a lack of mass spectral precursor ion peaks and the presence of
reasonably strong fragment signals may indicate that the majority of the
ions passing through the magnet undergo fission before reaching the
detector. Figure 5.6 shows a collection of MIKE spectra showing diminishing

coulomb fission profiles approaching the critical size.

This value of the critical size n.;;(3)=116 is smaller than previous
assignments of 121 [9]. The variance in these observations can possibly be
explained as due to the differences in experimental set-up. A time-of-flight
mass spectrometer was used in the previous work which does not have the
same resolving power to that of the current experimental set up

(maximum ﬁ = 125 000) thus peaks corresponding to clusters below a

size of n=121 may have been unidentifiable. Additionally, a time of flight
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mass spectrometer is not able to perform the mass selection necessary for

corroborating MIKE spectra.
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Figure 5.5: A mass spectrum showing the onset of triply charged
ammonia clusters of the form Hy(NH3),3*

97



Chapter 5: Multiply Charged Ammonia Clusters

(NH),,.’ (NH,),.,
1. .\m 8 wh
i Y
W, Ul a1
W A J )] |
AW ¥ 0.0t 'l [
o | LA
= (W Uk | L Al N
> v | | |
a \ P N \‘A“ \
A 1) 1
Iy \ UIKRY 4 |
A T I l| U
! L1 il \
L
| \
00 f
2] -
e W ¢ 240 9800
xy - frame kinetic energy / oV
Laboratory - framo kinotic energy / oV
(NH,), . <
o (NH,),,,
| A |
\ |
! FTN "_
(R " ’
0 WA ' ' i { L
2 i 'S Iy
e A i | 1.' 1 z TR { ] |
", : iy
N ¢ i 1 MY |
o (AL \f U IR
1 [} 4 "A { \ ) 'l
| LUtk {
| | F i, Ny I I | Ly
" 1 \ ,l " 1 l [\
H iAW | Al )
I ro
.......... s00 9500 9600 9700 %800 000 | Mo0 | %00 | 00
Laboratory - frame kinetic anergy / eV Labomtory - frame kinetic energy / oV

Figure 5.6: MIKE spectra showing the characteristic profile from the
coulomb fission of triply charged ammonia clusters down to n=117

Figure 5.5 shows slight branching of the singly charged peaks in the mass
spectrum, with two sub peaks 1 amu apart. These peaks are from the
protonated forms of the cluster produced by ion-molecule protonation
Reaction 1. These reactions have been studied in triply charged ammonia
clusters by Garvey et al. [4], in the experiments, performed under
significantly higher resolution than the example shown, additional peaks are
found [4]. Reaction 1 can occur at any charge state, so in the case of a triply
charged cluster there is the ability for un-protonated, protonated, doubly
protonated and triply protonated precursor species to form. These peaks
are separated by 1/3 amu and when resolved, the intensities can give an
indication of the relative number densities of the clusters at the detector.

Figure 5.7 shows a region of the mass spectrum populated solely with triply
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charged ions, MT/ z =17/3 amu from the main cluster peaks. Shown in the
figure 5.7 is a schematic of the three successive ion-molecule reactions and
the contribution of each to the 3+ feature of the mass spectrum. It is notable
that the precursor peak is significantly smaller in magnitude that the 1st
protonated peak which is not seen in singly or doubly charged ammonia
clusters. This observation has been attributed to the decrease in distance
between the charge centres within the cluster which can be balanced in
pure energetic terms by the additional solvation of NH4* over NHz* by
neutral ammonia molecules [4, 10], hence favouring the formation of the

protonated species.

bimolecularl reaction

Nl—[2
/—' (n-1)-mer

YRR
NH' SES

\Hz bimaolecu lar\L reaction

Figure 5.7: Diagram showing the origin of the protonated cluster peaks
in the mass spectrum. Taken from [4]

As is seen by the difference in resolution in the 3+ peaks in figures 5.5 and
5.7 the protonated forms are not being individually resolved by our

experimental set-up, even in relatively high resolving conditions. As
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mentioned previously reduction in resolving power is required to achieve
the required ion count for detection, consequently, the magnetic sector is
not able to select individual ion species 1/3 amu apart for investigation.
Therefore, it is assumed that the resultant fission signals have contributions
from all protonated forms of the precursor cluster, the relative numbers of
which entering the 2nd ffr are assumed to be proportional to the heights of
the peaks in the mass spectrum. This could potentially produce broadening
of the features in the MIKE spectrum due to the proximity in energy of the
four potential precursor types fragmenting into the four potential fragment
types. Taking the most intense precursor ion in the mass spectrum at
n=122: (NHz3)121-1(NH4)3*, losing approximately 10% of its mass after fission
to produce the two protonated forms of doubly charged fragment: (NHsz)121-
k-1(NH4)?* and (NH3)121-k-2.(NH4)22*. These ions will cover a range of 10 eV in
laboratory frame kinetic energy in the MIKE spectrum, thus making both
peaks un-resolvable in the MIKE spectrum. Far more likely is that both will
appear as part of one broad feature. Figure 5.8 shows the resulting MIKE
scan of the (NH3)1223+ precursor, in which there would appear to be four
faintly resolved features. To illustrate the previous point, in figure 5.9 the
MIKE scan is overlaid with predicted energies of the most abundant, singly
protonated precursor undergoing fission for the three high energy
pathways. The doubly charged ion that is detected can take one of three
potential forms. It can either be un-protonated, singly, or doubly
protonated. The lines on the spectrum indicate the energies at which the
fragments will be detected. The dashed lines indicate the energy which the
unprotonated precursor cluster fragments into an un-protonated doubly

charged fragment.
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Figure 5.9: MIKE scan of (NH3)i223* overlain with he predicted

energies of Erfor the possible fragments from the protonated precursor
cluster
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Figure 5.9 shows that it is possible that each feature may be comprised of
more than one possible fission reaction. The resulting fragments are close
together in energy. Only peaks resulting from the singly protonated form
have been considered in figure 5.9, there will likely be a contribution to the
fission profile occurring from the less abundant protonated forms of the
triply charged precursor. Additionally, there is expected to be overlap from
peaks from neighbouring channels (i.e. different value of k). These factors all

contribute to the poor resolution of the individual features.

In terms of the energetics of the processes observed, the differences in the
ammonia forms can be considered to be negligible. The increase in radius
from the addition of 3 hydrogen atoms is minute, so too is any difference in
how the charge is accommodated in the cluster. Therefore, the magnitudes
of Unmax will not vary significantly. The increase in mass is again negligible,
therefore, in the simulation of the MIKE peaks no significant reduction
divergence will be experienced by fragments containing additional protons
and no differences are expected in the lifetimes of the pathways concerned.
Therefore, analysis of the energetics of the process and assignments of
simulated peaks will be done on the un-protonated forms of precursor and
fragment ions only. Figure 5.10 shows the simulated peaks overlain on the
MIKE spectrum and table 5.2 gives the calculated barrier heights for each
channel and the average kinetic energy release associated with each fitted
simulated peak. The agreement of the simulated peaks to the experimental
data is not as close as in previous cases, probably due to the resolution of
the peaks in the MIKE spectrum, making the fitting of the simulated peaks
difficult. The simulated peaks possess a value for <KER> that is smaller than

the barrier heights by around 0.25 eV.
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Figure 5.10: MIKE spectrum of (NH3z)1223* overlain with the simulated
peaks
Precursor Fragment < KER >/ eV Unmax/ €V
Cluster channel
(NHz)1223+ k=11 1.38 1.62
k=12 1.38 1.62
k=13 1.38 1.62
Table 5.2: The values for Unaxand <KER> for the channels highlighted

in figure 5.10
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Figure 5.11: The potential energy curves calculated for the three

fragmentation pathways observed in the MIKE spectrum (figure 5.10)

Figure 5.11 shows the electrostatic potential energy curves at short surface-
surface separations calculated by the dielectric particle model. There is a
degree of attenuation of the repulsive force between the two fragments, this
is seen by the slight short range barrier of the k=11 pathway. However,
unlike the calculated curves for the fragments following dication fission,
there is no observed reduction in the value of U,,,, with increased
asymmetry. There is a cross over at approximately 0.2 nm where increasing
asymmetry between the fragments produces a greater potential energy.
This is due to the reduced influence the short range attractive forces have
on the value of the potential energy, which is now dominated by the long
range repulsive electrostatic interactions. The increase in charge density on
the smaller fragment and consequent increase in the effectiveness of the

electrostatic repulsion is what causes this to occur.
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5.4. Fourfold Charged Ammonia Clusters

The identification of fourfold charged ammonia clusters using mass spectral
techniques presented earlier is not achievable. A combination of the narrow
mass band between peaks brought about by the small M; of ammonia and
the expected reduction in mass resolution with increasing mass means that
the individual 4+ peaks remained un-resolved. Indeed further increases of
charge state and cluster size mean that none of the higher order systems
presented in subsequent sections show discrete peaks in a mass spectrum.
The identification of n.,;(4) for the ammonia system has been achieved by
the observation of a reduction and eventual loss of a characteristic coulomb
fission signal originating from the charged fragments as the cluster size
decreases. Figure 5.12 shows the strong broad signal that is observed when
performing a MIKE scan for the fission of (NH3)20s** precursor ions. This is
achieved by ‘sitting’ on the coincident (NH3)sz* peak in the mass spectrum.
This singularly charged cluster is easily identified due to the high signal
intensities of the series of singularly charged peaks in the mass spectrum.
From there a reduction in size by two molecules was tested by sitting on the
intense (NHz)1032* peak, coincident with (NH3)206** precursor of interest.
The resultant signal is diminished with respect to the (NH3)20s** peak
indicating proximity to the critical size. Further mass selection is completed
by reducing the m/z ratio by increments equal to M./4; hence, producing
MIKE spectra for decreasing single monomer increments. The critical size is
identified as (NH3)205%*, as it is the smallest size showing a characteristic
signal in the MIKE spectrum. Figure 5.13 shows an overlay of all the signals
in the MIKE spectra in the range n = 205-208 and the signal from what
would be n = 204 but falls below the critical size, and thus, shows no

apparent signal.
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Figure 5.13: A plot of the characteristic signal about 8600 eV in the
MIKE spectra for clusters approaching the critical size. (NH3)205** is assigned
as the critical size
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The same general MIKE profile is observed for all precursor clusters from
n=206 upwards. It is assumed that a number of fission pathways will be
accessible due to the multitude of potential precursor forms for a fourfold
charged precursor. In relation to the protonation reaction, an ammonia
cluster with 4 charge centres is predicted to be able to form 4 protonated
forms of the cluster alongside the unprotonated form and will all be able to
undergo distinct coulomb fission fragmentations. However, it is worth
noting with reference to figure 5.7 that beyond single protonation, further
protonated forms are seen to be diminished, demonstrated by the relative
heights of the mass spectral peaks. It is assumed that in charge states
beyond z = 3 this trend will continue and therefore the number of fourfold-
charged, fourfold-protonated ammonia clusters will be considerably
diminished relative to the other forms of the cluster. As will the relative
number of un-protonated precursors due to the increased solvation of the
charge from protonation NH4* [8]. The multitude of fragmentations causes a
broadening of the spectral features, and can in part explain why only a

single feature is resolved.

As noted in previous chapters, the charge state of the larger detected from
fission of a fourfold charged precursor can be either 3+ or 2+ charged.
Consideration will be given to both possibilities. Using equation 2.10 and the
methodology set out in section 3.4, 3+ charged fragments are simulated in
the range of k=12-21 that encompass the energy range of the MIKE signal
produced for the fission of (NHz3)210** cluster ions, this is shown in figure
5.14. As can be seen the width of the feature can be adequately reproduced
with 10 simulated peaks. Table 5.3 gives the energetic information for each
pathway and good agreement is seen in the values for U,,,,, and < KER >.
It is noted that the ‘jagged’ shaped to the top of the feature could be caused

by the partial resolution of the tips of the 3+ peaks. These observations,
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however, are at odds with other measurements on 4+ clusters presented in
other chapters of this work which typically show a difference of two
molecules between separate peaks from fragments that are 3+ charged. It
may be due to the spherical geometry of the large ammonia cluster that
single molecules are more able to be accommodated between the two

fragments, rather than pairing up.

To consider the alternative fragmentation mechanism, Zr=2, use of Equation
2.10 reveals that the centre of the feature corresponds to loss of a doubly
charged cluster fragment containing 80 molecules. Simulation of this
pathway with guidance from the value of U,,,, (2.51 eV) reveals a strongly
dish-shaped peak that almost satisfies the full width of the experimental
feature. To account for the whole shape of the peak it is worth considering
the possibility that more than one fragmentation pathway is being detected.
By changing the size of the fragment it is possible to reproduce the entire
shape of the peak with four pathways, these are shown in figure 5.15. The
difference between the dishing seen in the simulated peaks and those
observed in the experimental data are attributed to several factors. It is
assumed that the final detected cluster fragment retains a degree of energy
post coulomb fission, from both the electrostatic repulsion of the charge
centres and residual excess energy that is partitioned into internal modes
during the ionisation step. This energy can drive the evaporation of neutral
molecules and the KER associated with this process is much smaller than the
~2.5 eV predicted following coulomb fission. Therefore, the resultant peaks
do not show the dishing that is characteristic of the experimental
discrimination of strongly divergent ions. As previously, the fragmentation
profile is expected to be composed from fragments of various protonated
states, originating from up to five forms of the precursor. These fragments
will have discrete peaks in the MIKE spectrum very close together in

laboratory-frame kinetic energy. However, due to limitations in the energy
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resolution of the MIKE scanning technique, individual components cannot

be resolved.

In the case of fourfold charged molecular clusters it has been found that the
2+ fragment is not observed and the profile shape can be reproduced
adequately with peaks from the 3+/+ fission mechanism. Due to the poor
peak resolution in Figure 5.14 and 5.15 it is difficult to assign a definite
mechanism to the feature, and therefore impossible to rule out a

contribution from both mechanisms to the overall profile.
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Figure 5.14: MIKE spectrum for the fission of (NH3)210** ions overlain

with the simulated peaks for the pathway producing 3+ and 1+ charged
cluster fragments

Precursor cluster Fragment channel < KER >/eV Unmax / €V
(NH3)2104+ k=12+ 2.16 2.15
k=13+ 2.16 2.15
k=14+ 2.16 2.15
k=15+ 2.16 2.15
k=16* 2.16 2.14
k=17+ 2.16 2.14
k=18+ 2.16 2.13
k=19+ 2.16 2.13
k=20+ 2.16 2.12
Table 5.3: The wvalues for U,,, and < KER > for the channels

highlighted in figure 5.14
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Figure 5.15: MIKE spectrum for the fission of (NH3)210** ions overlain
with the simulated peaks for the pathway producing 2+ and 2+ charged
cluster fragments

Precursor cluster Fragment channel < KER > /eV Unmax /€V
(NH3)2104+ k=792+ 2.47 2.51
k=802+ 2.47 2.51
k=812+ 2.47 2.52
k=822+ 2.47 2.52
Table 5.4: The values for U,,,, and < KER > for the channels

highlighted in figure 5.15

Figure 5.16 shows the electrostatic energy curve calculated by the dielectric
particle model for the fragmentation pathways shown in figure 5.14. In the
case of high asymmetry, especially k=12, the solution shows a moderate
attractive attenuation of the electrostatic repulsion. The fact that it requires

94% mass asymmetry in the 3+/1+ system to achieve this is due to the
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dominating effect of the electrostatic repulsion of the four charge centres

over the induced potentials attenuating the electrostatic potential energy.

Figure 5.17 shows the potential energy curve for the 2+/2+ fission
mechanism. It can be seen that the values of U are typically 0.4 eV larger
than the more asymmetric mechanism. This can be seen as an effect of the
general reduction in the ability of the smaller of the two fragments to
polarise the larger and attenuate the electrostatic repulsion. However, the
solution shows a reversal in the trend in Una, the value decreases with

asymmetry. This indicates that some polarisation is occurring.
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Figure 5.16: Solution to the dielectric particle model for the
fragmentation pathways shown in figure 5.14
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Figure 5.17: Solution to the dielectric particle model for the

fragmentation pathways shown in figure 5.15

The upper limit to instability of multiply charged precursor clusters can be
determined by performing similar experiments and hence determining the
size of cluster required to stabilise the cluster against coulomb fission
occurring in the timescale of the experiment, termed the stable size
(ngtap (4)). The MIKE scanning technique was used to monitor the
diminishing intensity of the fission signal as the cluster size increases and
the stable size is approached and then met. Figure 5.18 shows an overlay of
MIKE spectra which demonstrates that beyond the precursor (NHz)226** the
signal strength becomes increasingly weak, with the stable size being
assigned as (NH3)234%* where no remnants of the fission profile remain. For
comparison, the fission profile from the (NH3)210** precursor ion is included

in the overlay.
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Figure 5.18: A plot showing the deterioration of the characteristic signal

intensity as the precursor cluster approaches the stable size ng,;, (4)
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5.5. Fivefold Charged Ammonia Clusters

Fivefold charged ammonia clusters are observed above a critical size of
N (5) = 302. Figure 5.19 shows an overlay of MIKE spectra showing a
gradual onset of a characteristic fission profile beyond n=320 at laboratory-
frame kinetic energy centred around 8700 eV. The reason for such a gradual
onset is likely dictated by a small barrier to fission for the smaller clusters,
which in turn dictates a short lifetime. This can result in the majority of the
clusters undergoing fission before the 2nd ffr. To reach a size where the
profile intensity is large enough for analysis to be performed, one has to go
to the (NHz)3gs5* precursor, the MIKE spectrum of which is shown in figure

5.20.

Charge can be partitioned in two ways in the resulting fragments: 4+/1+
and 3+/2+ with the larger of the two fragments retaining the majority of the
charge. Using equation 2.10 we can immediately rule out the first possibility,
as at charge state Z; = 4, the fragment corresponding to the peak maximum
of 9400 eV would contain more molecules than the precursor cluster. The
possibility of a cluster capturing additional molecules from collisions with
the background gas is remote as the operating pressure is kept at below
approximately 10-7 mbar. Consideration will therefore only be given to the

formation of 3+ and 2+ fragments.
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Figure 5.19: An overlay showing the onset of the characteristic coulomb
fission profile around 8500 eV above a critical size of n,;; = 302

The MIKE profile for the fission of the (NH3)3gs°* precursor is shown in
figure 5.20. The base of the feature is approximately 700 eV wide, therefore,
it is reasonable to suggest that the profile is comprised of more than one
fragment peak. Figure 5.21 shows how the complete profile can be made up
of nine 3+ fragment peaks. As before, a combination of large values of KER
and the mass of the detected fragment ion combine to produce peaks that
are predicted to be strongly dish-shaped. However, there is little evidence of
dishing of the peaks seen in the experimental data. This is in part because
the individual peaks are un-resolved and also because of the potential in an
excited multiply charged cluster to increase achieve an increase in stability
by the evaporation of neutral monomers. This, as previously explained,
leaves the resultant peak ‘filled in’. As seen, the magnitudes of Una do not
vary to 2 d.p over the pathways shown. It could be that relative to the

fragment size, a change of 9 molecules is not enough to effect a change in the
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charge density of the fragments, and therefore, the magnitude of the

component interactions between the fragments.
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Figure 5.20: MIKE spectrum showing coulomb fission in (NH3)3g5>* ions
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Figure 5.21: Simulated peaks of the fission pathways labelled for the

precursor (NH3)zgs>*.
117



Chapter 5: Multiply Charged Ammonia Clusters

Precursor cluster Fragment channel < KER >/eV Unmax 1€V
(NH3)3g55+ k=722+ 2.97 3.18
k=732+ 2.97 3.18
k=742+ 2.97 3.18
k=752+ 2.97 3.18
k=762+ 2.97 3.18
k=772+ 2.97 3.18
k=782+ 2.97 3.18
k=792+ 2.97 3.18
k=802+ 2.97 3.18
Table 5.5: < KER > and U,,,, values for the fragments that make up

the peak in figure 5.21
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5.6. Sixfold Charged Ammonia Clusters

There is an overlap in the m/z range above n.,;;(5) in which both six and
fivefold charged ammonia clusters exist. This is due to the large critical
range seen for five-fold charged ammonia clusters undergoing fission (83
molecules). Fortuitously, the characteristic MIKE profiles for fragments
originating from 6+ and 5+ precursors are observed at different energy
ranges and are therefore separately resolvable. The shifting intensities of
the two signals can be observed by performing MIKE scans on a range of
m/z signals in a mass spectrum that comprise mainly singularly charged
ions, but will contain a component from both five and sixfold charged
ammonia clusters. Figure 5.22 gives an overlay of the MIKE spectra that
have been used to identify the values of n..;(6) and ngy;,(5). The stable
size for the corresponding lower order precursors components is exceeded
and so one can rule out contributions from these to the fission profiles. The
fission profile for the (NH3)sss5* precursor ion is filled in black and is
presented at the back of the overlay. As the precursor size increases in
Figure 5.22 there is a noticeable diminishing of the characteristic signal 5+
at around 9500 eV until a size of n =410 is reached. From there onwards
there is no detectable signal originating from the 5+ component, hence an
assignment of ng.,;, (5) = 410 is made. The onset of a fission profile from 6+
precursor ions is observed above a critical size of n.;(6) = 468. A
characteristic profile at around Ef= 8600 eV is seen to grow with increasing
size of precursor cluster until at (NH3)4926* where profile becomes similar in

magnitude and shape to (NHz)3gs5*.
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Figure 5.22: An overlay of MIKE spectra showing the simultaneous
onset of 6+ clusters beyond n.,;; = 468 and the progression towards the
stable size of 5+ clusters at ng,, = 410

For this charge state the large fragment ion from fission of a (NH3).6* ion
potentially can be any of Ze= 5,4,3 +. As before, the location of Ef on the
MIKE spectrum will inform us of which charge states are possible. Taking
the centre of the fission profile for (NH3)4926* and using eq. 2.10 with a value
Zy =5 and 8520 eV will correspond to the fragment (NH3)499°* that is larger
than the precursor. Therefore, the fission into 5+/+ fragments is ruled out as
being detected in these experiments. Considering the remaining two
possible mechanisms of coulomb fission, the identities of the fragment at
8520 eV for charge states Z; = 4,3 are considered (see Figures 5.23 and

5.24) and the values for U,,,,, are given in table 5.6.
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Fragment charge state Z Fragment at 8520 eV Unax/ €V
4+ (NH3)399%* + (NH3)932* 4,10
3+ (NH3)3003* + (NH3)1923* 4.26
Table 5.6: The identity of the fragment detected at 8520 eV and the

value of the barrier height from the separation of the two fragments for
charge states Z =43

As might be expected the lower charge density in the smaller fragment of
the Z; = 3 mechanism the maximum potential energy is larger due to
reduced attenuation of the long range electrostatic potentials that is brought
about from polarisation. This is brought about by the reduction of
asymmetry in the charge density between the two fragments. The (NH3)3003*
fragment is a similar mass to those fragments seen in the fission of 5+
ammonia clusters (Figure 5.21 and Table 5.5) but with a larger KER
predicted from the magnitude of the barrier U,,,,. Therefore, a wide dish
shaped peak typical of large divergence is expected. Figure 5.23 shows the
simulated peak overlaid on the MIKE spectra for (NH3z)s920*. A single
fragmentation pathway following this fission mechanism is all that is
required to fill the whole width of the experimental peak. This is an unusual
observation, as every previous example a range of fragments is observed,
the intensity of the associated peak an indication of how closely the lifetime
matches the experimental constraints. The observation of an absence of
dishing in the experimental peak implies that the potential
(NH3)3003* fragment is formed in a multiple step process. Firstly, by coulomb
fission to produce a cluster of size 300+x molecules, followed by neutral
evaporation of x molecules to form the final fragment. The small KER
following neutral evaporation results in in-filling of the peak. There is no
obvious reason for (NHz)3003* to be the only detected fragment as the barrier
heights for the two neighbouring fragments are comparable in magnitude.

This implies that the lifetimes for these pathways are very similar (the
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energies for the barrier heights mentioned are given in Table 5.7). It is seen
that the agreement in KER of the fitted peak and U for the pathway is not

as close as for other cases.

To address the other type of fragmentation, when Z; =4 (4+/2+
mechanism), the fragmentation is much more asymmetric (see table 5.6).
This leads to a smaller value of Una. This predicts a smaller KER and
therefore a narrower peak shape. This would be aided by the additional
mass of the detected fragment relative to the alternative mechanism. Figure
5.24 shows the MIKE spectrum for (NH3)4926* overlaid with the simulated
peaks where the width of the experimental profile is accounted for by the 10
simulated peaks. As before, the absence of any dishing in the final profile is
attributed to the reasons set out in Section 5.4. It is seen from other sections
in this work that there is an obvious preference for a range of fragments to
be detected. This, as mentioned is due to the lifetimes for the range of
fragmentation pathways matching the experimental constraints to differing
degrees. Additionally, the agreement between the KER of the fitted peak and
Unax is closer than for the single fitted peak simulated for the 3+/3+
mechanism. Therefore, based on these observations, it is concluded that the
experimental profile is formed solely from fragmentation following the

4+ /2+ fission mechanism.

Figure 5.25 shows the electrostatic potential energy curve following the
fission of the (NH3)4926* ion into 4+/2+ fragments. The trend of the curves
indicates that the electrostatic interaction is dominating. The added
effectiveness of the repulsion from a smaller fragment is shown by the

asymmetric pathways having the highest potential energy.
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Figure 5.23: MIKE spectrum showing the coulomb fission of (NH3)4926*
into the fragments shown overlain with the simulated peak for the process

Precursor cluster Fragment channel < KER >/eV Unax/ €V
(NH3) 4925+ k=1923+ 3.92 4.26
‘k=1913+ - 4.26
‘k=1903+ - 4.26
Table 5.7: Table showing the values of < KER > and U,,,, for the

pathway shown in figure 5.23. Additional values are given for imaginary
neighbouring fragments which are very close in magnitude.
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Figure 5.24: An expanded view of the MIKE spectrum showing the
coulomb fission of (NH3)4926* into the fragments shown overlain with the
simulated peaks for the pathways

Precursor cluster Fragment channel < KER > [eV Unax /€Y

(NH3)4926+ k=902+ 3.92 4.02
k=912+ 3.92 4.02
k=922+ 3.92 4.02
k=932+ 3.92 4.02
k=942+ 3.92 4.01
k=952+ 3.92 4.01
k=962+ 3.92 4.01
k=972 3.92 4.01
k=982+ 3.92 4.01
k=992+ 3.92 4.00

Table 5.8: Table showing the values of < KER > and U,,,, for the

pathway shown in figure 5.24
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Figure 5.25: Solution to the dielectric particle model for the

fragmentation pathways shown in figure 5.18
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5.7 Sevenfold Charged Ammonia Clusters

The observation of fragmentation from sevenfold charged ammonia clusters
is observed using the MIKE scanning technique. As before, intense singly
charged precursor peaks in the mass spectrum were used for mass
selection. These peaks will contain components from all charged species
above the relevant critical size for the charge state. This leads to the
observation of fragmentation from sixfold charged precursors in the same
MIKE spectra as fragmentation from sevenfold charged precursors. This
observation is similar to the preceding section and is attributed to the large
critical range for six-fold charged ammonia clusters. However, the
magnitude of the characteristic MIKE signal arising from coulomb fission is
reduced in intensity. This may be explained by the increase in the total
ionisation energy required to remove 7 electrons from ammonia (65 eV)
which is converging on the limits of the electron energy of the ion source of
the mass spectrometer (100 eV). Alternatively, it might be that during the
cluster formation step, a reduced number of neutral clusters larger than the
critical size are being formed by the supersonic expansion. Therefore, either
the ‘neutral precursors’ are not present in great enough numbers, or that
during the ionisation process neutral molecules are lost in great enough
numbers to take the ionised cluster below the critical size and therefore will

undergo coulomb fission on a shorter timescale..

Figure 5.26 shows an overlay of MIKE spectra obtained from sitting on a
singularly charged peak in the mass spectrum, containing a component of
both six and sevenfold charged clusters, and incrementally changing the size
of the precursor. The black profile in figure 5.26 shows signals from the
coulomb fission of (NH3)s40* and (NH3)e307*. By following the profiles from
back to front in the figure, the number of molecules in the precursor
increases by a magnitude equal to Z,, the charge state of the precursor, the

characteristic signal from 6+ clusters at around 8700 eV decreases evenly
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from size n=540 until the stable size ng,,(6) = 564 is reached and the
signal disappears. Concurrently, the signal from the component 7+ fission,
around 8000 eV rises above the critical size of n,;; = 630, until at a size of
(NH3)ess”+ the feature resembles a broad profile similar to what has been

seen previously.

- (NH 3)54UG+ f (N H 3)G3U?+
l:l (NH 3)54GG+ f (N H 3)G3TT+
- (NH3)5526+ ‘( (NH3)644T+ 1 - : =
l:l (NH 3)5536+ f (N H 3)651?+
- (NH 3)5646+ f (N H 3)6537+

7400 7600 7800 8000 8200 8400 8600 8800 9000
Laboratory - frame kinetic energy / eV

Figure 5.26: An overlay of MIKE spectra showing the simultaneous
onset of 7+ clusters beyond n_,;;(7) = 630 and the progression towards the
stable size of 6+ clusters at ng.,,(6) = 564

Figure 5.27 shows a collection of MIKE spectra for the coulomb fission of
four sevenfold ammonia clusters. It is seen there is a tendency for a slight
asymmetric in the profile shape with a tailing-off at the low energy side of
the feature. This feature may be an artefact feature, an unavoidable concern
in double focussing experiments [11], or the result of fission from different
mechanisms. Fission from a precursor ion with charge state Z, = 7 can
produce a range of charge states for the detected fragment, and charge
states of Z; = 6,5,4 + are, in theory, possible. Using eq. 2.10 for energy
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value at the centre of the features, the size of the fragments for the possible

charge states are calculated. In e case o e 3)6797/* precursor 1t 1s
harge states Z lculated. In th f the (NH3)e7o™ p it i

possible for a large 6+ charged fragment to be detected with the loss of a

small singly charged cluster containing up to 14 molecules. The range of

fragments is not broad enough to account for the full experimental width,

but may account for the asymmetric shape towards the low energy side of

the peak. This is illustrated in Figure 5.28.
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Four examples of MIKE spectra from sevenfold charged
precursor ions showing degrees of asymmetry towards the low energy side
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Figure 5.28: MIKE spectra for (NH3z)e797+ cluster ions overlain with the

simulated peaks for the 6+/1+ fission mechanism

Precursor cluster Fragment channel < KER >/ eV Umax /€V
(NH3)6797+ k=2+ 3.33 3.27
k=3+ 3.33 3.27
k=4+ 3.33 3.27
k=5* 3.33 3.27
k=6* 3.33 3.26
k=7+ 3.33 3.26
k=8+* 3.33 3.26
k=9+ 3.33 3.25
k=10+ 3.33 3.25
k=11+ 3.33 3.24
k=12+ 3.33 3.24
k=13+ 3.33 3.23
k=14+ 3.33 3.23
Table 5.9: Values for < KER > and U, for the simulated peaks in
figure 5.28
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The second type of fragmentation possible is the fission into 5+/2+ charged

fragments. Figure 5.29 shows an example of how the width of the

experimental spectrum of (NH3)s797* can be accounted for with 20 simulated

peaks from the 5+/2+ coulomb fission mechanism. Table 5.10 gives the

values for the energetics of the pathways.
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Figure 5.29:

ions. The simulated peaks for fragments are shown

MIKE spectrum showing the fission of (NH3)e797* cluster
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Precursor cluster Fragment channel < KER > /eV Unax /€V
(NH3)e797+ k=1002+ 4.67 4.62
k=1012+ 4.67 4.62
k=1022+ 4.67 4.62
k=1032+ 4.67 461
k=1042+ 4.67 461
k=1052* 4.67 461
k=1062* 4.67 461
k=1072+ 4.67 4.60
k=1082+ 4.67 4.60
k=1092+ 4.67 4.60
k=1102+ 4.67 4.60
k=1112+ 4.67 4.59
k=1122+ 4.67 4.59
k=1132+ 4.67 4.58
k=1142+ 4.67 4.58
k=1152+ 4.67 4.58
k=1162+ 4.67  4.57
k=1172+ 4.67 4.57
k=1182+ 4.67  4.57
k=1192+ 4.67  4.57
k=1202+ 4,67 4.56
Table 5.10: Values of < KER > and U, for the pathways shown on
figure 5.29

The third possible fission mechanism is the fission into 4+/3+ fragments.
The simulated peak shape is noticeably wider and more dished due to the
relative lightness of the detected fragment and the high KER of the process
as predicted by the value of U,,4,. This is shown by the blue peak in figure
5.30. Itis clear that the single peak is not wide enough to account for the full
width of the profile. The additional width on the low energy side of the peak
could come from an artefact feature that has followed the same fission
mechanism. The most likely cause of an artefact peak appearing in a MIKE
spectrum is the transmission of an ion one molecule smaller than precursor
of interest through the magnet and for that ion to undergo coulomb fission
in the 2nd ffr. This instance would require the evaporation of one molecule in

the 1st ffr, and as the binding energy decreases the potential for this to occur
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increases as the cluster gets larger. The value of the binding energies is
small enough to allowing a number of clusters that have lost one or more

molecules to form in the 1st ffi. The transmission of the fragments through

2
the magnet will occur at massm* = Ma /mf where my and m,, are the

masses of the fragment and precursor ions respectively. Solving this for the
metastable fragment (NHs3)e787* from the precursor ion (NHs)e797+ reveals a
difference in nominal mass of 5 amu, which under the reduced resolving
power of the magnet required for the observation of coulomb fission is
small enough for the transmission of both ions simultaneously. If this
metastable fragment undergoes coulomb fission in the 2 ffi to produce the
(NH3)4s4* and (NHz3)2233* fragments, which is of the same order of symmetry
of fragmentation as previously observed, then the remainder of the peak
width is accounted for. This example is shown in figure 5.30 and 5.31 with
the fragments resulting from the fission of the metastable artefact coloured
in dashed red. It is seen from tables 5.11 and 5.12 that the values of
< KER > and U,,,, for the pathways correspond well for the precursor

fission and the artefact fission.

Set out above are all the theoretically possible mechanisms for coulomb
fission from sevenfold charged ammonia clusters. With reference to the
points made in section 5.6 regarding the formation of a single detectable
fragment following coulomb fission, one might consider discounting the
4+/3+ pathway as a possibility. It is seen that the body of the peak can be
accounted for using only the peaks from the 5+/2+ mechanism. It is possible
that the tailing off effect comes from the fragments resulting from the 6+/1+
fission mechanism. Therefore, it is assumed that both mechanisms are

present in the fission of sevenfold charged precursors.

The the electrostatic potential energy curves for these two mechanisms are
presented in Figure 5.32 and 5.33. Comparison of the two highlights the
balance between the electrostatic repulsion and the induced attractive
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forces brought about by polarisation. An asymmetry in charge density in the
fragments will favour the polarisation of the larger of the two fragments by
the smaller, assuming the larger fragment is polarisable enough. This is
evident in figure 5.33, where the curves show varying degrees of this effect.
In the range of k=1-14 the magnitude of the short range attractive region of
the curve at 0-0.2 nm separation decreases from 0.6 eV to 0 as asymmetry
decreases. Analysis of the trend in Unq (table 5.9) points to the fact that
even though the fragments are experiencing polarisation forces,
electrostatic repulsion still dominates. The trend is for the most asymmetric
fragmentations to have the largest Uma. This is due to the increase
effectiveness of electrostatic repulsion from the smaller fragment. The
curves for the 5+/3+ mechanism all show this effect. The curves are all
repulsive in nature, with the magnitude of Una determined by the

effectiveness of the repulsion.

(NH3)8?9?+4" (NH3)4BD
C (NH,)...” ~ (NH

Lo

4++(NH3) 3+

219

3+
224

0.30 4 . +(NH3)

0.25 +
0.20 +

0.15 + Lrj 1 |

Intensity

010
0.05 - I

0.00 _ ) ,]l Uil l]l j

-0.05

T T T T T T T T T T T T T T T T 1
7200 7400 7600 7800 8000 8200 8400 8600 8800

Laboratory - frame kinetic energy / eV

Figure 5.30: MIKE spectrum showing the coulomb fission of (NH3)e797*
cluster ions. The simulated peak in blue is for coulomb fission into the
fragments shown; in red is the simulated peak from the coulomb fission of
the artefact precursor into a fragment of same symmetry
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Precursor cluster Fragment channel < KER > /eV Unax /€V
(NH3)e797+ k=2193+ 5.07 5.19
Artefact:
(NHz3)e787+ k=2243+ 5.07 5.19
Table 5.11: Values of < KER > and U,,,, for the pathways shown on
figure 5.29
C (NH3)5557+4’ (NH3)4424+ * (NH3)2233+
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Figure 5.31: MIKE spectrum showing the coulomb fission of (NH3)ees7*
cluster ions. The simulated peak in blue is for coulomb fission into the
fragments shown; in red is the simulated peak from the coulomb fission of
the artefact precursor into a fragment of the same symmetry.

Precursor cluster Fragment channel < KER >/ eV Umax /€V
(NHz)e657* k=2233+ 523 5.07
Artefact:

(NH3)6647+ k=2263+ 5.07 5.23

Table 5.12: Values of < KER > and Uy, for the pathways shown on
figure 5.30
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Figure 5.32: Electrostatic potential energy curve following coulomb fission
of (NH3)6797* into 6+/1+ charged fragments
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Figure 5.33: Electrostatic potential energy curve following coulomb fission
of (NH3)6797* into 5+/2+ charged fragments
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5.8

Eightfold Charged Ammonia Clusters

MIKE spectra following the coulomb fission from eight-fold charge ammonia

clusters is presented. The identification and analysis of these data is

hampered by generally poor signal sensitivity making the composition of

peaks somewhat difficult to interpret. Following on from the argument

made in the previous section accounting for the reduced signal intensities,

the total ionisation potential (74.3 eV) for the removal of eight electrons

from ammonia is closer to the limit of the mass spectrometer of 100 eV.

Figure 5.34 shows the progression of the signal intensities towards a full

profile as the size of cluster increases. At the same time, the intensities of

the signal originating from fission of sevenfold charged ammonia clusters is

seen to diminish when converging on the stable size.
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Chapter 5: Multiply Charged Ammonia Clusters

Figure 5.34: MIKE spectra showing an onset of a characteristic signal
originating from eightfold charged ammonia clusters with a simultaneous
decrease in intensity in sevenfold charged clusters as the stable size is
reached

For a body containing 8 charges 4 possible types of fission are possible;
7+/+, 6+/2+, 5+/3+ and 4+/4+. Figure 5.33 shows the simulated peaks
calculated for the fragment at the centre of the peak, approximately Eq =
7700 eV. A cursory look can discount 5+/3+ and 4+/4+ as fission
mechanisms, as the simulated peaks are much too wide, which leaves 7+/+
and 6+/2+ as possibilities. The single peak simulated for 7+/+ is much
narrower than the profile seen in the MIKE spectrum but a range of
fragments is possible, filling the whole of the experimental width. Contrast
to the 6+/2+ peak which takes up nearly the whole width of the
experimental spectrum. This may confirm the identity of the fragment
causing the MIKE peak as (NH3)eg0®*. However, referring back to arguments
made previously against the formation of a single fragment, differences in a
single monomer unit on the lifetime of the fragmentation pathway will be
marginal. Hence, it would be expected for more than one 6+ peak to be
resolved. Therefore it is highly likely that the experimental feature is

comprised solely from 7+ fragments.
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Figure 5.35: The MIKE spectra for the fission of the (NH3)s248* overlain
with the simulated peaks for the potential fates of the cluster
Precursor cluster Fragment channel < KER >/ eV Umax /€V
(NH3)g248+ k=31+ 3.33 3.43
k=1442+ 5.25 5.13
k=2583+ 6.27 6.13
k=3714+ 6.27 6.40
Table 5.13: Values of < KER > and Uy, for the pathways shown on
figure 5.26
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5.9 Stability of Multiply Charged Ammonia Clusters

A benefit of collecting the data on stability in the preceding sections is that it
is possible to test the liquid drop model for molecular clusters for systems of
a charge up to z = 8. This corresponds to cluster containing a maximum of
approximately 800 molecules, corresponding to a radius of approximately 2
nm. [t is informative to be able to study a system that is approaching the size
of larger clusters as it is the size regime the original liquid drop theory is
applied to. Figure 5.36 shows the values of the critical sizesn..;:(z)
determined by experiment (blue line) and also the values that are predicted
by the liquid drop model (red line, eq. 1.1), both as a function of increasing
charge. As can be seen from table 5.14 the general agreement is good, within
5% for all charge states. The Rayleigh equation for the liquid drop model
below is shown below (Equation 1.1):

(ze)?

Nerit(2) = m

Where charge ze is the charge state multiplied by the elementary charge
constant, y is the surface tension, g, is the permittivity of free space and 7,
is the molecular radius. Previous theoretical calculations have been
performed by Echt et al. [9] up to charge state 4+ using a modified method
which aims to take account of size-dependant properties of the charged
clusters in question. That data is included on figure 5.37, and as can be seen
the agreement with experimental results available up to 4+ is not as good as
the predicted by the Rayleigh equation. If one was to extend the calculations
up to 8+ it is reasonable to assume that the divergence from what is seen

experimentally would become increasingly large.
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Figure 5.36: Comparison of the calculated and experimentally
determined values of the critical sizes n.,.;;(z)

Charge state z Experimental n.,;;(2) Calculated %
Nerie (2) difference

2+ 50 49 2
3+ 116 111 4
4+ 208 197 5
5+ 302 308 2
6+ 464 443 4
7+ 630 603 4
8+ 784 788 1

Table 5.14: Values of experimentally determined and calculated

Nerit (Z)

There are several potential reasons why divergence between what is
predicted by the model and what is seen experimentally might occur. In
charge states above the fourfold charged system the presence of the
multiply charged precursor is deduced by the observation of a characteristic

MIKE profile and the critical size assigned as the size of cluster below which
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there is no observable signal. It is likely that in the case of low fragment
signal from a precursor close to the critical size, that the cluster is
undergoing fission before the 2nd ffr due to the short lifetime brought about
by a vanishingly small barrier to fission (4Eparrier). This becomes influential
in the assignment of the critical size, and could potentially lead to an
experimental assignment that is too large. Additionally, only ions with mass
spectral signals coincident with singularly charged ions were scanned. At
the exact m/z all z-fold-charged clusters above n.;;(z) are able to pass
though the magnet, this ensures exact m/z characterisation of the
precursors and is useful in the ‘cross-over’ scans. However, in this method of
determining the critical size the precursor clusters that exist between the
singularly charged peaks are missed, adding a degree of uncertainty to the

experimental values.
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5.10 Conclusions

The promising early work on the identification of multiply charged
ammonia clusters and the analysis of coulomb fission has been extended to
the limits of the experimental set-up. The failure to observe ninefold
charged species is attributed to the ionisation potential (83 eV) being close
enough to the limits of the ion source in the mass spectrometer. It is likely
that a portion of the extra incident energy from the ionising electrons is
used to drive additional processes in the clusters which takes the ninefold
appearance potential above the 100 eV limit. Generally it is found that the
quality of the experimental data decreases as the charge state of the
precursor cluster increases, which might suggest that a portion of the
energy that is supplied to the clusters from the ionising electrons is

increasingly partitioned into other modes.

In previous work on the dication ammonia cluster system the KER of the
processes was calculated from an estimation of the FWHM of the
experimental feature in the MIKE spectrum, assuming a Gaussian
distribution. In this particular instance that method is not accurate because
a) the signals of the MIKE peaks are small and therefore subject to poor
signal-to-noise ratio and b) the fragments are close together in energy, to
the extent that the peaks overlap. This makes accurate assignment of the
FWHM subject to a degree of uncertainty. The peak simulation methodology
addresses this by matching a peak with a calculated value of <KER> and
overlaying it on the experimental feature. For a particular pathway, this has
been shown to produce, in general, well fitted peaks with values of <KER>
closer to the predicted barrier heights. The improvements to the
experimental setup detailed in Chapter 2 have enabled better quality data to
be collected for the dication system and has allowed the collection of data

for higher order charged systems.
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Triply charged ammonia clusters have been identified by an onset of peaks
in the mass spectrum. The value of the critical size was determined by
observation of coulomb fission signals from precursor clusters below this
size. As put forward in the text, the reason for the observation of n_,;(3) =
116 (previous value = 121) could be attributed to differences in the
experimental apparatus. The coulomb fission profiles for triply charged
ammonia clusters are characteristically weak, with the identification and
analysis of them appearing to be obfuscated by the multitude of processes
that can happen in the same time-frame which originate from multiple
forms of protonated ammonia clusters. As noted in the text, the potential
energy curves show a degree of attenuation by attractive potentials at the
extreme of charge asymmetry, not enough to lower the barrier height

relative to the surrounding pathways.

In the case of four-fold charged ammonia clusters, the identification of the
critical size was achieved by using the MIKE scanning technique to find the
smallest size cluster that shows a characteristic MIKE profile from coulomb
fission. As noted in the text, all of the precursor clusters in the critical range
produced qualitatively similar profiles with a broad profile roughly 400 eV
wide. Confidence is given to the assignment of these MIKE profiles as from
fourfold precursors as the intensity is seen to diminish and disappear close
to the predicted critical size of the liquid drop model. One can discount the
possibility of coulomb fission from coincident doubly or triply charged
clusters as the corresponding sizes of these clusters will exceed the relevant
stable sizes, i.e. the size at which fission ceases to be observed in the
apparatus. This technique was used instead of mass scanning for detecting
the onset of precursor signals due to the congestion and the decreasing
resolution of the peaks in the mass spectrum. Using the methodology set out
in the text, the simulated peaks for both 2+/2+ and 3+/1+ fission

mechanisms were fitted to the MIKE spectra. For both fission mechanisms
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the experimental MIKE profile can be reproduced from a number of
simulated peaks. This is keeping with a lifetime model explaining the
relative intensities of the peaks relative to the neighbouring pathways, but
suggests a deviation from the non-continuous trend of 3+/1+
fragmentations seen from other fourfold charged precursors presented in
this work. Due to the fact that the peak simulation methodology is shown to
accurately reproduce the individually resolvable experimental peaks in the
dication system, it is treated as reliable for assigning the pathways and
energetics of the peaks that make up the experimental features. The
dielectric model predicts a dominating effect of the electrostatic repulsion
over the induced potentials for the 3+/1+ mechanism. This is evidenced by
the shape of the potential energy curves show little to no characteristic
effect of the attenuation of the electrostatic repulsion seen in other
examples. The values of Unex for the 2+/2+, less asymmetric pathways are
consistently larger in magnitude. The most asymmetric pathway has the
lowest magnitude of Unq and a crossover of the potential energy ordering of
the pathways is seen as the induced potentials lose effectiveness. Compared
to the curves predicted for the 3+/1+ mechanism, this shows that an
increase in the charge on the smaller fragment can induce polarisation of

the larger fragment despite the 2+ large fragment being smaller than the 3+.

The critical range of four-fold charged ammonia cluster that will undergo
coulomb fission is 83 molecules, significantly larger than the critical ranges
seen lower ordered charged clusters (up to approximately 10 molecules
depending on the system). This can be explained with regards to the
increase in surface area of the cluster as it grows. Each extra layer of
molecules on the surface of the cluster will contain an increasing number of
molecules. Therefore, increases in the inter-charge distance required to
reach the stable size in multiply charged clusters will require increasing

numbers of molecules.
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Fivefold charged ammonia clusters were identified in the same manner as
the four-fold charged examples. A characteristic profile from the MIKE
spectra was identified as originating from five-fold charged ammonia cluster
with the critical size identified from the deterioration and eventual loss of
the profile below a certain size. In theory, Z; for the fission can either be 4
or 3, but by using Equation 2.10, Zr = 4 is ruled out as this fragment would
exceed the size of the precursor. Barrier heights of magnitude of around 3
eV are predicted. Using this value as a guide, 9 simulated peaks are required
to reproduce the experimental spectrum. It is interesting to note that this is
the same number of pathways observed in the fission of four-fold charged
clusters into 3+/1+ fragments and considerably more than the number
observed for either triply, or doubly charged systems. This can be partially
explained by using the predicted barrier heights of the pathways. The
difference in barrier height for five-fold fission into 3+ fragments is of the
order of 0.001 eV, making the differences in the barrier to fission (AEbarrier)
for the range of pathways negligible. The knock-on effect of this is that more
pathways will have a lifetime which is comparable with the experimental

constraints.

Six-fold charged ammonia clusters were observed using the same
methodology as above. Again, the characteristic profile is observed over an
energy range distinct from the fission signal from fivefold charged clusters,
which makes the stepwise growth/death of signals originating from 6+ and
5+ precursor clusters observable. As seen in figures 5.23 there is a
possibility that the signal can arise from the detection of only one 3+
fragment, at odds with the lifetime model. A potential reason for this might
be a special stability of the (NH3)3003* or (NH3)1923* fragments, however,
there are no recorded example of magic numbers in ammonia at this size
regime. A qualitative measure of stability of a cluster is sometimes

performed by observing the intensity of the signal in a mass spectrum
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relative to neighbouring signals. Unfortunately, this is not possible in this
system as the resolution is not sufficient at large m/z values to resolve
beyond 3+ cluster peaks close to n..;:(3). It is much more likely that the
profile that is observed is coming from multiple pathways of the 4+/2+
fission mechanism, consistent with the lifetime model and as observed in

other systems.

Sevenfold charged clusters show a tendency to produce a profile with a
degree of asymmetry at the low energy side of the peak. This observation
can possibly be assigned to a strong artefact component in the feature
resulting from the loss of one molecule before the magnetic sector followed
by coulomb fission in the 2nd ffr. However as previously discussed, the
formation of a single detectable fragment is unlikely to occur. The entire
width of the feature can be reproduced by fragment peaks from the 5+/2+
mechanism and the ‘step down’ feature may be a result from additional

fission processes from the 6+/1+ mechanism.

Eightfold charged clusters can undergo fission into either a 7+ or 6+ charged
fragment, the other possible fragments are ruled out due to the simulated
width of the peak exceeding the width of the experimental feature. In this
case, like lower ordered charged clusters, it is determined that the profile is

comprised of a range of 7+ fragments, rather than a single 6+ fragment..

Table 5.15 shows the values for some of the characteristic properties of
multiply charged clusters over the range of charge states studied. For every
case a range of fragments is determined to be the most probable outcome,
over a single detectable fragment. The reasons for such a determination
have been set out previously. The critical range, i.e. the range of clusters
between n.,.;;(z) and ng.,,(z) that undergo fission, is shown to increase
with charge state. Fluctuations are due to the stated difficulties of assigning

exact sizes for n,,;; (z) and ng.,,(2).
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Evidence for the influence of the dielectric constant on the polarisation of
the fragment clusters is seen in the trend in observed KER against the value
of total charge, q1.q2. This is plotted in figure 5.37 and it can be seen that
the values of the KER diverges strongly from the KER=g1.q2 curve which is
shown in red. For point charges the magnitude of the repulsive energy or
KER will be proportional to the value of gq1.q2 as there is no polarising
dielectric medium supporting the charges. In the case of ammonia clusters
the magnitude of the dielectric constant (&, = 22) is shown to attenuate the
purely repulsive effect of the repelling charges. Therefore, the experimental

KER falls increasingly below the g1.q. curve.

Charge State Critical Most probable No. Of Approx. KER

z, range pathways pathways /ev
2+ 4 1+/1+ 4 1.0
3+ 8 2+/1+ 3 1.4
4+ 29 3+/1+,2+/2+ 9,4 2.2, 2.5
5+ 105 3+/2+ 9 2.9
6+ 94 4+/2+ 10 3.9
7+ 112 5+/2+ 21 4.7
8+ 72 7+/1+ ~32 3.3
Table 5.15: Values for the critical range, most probable pathway,

number of pathways and average KER over the available pathways for
multiply charge ammonia clusters
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Figure 5.37: A graph showing the relationship of average KER to the
magnitude of the total charge (q1.q2). In red is the curve av. KER = q1.q2.
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Chapter 6 : Multiply Charged
Tetrahydrofuran Clusters

6.1 Introduction

Multiply charged tetrahydrofuran (THF) clusters have been produced as
described by the experimental procedure in Chapter 2. Unimolecular
coulomb fission reactions have been studied with respect to gaining
understanding of the behaviour of these metastable species around the
critical size. THF is a polar, cyclic ether with the empirical formula C4HsO
and a dielectric constant of 7.52. Around two hundred thousand tonnes of
THF are produced annually for use in industrial and other processes. Due to
the polar nature of the molecule and large liquid range it is widely applied
as a solvent for various processes [2]. Under strong acid THF polymerises to
give polytetramethylene oxide which is used in the production of spandex
[3]. Presented are the first observations of coulomb fission of multiply
charged clusters of THF. Charge states of Z,= 2-4 are isolated and the
fragmentation from coulomb fission is analysed. The energetics of the
processes is evaluated in the same fashion as in previous chapters. Using the
dielectric particle model the barrier heights to fission (U,,,,) are calculated
and are compared to the average kinetic energy release (< KER >) from
fitted simulated peaks. Additionally, using the experimental data on the
identification of precursors, comparison is made with the liquid drop
predictions on the size of the cluster required to stabilise the contained

z charges.
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6.2 Doubly Charged THF clusters

Presented are the first direct experimental measurements on the stability
and coulomb fission of doubly charged THF clusters. The onset of doubly
charged THF clusters can be observed in a mass spectrum above a critical
size of n;+ (2) = 24 which lies underneath the much larger and coincident
singularly charged (C4Hg0)12* peak. The presence of (C4Hg0)242* is revealed
by performing a MIKE scan by mass selecting the components of the large
peak and detecting the fragments from the (C4Hg0)242* precursor. A mass
spectrum showing the onset of doubly charged peaks is shown in figure 6.1.
Beyond n=24 a series of non-integer peaks are observed to rise above the
baseline, corresponding to doubly charged THF clusters. The presence of
background peaks complicates the spectrum. There is a peak 18 amu above
a main cluster ion, this is characteristic of the pick-up of water by the cluster
giving (C4Hg0)n(H20)*ions. This could be from either from contamination of

the solvent sample or pick-up of residual water in the apparatus.
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Figure 6.1: Mass spectrum showing the onset of (C4Hg0),2* ion peaks
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Figure 6.2 show the MIKE spectrum of (C4Hg0)24%*, as in all examples of
MIKE spectra presented, only the larger of the two ions are detected. It is
observed that the fragment peaks are increasing in intensity towards total
mass symmetry of the two fragments. This indicates a strong agreement of
the lifetime of these pathways with the timeframe constraints of the
apparatus. The peaks all show a degree of dishing, including even the most
symmetric peaks, indicating fission is the ultimate step in the process. The
peak profiles are accurately reproduced by the peak simulation model and
the values for < KER > are close to the barrier heights U,,,, in magnitude
(table 6.1) and for the most part the degree of dishing in the peaks is
simulated correctly, especially the k=11 pathway. The peak for the k=12
pathway shows the correct amount of dishing but the high energy side of
the experimental data is diminished relative to the low energy side and the
simulated peak. This most probably is due to an aberration in the

experimental measurement and not an error in the simulation.

What is notable is that the calculated barrier heights for all the fission
channels are, to two decimal places, equal. This differs from the calculations
using the dielectric particle model on dication benzene clusters, the closest
cluster in terms of molecular mass and dielectric constant. In benzene
(Chapter 3), the large size difference between fragments and the low value
for the dielectric constant leads to changes in the interactions of the
fragments, and hence, U,,,, varies between pathways. THF has a smaller
molecular size by only 3% compared to benzene, so is not sufficient to
explain why there is only minor difference in the energetics of the pathways
in THF. A possible explanation might be that the value of the dielectric
constant for THF (g,=7.52) is large enough to attenuate the electrostatic
repulsion by allowing sufficient ion-induced interactions from the
polarisation of the larger fragment, but not to the extent that the changes in

the charge density of the smaller fragment will bring the barrier down
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significantly. Figure 6.3 shows the electrostatic potential energy curves for
the observed pathways at short surface-surface separations. It can be seen
that the most asymmetric k=10 pathway has the lowest energy at
separation=0, and if the scale was extended to beyond 0.3 nm separation a
switch in ordering is be observed and the k=10 pathway will show the
largest potential energy of the three pathways. This is evidence that at
longer separations the influence of the short range induced potentials on the
overall interaction between the fragments is diminished, with the

electrostatic repulsion now dominating.
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Figure 6.2: MIKE spectra of (C4Hg0)2s2* overlain in blue by the

simulated peaks

Precursor cluster Fragment pathway Unax/€V < KER > /eV

(C4Hg0)252* k=10 0.89 0.78
k=11 0.89 0.78
k=12 0.89 0.86
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Table 6.1: The barrier heights and the <KER> for the fragments
detected in figure 6.2
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Figure 6.3: Potential energy curves for the fragmentation pathways

shown in figure 6.1 at very short separations
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6.3 Triply Charged THF Clusters

Triply charged THF clusters are detected by using the mass scanning
technique. The critical size is found to be (C4HgO)s13*, located underneath
the singularly charged (C4HgO)17* peak. Figure 6.4 shows the mass spectrum,
with the strong onset of the triply charged species clearly visible. Additional
feature are seen in the mass spectrum (figure 6.4) including a peak from the
addition of water to the doubly charged cluster ions, appearing 9 amu above

the doubly charged n-mer: (C4Hg0),(H20)2*.

Figure 6.5 shows the coulomb fission of (C4HgO)s33*ions in the 2nd ffr,
Applying Equation 2.10, energy values for these peaks in the resultant MIKE
spectra show that the fission mechanism is the ejection of small singly
charged clusters from the precursor cluster ion with the larger of the two
fragments retaining approximately 80% of the initial mass. six pathways are
shown, corresponding to the loss of a singularly charged cluster containing
between 7 and 12 molecules. The most intense channels are in the k=9-11
region with a dip in intensity for k=10. In most cases in this work the
coulomb fission of triply charged clusters shows a finite range of peaks with
the intensity tend indicative of how well the lifetime of the particular fission
pathway agrees with the experimental constraints. This is evidenced by the
intensity trend in the MIKE peaks with the peak with maximum intensity in
the middle of the range of peaks. It would follow from this that the k=10
pathway would have the most agreeable lifetime and hence, expected to
form the most intense peak. It is noted with respect to figure 6.5 that odd-
numbered fragments have an increased intensity which could be a reflection
an increase of stability in odd-numbered fragments relative to even-
numbered. It is more likely, however, that this observation is due to an
aberration in the experimental measurement of the k=10 fragment peak
resulting in an unfortunate loss of sensitivity, otherwise the overall trend of

the profile would agree with the intensity trends predicted by the lifetime
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model. The simulated peaks are overlain in blue and are show good fitting. A
small deviation is seen in the predicted degree of dishing, the simulated
peaks showing increasing amounts of dishing as the fragment reduces in
size and undergoes more divergence following coulomb fission. This is not
matched by the peaks in the MIKE spectra, possibly because the predicted
increase in dishing is too slight to be picked up by the apparatus which is set
up to maximise sensitivity with the inevitable detriment of resolution. The
values for Una and <KER> for the observed channels are given in Table 6.2

and close agreement is seen in all cases
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Figure 6.4: A mass spectrum showing the critical region of triply
charged THF clusters
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Figure 6.5: MIKE scan showing the fragmentation for the fission of

(C4Hs0)s33*.0verlain in blue are the simulated peaks

Precursor cluster Fragment U max / €V <KER> /[ eV
(C4Hg0)s33+ k=8 1.48 1.46
k=9 1.47 1.55
k=10 1.46 1.55
k=11 1.46 1.55
k=12 1.45 1.54
Table 6.2: The calculated values of barrier height and <KER> for the

(C4Hg0)s33* cluster fission

Figure 6.6 shows the potential energy curves calculated for the pathways
observed for the fission of (C4Hg0)s33*. It can be seen that the curves are
purely repulsive, with the asymmetric k=8 pathway showing the largest
potential energy over all separations. Although the smaller of the two
fragments has roughly the same charge density and the larger of the two
fragments is much larger than in the 1+/1+ dication fission, the increase of
total charge to 3+ leads the electrostatic repulsion to dominate the

interaction. This means that the most asymmetric k=8 pathway shows the
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largest potential energy over all separations, this is due to the increased

effectiveness of the repulsion from the more charge dense smaller fragment.
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Figure 6.6: Potential energy curves for the interaction between the

fragments for the pathways shown in figure 6.5
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6.4 Fourfold Charged THF Clusters

The detection of fourfold charged THF clusters was achieved using the MIKE
scanning technique. The ideal method of using the mass scanning technique
to identify non-integer peaks was complicated by the presence of
background signals and existing multiply charged peaks in the spectrum,
making the resolution of discrete 4+ peaks difficult. To circumvent this it is
noted that fourfold charged clusters above the critical size will exist
underneath doubly charged cluster peaks of % the mass. Therefore, it is
possible to use the MIKE scanning technique to search for the fragments of a
known fourfold precursor by using the strong signal from a coincident
cluster ion for mass selection. The neutral loss channel of the fourfold
charged cluster was monitored as a function of size above the predicted
critical size n..;;(4) from the liquid drop model. Once a signal is detected it
can be tuned to, and monitored as a function of decreasing size until it
disappears completely. Figure 6.7 shows two MIKE scans around the critical
region for fourfold charged THF. Figure 6.7a show 4 peaks originating from
(C4Hg0)119** and additional close lying precursor ions (CsHg0)se3* and
(C4Hg0)30*, close to the cluster in terms of m/z. The high energy peak
around 7000 eV is the precursor and the identities of the fragments are
identified by using equation 2.10. The first peak lower in energy from the
precursor corresponds to the loss of a single neutral monomer from the
(C4Hg0)119**. This is followed by two peaks from the loss of a neutral
molecule from the close-lying triply and singly charged precursor ions.
These features are resolved as it is necessary to maximise the signal
sensitivity at the detector by reducing the focusing of the ion beam around
the magnet and hence the mass resolution. This allows ions that do not
satisfy the nominal m/z constraints of the magnet to pass through. lons with
a value of m/z close to (C4Hg0)119** can follow the curvature of the magnet

and undergo fragmentation producing the additional peaks seen in figure
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6.8a. The peak at approximately 6925 eV corresponds to a fragment of
(C4HgO)go3*+ that has lost a neutral molecule and the peak at approximately
6800 eV corresponds to the precursor (CsHs0)30* losing one molecule.
Figure 6.7b shows the MIKE spectrum of the imaginary fourfold charged
precursor ‘(C4Hg0)105*" which is shown to be below the critical size and is
coincident with the (C4Hs0)272* ion. Applying the same methodology as
above, both fragment peaks are determined to be fragments from the
(C4Hg0)272+ion. The peak at approximately 6890 eV is the loss of one neutral
monomer and the peak at approximately 6750 eV is the loss of two
monomers. The absence of a fourfold charged fragment from the
'(C4Hs0)105**" ion which (predicted to be at approximately 6933 eV)
indicates that the critical size n.;;(4) is above n=105. Further observations
on the signals resulting from coulomb fission lead to an assignment of

Nerie(4) = 107.

Figure 6.8 shows the result of performing a MIKE scan for the detection of
charged fragments following coulomb fission of mass selected (C4Hg0)110%*
ions. Three large peaks are observed with the centres of the peaks roughly
200 eV apart, this is a similar observation to fourfold benzene clusters and
acetonitrile clusters, so it might be expected that the coulomb fission is
following the same mechanism and forming the same charge states 3+ /1+.
Applying equation 2.10 with Zy= 3 gives calculated fragment sizes of 96, 98,
100, using this information the barrier heights for these channels are
calculated and the peaks are simulated, these are shown in figure 6.9. The
values for the barrier height and <KER> for each pathway is given in table
6.3. As seen, using the values of U,,,, as a guide, well fitted peaks are
produced with values of < KER > closely matching the predicted energies.
The alternative possibility can be examined using the same methodology.
Figure 6.10 shows the simulated peak for the fission into two doubly

charged fragments corresponding to the central feature in the MIKE
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spectrum. The peak is wide with a large degree of dishing which is due to
the relative lightness of the fragment making it more susceptible to
divergence and the resultant instrumental discrimination. It can be readily
seen that even though the magnitude of < KER > closely matches U,,,,, the
resultant peak does not resemble any of the experimental features in either
width or degree of dishing. Therefore, only the 3+/1+ mechanism is

considered.
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Figure 6.7: MIKE spectra showing fragments resulting from (a)

(C4H80)1194+ and (b) (C4H80)532+
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Figure 6.9: Figure 6.9 overlain with the fitted simulated peaks from the

fragmentation into 3+/1+ fragments
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Precursor Fragmentation Unax / €V < KER > /eV
cluster pathway

(C4Hg0)110%* K=10+ 1.83 1.66

K=12+ 1.81 1.66

K=14+ 1.79 1.65

Table 6.3: The calculated values of U,,, and < KER > for the

pathways shown in figure 6.9

4+, . 2+
(C,H,0),,, : detectingloss of (C H O)
0.03 4
=~ 002
:‘i
[
@
j=
0.01 4
0.00 l I LN l!ll
7800 8000 8200 8400 8600 8800
Laboratory-frame kinetic energy / eV
Figure 6.10: Figure 6.7 overlain with the simulated peak for the fission

into 652+ and 452+ fragments

Precursor Fragmentation Unax / €V < KER >/ eV
cluster pathway

(C4Hg0)110%* K=452+ 2.17 2.17

Table 6.4: The calculated values of U,, and < KER > for the

pathway shown in figure 6.10
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6.5  Stability of Multiply Charged THF Clusters

Due to the first assignment of critical sizes for a charge range of Z,= 2 - 4 in
THF clusters there is an opportunity to compare experimental data on
stability to what is predicted by existing theory. Table 6.5 and Figure 6.11
shows comparison with critical size values that were determined in the
preceding sections compared against what is predicted by the Rayleigh
equation (equation 1.1):

(ze)?

Ny (2) = W
0'm

Where z is the charge state of the precursor, e is the elementary charge
constant, y is the surface tension g, is the permittivity of free space and r;, is
the molecular radius. Agreement is good for Z,=2,3 with the two sets of
data agreeing to within approximately 4%, however, there is a divergence in
the sets of data at Z,, = 4 with the two values agreeing only to 20%. This is
similar to the observation for the benzene and acetonitrile systems. It would
seem that either the experimental determination is incorrect, or, the liquid
drop model is not adequately describing the stability of these larger
clusters. Taking the first presumption, the critical size determination was
carried out by running MIKE scans over a range of fourfold charge clusters,
monitoring the neutral loss channel. Although characteristically not as small
as coulomb fission signals, these signals will still be small around the critical
size, and hence, difficult to pick up at detection. However, Figure 6.7b shows
a reasonably clean baseline for what would be (C4Hg0)106** in the region
where fragmentation is expected. Assuming the liquid drop model is correct
for THF (n..(4) = 86), a size increase of 20 molecules should be great
enough to yield large enough ion signals at (C4Hg0)106** to be detected. It
may be that the fourfold charged clusters in this size range size do not
possess a barrier to fission (AEf;g,,) great enough to stabilise it against

inter-charge repulsion in the correct timeframe. In this instance most
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precursor clusters will undergo fission before the magnetic sector and
hence no evidence of that precursor from fragmentation will be observed at

detection.

If the nature of the cluster deviates significantly from the assumptions of the
liquid drop model then it is possible that the model will not be able to
adequately describe the stability of the system. A major assumption is that
the shape of the cluster is spherical. However, the shape of the final cluster
is determined by the orientation of the molecules relative to each other as
the cluster grows during the cluster growth phase in the supersonic
expansion. There are no strong directional hydrogen bonds in THF clusters
that can allow for the growth of the cluster in three dimensions. This has
been shown to produce spherical structures for ammonia [4] and water
clusters [5]. Small benzene crystals have been shown to exhibit stacking
characteristics due the overlap of the - systems and increased geometrical
efficiency [6]. Although THF lacks a ring of - electrons it does possess a 5
atom ring structure with a strongly § ~ oxygen atom which could influence a
stacking configuration, in which the O atoms are positioned at opposite ends
at every layer to minimise the repulsion between § ~ atoms. On the scale of
size that the fourfold clusters exhibit, this would lead to a very large and
non-spherical shaped cluster. The deviation from a spherical shape can have
implications for the overall stability of the cluster. As mentioned previously,
a spherical geometry minimises the surface energy of the cluster, whilst
keeping the total charge uniformly spaced on the surface of the cluster. The
loss of spherical shape can have an effect on the proximity of the surface
charge and it is possible that the charges will be closer together, increasing
the overall energy of the cluster. These factors would necessitate the

addition of molecules beyond the predicted size to stabilise the cluster.

As mentioned, there is a degree uncertainty in the assignments of critical

sizes due to experimental constraints. By definition the critical size is the
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smallest possible number of molecules needed to stabilise a given number
of charges. This intrinsic stability is predicated by the presence of an energy
barrier that gives the charged clusters a lifetime great enough to be
detected, in other words, it becomes metastable. It might be that the onset of
the barrier to fission is only very small in the case of fourfold charged
clusters compared to lower ordered examples, perhaps due to the geometry
of the cluster. This would mean a range of clusters above the critical size
that are not stable enough to be detected as they will undergo fission before
entering the 2nd ffr or will not be present in a great enough number in the

ion beam to produce a detectable signal.

It should be noted that the geometric constraints of the dielectric particle
model require the fragment clusters to be spherical. The close agreement in
the values of < KER >to the values of U,,,, for the fitted 3+/1+ profiles
suggest that this is the case. However, as stated previously, there is doubt as
to whether THF cluster are spherical. In the examples shown of the fourfold
cluster (C4HsCN)110%* breaking into 3+/1+ fragments, the singularly charged
smaller fragment does not exceed a size of 14 molecules. It is possible at this
size that the fragment has not deviated in terms of function from ideal
spherical shape. Indeed it is still acting on the larger cluster in the same

fashion, as a source of an electric field, applied to a much bigger body.
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Charge state z,, Experimental Calculated n..(2) % Difference
ncrit(Z)
2 24 22 8
3 51 48 6
4 107 86 20
Table 6.5: Values for the experimental and calculated critical sizes
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Figure 6.11: A plot of the experimental and critical sizes as a function of

charge z
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6.6 Conclusions

First measurements on multiply charged THF clusters have allowed the
study of the stability and coulomb fission reactions around the onset of
instability. A combination of mass scanning and MIKE scanning techniques
have been used to accomplish this. The fission of doubly charged THF
clusters is found to proceed in a similar fashion to the other systems studied
in this work. A range of dish-shaped peaks are observed and correspond to
incremental change in the size of the fragment. The range of fragments
observed is dependent on the range of lifetimes of the fragments being in
agreement to the experimental constraints. For the case of THF clusters the
increase in intensity towards the fragment peak of maximum symmetry is
unusual with respect to the other systems studied which all show a greater
degree of asymmetry in the profiles observed. Additionally, the barrier
heights (U,;,4,) do not differ to 2 d.p. so a very similar lifetimes are expected
between fragments with one molecule difference. From a qualitative
perspective asymmetric fragmentation should be favoured as the ejection of
a small ion from the precursor minimises the number of bonds needed to be
broken. The reason for symmetric fragmentation may be that the critical
shape of the precursor immediately before the fission event may be
symmetric. This could be a result of the directed vibrational energy into the
collective symmetric mode. This will also result in an increase in total

surface energy.

Fission from triply charged THF clusters produced a range of detectable
fragments, similar to what is seen in other systems. Values of Unax are used
to simulated fragment peaks which match the experimental features well in
terms of width. The calculated <KERs> agree with the Upnaxpredictions. The
electrostatic potential energy curves are shown to be repulsive, due to the

small value of the dielectric constant.
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The identification of fourfold charged THF clusters is achieved by using the
MIKE scanning technique to follow the neutral loss pathway over a size
range covering the critical size n..;;(4). This is subject to a degree of
uncertainty due to the fact that only the clusters coincident with more
intense singularly and doubly charged ions are measured, to ensure correct
mass selection. Above the critical size coulomb fission is shown to follow the
mechanism forming 3+/1+ charged fragments. The <KERs> of the fitted
simulated peaks give accurate account of the barrier heights, however, the
range of fragments is non-sequential, with only even numbered fragments
detected. This is could be due to the structural geometry providing special

stability to the even numbered fragments.
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Chapter 7 : Multiply Charged Water

Clusters

7.1 Introduction

Water is the most abundant compound on earth, covering the majority of
the planet and present in the atmosphere. It is sometimes termed ‘nature’s
solvent’ because of the prominent role it plays in the sustenance of life on
the planet. The anomalous physical properties of water have played a
significant role in the evolution of life [1]. It is therefore no surprise that
water is among the most commonly studied materials. The motivation to
study water clusters is partly because the evolution of the physical
properties that make it so interesting a species can be observed in the size
regime that clustering provides [1]. Water clustering has been linked with
the formation of acid rain in clouds [2] and the nucleation of rain droplets
[3]- The large dipole moment in the O-H bond informs a large polarisability
of the molecule and the consequent dielectric constant of the bulk species

(e-=80).

Multiply charged water clusters are observable in a mass spectrum. Early
recorded examples were presented by Stace [4] that showed the onset of
multiply charged cluster peaks for precursors up to Z, = 3. The work of Chen
et al. [5] presented direct observations of the charged fragments from
coulomb fission of dication water clusters. The KER determined from the
FWHM of the experimental peaks was found to be in good agreement with
the predicted barrier heights from the dielectric particle model. Due to the
large dielectric constant of water and the consequent polarisability of the
fragments the potential energy curves were found to be attractive at short

distances. This provides evidence that under certain conditions the
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formation of water droplets from like charged constituents may indeed be
possible. A mechanism has been presented previously to explain the
phenomena of like charge attraction and binding [6]. The work presented
shows updated analysis on the previously studied dication water clusters.
Utilisation of the peak simulation methodology allows for assignment of the
average kinetic energy release (<KER>) of the fission processes that more
accurately describes the energy releases contained in the experimental
features. This is carried forward with the study of the stability and coulomb

fission for higher order charged systems.
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7.2 Doubly Charged Water Clusters

Doubly charged water clusters are observed from the onset of non-integer
peaks in the mass spectrum corresponding to (H20)n2+ clusters. Figure 7.1
shows an example where beyond a size of n=35 peaks corresponding to
doubly charged water clusters are observed. The strength of the signal
increases rapidly with size until n=39 where the signal is roughly half the
intensity of the singularly charged peaks. Improvements in resolution may
reveal individual peaks that result from the intra-cluster ion-molecule
reaction that results in protonated forms of the cluster. These reactions
have been studied by Stace [4] who was able to identify two peaks and
assign them as the un-protonated and doubly protonated forms of the

cluster as a result of an intra-cluster protonation reaction.
H,0* + H,0* - H;0% + OH

Therefore, the cluster ion (H20)37H22* can be re-written as: (H20)3s.(H30)*2.
Improvements in the resolution of the mass spectrum would reveal the
relative intensities of the non-protonated to the doubly protonated cluster

peaks.
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Figure 7.1: Mass spectrum showing the onset of doubly charged water
clusters

Figure 7.2 shows the MIKE spectrum following coulomb fission of the
(H20)372* ion into singly charged fragments [5,7]. Overlain in blue are the
simulated peaks calculated by the peak simulation model. For the purposes
of calculation only the non-protonated forms of cluster are considered; the
difference in size of one proton will not have a significant effect on the value
of U,,q OF the divergence from the main ion beam, and therefore the peak
shape. It can be seen that the experimental peak shape is accounted for by
the model with the value of < KER > from the distribution of allowed
values corresponding well to the predicted barrier height U,,,,. Table 7.1
shows a comparison of the values taken for the KER using the old
methodology and it is seen that by using the new methodology closer
agreement to the predicted barrier heights is achieved, roughly 97%

compared to 80%.
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MIKE spectrum showing the fragments formed from

coulomb fission of the (H20)372* ion [7]. Overlain are the simulated peaks
from the peak simulation model

Precursor Fragment < KER >/eV KER Upax /€V
cluster channel
(H20)37% K=8+ 1.17 0.94 1.19
K=9+ 1.17 0.97 1.20
K=10* 1.17 0.99 1.20
k=11+ 1.17 0.91 1.21
k=12+ 1.17 0.96 1.22
k=13+ 1.17 1.00 1.22
Table 7.7.1: Values of < KER > from the fitted peaks and U,,,, for the

fragmentation channels shown in figure 7.2. Included for comparison are
values of AZ47 calculated using the old methodology [7]
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Figure 7.3: The potential energy curves calculated for the separating

fragments for the pathways shown in figure 7.2

Figure 7.3 shows the electrostatic potential energy curves for the separating
cluster fragments post coulomb fission for the pathways observed in figure
7.2. It is seen that in the cases of high mass asymmetry the curves are seen
to rise to maximum values of potential energy (U,,..) at surface-surface
separation greater than 0. This is due to the strong attenuation of the
electrostatic repulsion by induced attractive potentials brought about by the
polarisation of the larger of the fragments by the charge-dense smaller
fragment. The polarisability is directed by the value of the dielectric
constant, which in the case of water is relatively large (&.= 80), this
accounted for in the model with large attractive terms. Beyond a separation
of approximately 0.1 nm the induced potentials lose the influence on the
calculation and the curves are seen to switch over. This indicates that the
electrostatic repulsion, which is more effective in cases of high asymmetry,

now dominates the calculation. The smaller sphere in cases of high
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asymmetry will have a higher charge density and therefore will result in

stronger repulsion.
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7.3  Triply Charged Water Clusters

Triply charged water clusters of the form (H20).3* have been observed in a
mass spectrum. Taking a range that includes the critical size n.;; = 84 an
onset of a series of peaks is observed that correspond to triply charged
water species. Water can undergo a protonation reaction to produce either
singularly or triply protonated forms of the triply charged cluster. These
species were studied by Stace [4]. As noted, this is at slight variance with
ammonia (Chapter 5) in that the doubly protonated form is not observed.
This has been attributed to the difference in exothermicity between the
reactions in the cluster systems [8]. Figure 7.4a shows a mass spectrum in
the region of the onset of triply charged clusters beyond the critical size. As
can be seen from the spectrum, the peaks grow in intensity rapidly as the
cluster size increases, until they are approximately half the peak height of
the neighbouring doubly charged peaks. Figure 7.4b shows an expanded
view of the spectrum, the different protonated forms are labelled. It is
perhaps more accurate to re-write the observed (H20),H33* ion as (H20)x.
3(H30%)3. The presence of the (H20)n3(H30*)s3 ion can be explained by
considering that the form of the dimer ion (H20),* takes the form of a proton
transfer complex (H30*...0H). Extending this to the triply charged,
singularly protonated cluster ion ((H20).H*) gives the form (H20)n..
5(H30*...0H)>H30*. The lack of observation of the (H,0)n,H23* ion suggests
that the presence of (H30+..OH); is required to stabilise the structure,
adding to the hydrogen bonding network. It is apparent that the un-
protonated form is not detected in the mass spectrum. This is probably due
to the mentioned exothermicity of the protonation reaction driving the
reaction at each charge centre leaving a diminished number of un-
protonated clusters in the ion beam at detection. It is assumed at the high

level of resolving power in the mass spectrum the peaks separation of 1/3
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amu between the un-protonated and singularly protonated cluster would be

resolvable, revealing the existence of the un-protonated cluster if it existed.
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Figure 7.4: a) Mass spectra showing the region of onset of triply

charged water clusters. b) An expanded view showing the peaks that make

up the feature.
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When performing a MIKE scan to search for the charged fragments from
coulomb fission, to perform analysis it is necessary to maximise signal
sensitivity to the detriment of mass resolution through the magnetic sector
in order to obtain signal levels great enough for a fully formed peak to be
resolved. This has the effect of allowing the multiple protonated forms of
triply charged clusters to pass through the curvature of the magnet and into
the 2nd ffr. The resultant fragmentations produce a MIKE spectrum that is
complicated by components from the fission of precursors with mass
difference of 2/3 amu into doubly charged fragments that can contain either
none or two protons in the system. This effect can be visualised by applying
Equation. 2.10 to the potential fragments, shown in figure 7.5. A MIKE
spectrum of the fission of Hx(H20)se3* is overlain with nominal values for
the energies for the centres of the peaks; the added width to the peaks from
the fission from and to the various possible protonated forms of the charged
ammonia clusters can be visualised. The loss of resolution in the MIKE
spectrum is an unfortunate consequence of the congestion of pathways, but

some analysis can still be performed.
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Figure 7.5: MIKE spectrum in the region of coulomb fission for forms

of the Hx(H20)s¢3* precursor. Overlain are the locations of the predicted
energies for potential protonated forms of the 2+ charged fragment

Figure 7.6 shows the MIKE spectrum with the simulated peaks for the
fragmentation pathways k=8-10 overlain. For ease of calculation only the
theoretically non-existent un-protonated forms of the cluster have been
considered. The difference of one proton to the overall mass of the system
will be negligible in the calculation of the potential energy and the
simulation of the distribution of allowed KERs that make up the metastable
peaks. This is consistent with other simulations performed in this work
where the ‘bare’ clusters are the only systems considered. Table 7.2 shows
the predicted barrier heights and the values for < KER > from the
simulated peaks; the agreement is good but the simulated peaks cannot be
regarded as ‘fitted’. It would appear that the centres of the simulated peaks
do not match the centres of the experimental features. With reference to the
predicted values in figure 7.5, this might be a confirmation that the fission
mechanism is proceeding with protonated forms of the cluster making up

the precursor and the fragments. The energies of which are shown to fall
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within the maximum of the feature corresponding to the k=9 pathway.
Additionally, the shapes of the features are not accounted for by the
simulations. However, this could be explained by the relative weakness of
the signal profile in general and so the shapes of the experimental peaks are

not fully formed.

Figure 7.6 shows the potential energy curves for the fragmentation
pathways shown in figure 7.5. A short range barrier to fission is present in
all the curves, however increasing asymmetry does not result in a lowering
of the value of U,,,,, only an increase in the magnitude of the barrier at
separation > 0 nm. This could be due to the increased effectiveness of
electrostatic repulsion balancing the improvement in the polarisability of

the system at short separations, resulting in values of Uyq that are similar.
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Figure 7.6: MIKE spectra showing the fission of (H,0)se3* overlain with

the simulated peaks
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Precursor Fragment channel < KER >/eV Unax /€V
cluster
(H20)g63* K=8+ 1.97 1.20
K=9+ 1.97 1.20
K=10+ 1.97 1.19
Table 7.2: Values for the < KER > for the simulated peaks and U,,,,

for the pathways shown
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Figure 7.7: potential energy curves for the fragmentation pathways

shown in figure 7.6
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7.4  Fourfold Charged Water Clusters

The identification of fourfold charged precursor clusters could not be
achieved by the mass scanning method. Under the experimental conditions,
the resolving power of the magnet was not great enough to distinguish
between the 3+ features (seen in figure 7.4) and the m/z values where
distinct 4+ cluster peaks are expected. It was found that following the
neutral loss pathway using the MIKE scanning technique, over a size range
close to an expected critical size, revealed an onset of fragments originating
from fourfold charged precursors. In order to minimise interference but
guarantee sitting on the correct ion, the doubly charged ion peak
corresponding to a cluster of half the mass was selected using the magnet.
Above the critical size n.,;; (4) there will only be components from doubly
and fourfold charged precursors under these peaks. Following a stepwise
change in the size of the fourfold precursor cluster and monitoring the
magnitude of the resultant MIKE peaks can assist in determining the critical
size. Figure 7.8 shows an overlay of MIKE spectra from the fourfold charged
cluster of size n. There are three main features present, the precursor peak
at around 7000 eV and associated artefacts, a second feature around 6900
eV which corresponds to the fragment from the loss of one water molecule
from the doubly charge component of the precursor ion signal. The third
feature which is seen to evolve at 6950 eV is from the loss of one water

molecule from the fourfold charged precursor:
(H20)n4+ - (Hzo)n—14+ + H,0

The third feature is seen to grow beyond a precursor size of n=150 to an
intensity where it is a discernible peak. From this observation a critical size

of n.,:(4) = 150 is assigned.

Following the suppositions of Stace [4] it is expected that a fourfold charged

water clusters will have stable protonated forms of (H.0),H:** and
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(H20)sHs** as well as the unprotonated (H:0),* ion. It would be
inconceivable to expect to filter ions with a m/z difference of %> amu with
the experiment under normal MIKE scanning settings, therefore it is
expected that the ion beam entering the 2nd ffrr will contain components

from all possible precursor forms.

(H,0)" (H,0) " +(H,0)
0.06 4
= ——n=146
g —n=130
£ n=154
0.02 4 ——n=158
—n=162
0.00
T T T T T T
6880 6960 7040
Laboratory-frame kinetic energy / ev
Figure 7.8: An overlay of MIKE spectra monitoring the neutral loss

pathway for fourfold charged precursors at around 6940 eV. Asterisk
denotes 4+ fragment

Figure 7.9 shows the MIKE spectra of the coulomb fission of (H20)1sg**
precursor ions. When considering the potential pathways from a fourfold
charged precursor, it can either fission into 3+/1+ fragments or 2+/2+
fragments. Application of equation 2.10 to the centre of the feature in Figure
7.8 reveals the detection of fragments in the order of either (H20)992* or
(H20)1483*. It is possible to use the peak simulation methodology to simulate
the peaks from the potential fragments to determine which fission
mechanism is being followed. The values of the barrier heights U,,,, are
used to help determine whether the resultant values of <KER> are

appropriate.
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Figure 7.10 shows the MIKE spectrum overlaid with the simulated peak for
the detection of the doubly charged fragment (H20)992*. Generally speaking
the shape of the simulated peak matches the shape of the experimental
feature, with a degree of simulated dishing originating from experimental
discrimination. This is not seen in the experimental data, however this may
be due to subsequent loss of neutral molecules which have a lower
associated KER and so will not have significant divergence from the main
beam at the focussing slit. From Table 7.3 the magnitude of the average
kinetic release (2.15 eV) is significantly smaller than the predicted barrier
(3.03 eV). This magnitude of disagreement is not seen in other systems

studied in this work.

Figure 7.11 shows the same spectrum overlain with the simulated peaks for
the detection of 3+ charged fragments of the 3+/1+ fission pathway. Due to
the larger mass and smaller KER associated with the fragments, the shapes
of the simulated peaks are more narrow and ‘filled-in’. The experimental
MIKE feature can be accounted for by six peaks. The agreement in the values
of Uper and < KER >1is much closer than the example from the 2+/2+

fission mechanism.
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Figure .7.9: MIKE spectrum for the coulomb fission of (Hz0)1ss%*
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Figure .7.10: Figure 7.8 overlain with the predicted peak for the
formation of the (H20)99%* fragment
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Precursor Fragment channel < KER >/eV Upax /€Y
cluster
(H20)158** K=592+ 2.15 3.03

Table 7.7.3: The values of < KER > and U,,,, for the pathways shown
in figure 7.10
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Figure 7.11: = The MIKE spectrum of (H20)1ss** overlain with simulated
peaks for the coulomb fission into 3+ charged fragments

Precursor Fragment channel < KER > [eV Upax /€Y
cluster
(H20)158% k=8+ 1.60 1.63
k=9+ 1.60 1.63
k=10+ 1.60 1.63
k=11+ 1.60 1.63
k=12+ 1.59 1.63
k=13+ 1.59 1.63

Table 7.7.4: Values for < KER > and U,,,, for the pathways shown in
figure 7.11
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Figure 7.12: Potential energy curves for the fragments formed from the

coulomb fission of (H20)158** into 3+/1+ fragments

Figure 7.12 shows the electrostatic potential energy curved for the fission of
(H20)158** into 3+/1+ fragments for the pathways shown in figure 7.10. A
relatively large short range barrier to fission is observed for all pathways at
< 0.1 nm separation, increasing with increasing asymmetry. This is due to
the high charge asymmetry between the fragments and the high value for
the dielectric constant for water. The curves all reach a maximum of around
1.6 eV approximately 0.1 nm from separation = 0. Beyond this point the
short range induced potentials that result in attractive forces between the
spheres become less influential and the electrostatic repulsion from the
charges dominates. This is seen in the crossing of the curves where the most
asymmetric pathway (k=8) now has the largest potential energy as the

fragments separate.
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7.5 Fivefold Charged Water Clusters

The critical size determination for fivefold charged water clusters has been
achieved via observation of a characteristic feature in the MIKE spectra, it is
possible to follow this feature over a size range of precursor ions. Below the
critical size the feature disappears completely and when the size of the
precursor is increased an onset is observed. With further incremental
increases in precursor size, the full characteristic feature is resolved. It was
found that at n=240 and below none of the characteristic signal remains,
whereas at a precursor size of n=250 a clear profile feature is resolved.

Therefore, a tentative assignment of n.,.;; (5) = 245 is made for water.

Figure 7.13 shows the MIKE spectrum for the coulomb fission of the
(H20)2505* precursor ion. The most charge asymmetric fragmentation
pathway would be the coulomb fission into 4+/1+ charged fragments.
However, taking the centre of the feature and applying Equation 2.10
reveals that in this hypothetical case the fragment would exceed the size of
the precursor. Considering the low energy side of the feature, this would
correspond to a fragment: (H20)256**. Therefore the 3+/2+ mechanism is the
only remaining possibility to be considered. Figure 7.14 shows a range of
simulated peaks encompassing the experimental feature and the full width
of the feature is accounted for with six peaks. The jump in intensity at 7915
eV that resembles a narrow peak on top of the main feature is not accounted
for in the simulations, it is likely that this is caused by noise at the detector.
Table 7.5 gives the energy values for the analysis in figure 7.14; it confirms
that the values of U,,,, and < KER > of the fitted peaks are in close

agreement.
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Figure 7.13: MIKE spectrum showing the coulomb fission of the
(H20)250°* ion
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Figure 7.14: Figure 7.13 overlain with the simulated peaks for a range

of 3+/2+ fragmentation pathways
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Precursor Fragment channel < KER > [eV Upax /€Y
cluster

(Hz20)250%* k=512+ 4.00 4.03
k=522+ 4.00 4.03

k=532+ 4.00 4.03

k=542+ 4.00 4.03

k=552+ 4.00 4.03

k=562+ 4.00 4.03

Table 7.7.5: Values for < KER > and U,,,, for the pathways shown in

figure 7.14
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7.6  Stability of Multiply Charge Water Clusters

With the collection of critical size data over the range of charge states
studied in this work it is possible to compare that data to the Rayleigh
equation of the liquid drop model.

(ze)?

Nerie(2) = 642y eyT 3
m

Where charge ze is the charge state multiplied by the elementary charge
constant, y is the surface tension, g, is the permittivity of free space and ;,
is the molecular radius. Shown in Figure 7.15 are the values for the critical
size at charge state z (n.;(2)) (red line) and the values predicted by the

liquid drop model (blue line). These values are tabulated in Table 7.6.
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Figure 7.15: Comparison of the experimentally determined critical sizes

and the values predicted by the liquid drop model
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Charge state z, Experimental Calculated % Difference
Nyt (Z) Nyt (Z)
2 35 38 8
3 84 85 1
4 144 151 5
5 245 235 4
Table 7.7.6: Values for the experimentally and theoretically determined

critical sizes

The general agreement is good as the results are consistently within 5%.
What is apparent, with the exception of z, = 5, is that the model consistently
overestimates the values of the critical sizes seen experimentally. It seems
unlikely that this is due to experimental failings, the mass spectral onset for
z, = 2 (Figure 7.1) is especially clear. Taking the case of Figure 7.1, the
onset in the intensity of the 2+ peaks is very rapid and the 2+ peaks
surrounding the (H20)3¢%* cluster peak have an intensity approaching half
that of the singularly charged peak. The size corresponding to the onset of
mass spectral peaks, however, should really be treated as an upper limit of
the critical size, as the apparatus cannot take account of smaller precursor
species that are metastable but do not have a lifetime great enough to make

it to the detector in great enough number density to register as a signal.

In the case of triply charged water, the experimental assignment of the
critical size is obscured by peaks surrounding the 2+ and 1+ features in the
mass spectrum. In this case it may be possible that the critical size lies
below n=84 but is unresolvable due to the interference of the background
peaks. Indeed, if this were the case, it would still follow the trend of the

experimental value falling below the calculated values in magnitude.

For the fourfold charged clusters the critical size was deduced from the
fragments produced from the neutral evaporation pathway; a discrete signal
is observed beyond a cluster size of n=144 which increases in intensity as a
function of size. This is an indication of an increase in the number of
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precursor ions present in the 21d ffr brought about by an increase in stability
as charge separation increase in the precursor. That there are enough
precursor ions present to produce a fragment signal would indicate that it is
some way beyond the critical size. This method of determining the stable
size is perhaps less precise than the mass scanning methodology usually
employed. The dependency on precursor number for a discernible fragment
signal at detection will likely result in framgnetation from precursor
clusters close to the true critical size being cut out from the measurement.
However, the experimental critical size of n=144 is still below the calculated

value of n=151

In the case of fivefold charged clusters the critical size of n.,;;(5) = 245 was
deduced from a loss of a characteristic coulomb fission profile at a size
n=240, the next observed signal was made at size n=250. It is noted that the
absence of a signal from coulomb fission does not mean an absence of
precursor ions and that it is likely that there is degree of uncertainty, as

previously discussed, in using fragment signals to assign critical sizes.

To account for the apparent stability of the multiply charged water clusters
compared to what is predicted by the liquid drop model. It is possible that
the water cluster ions are gaining additional stability from somewhere. One
potential reason could be that the comparatively large dielectric nature of
water results in the electrostatic repulsion being effectively attenuated
inside the cluster. That this effect is only seen in water might be evidence of
a failing in the liquid drop model to account for stability in highly dielectric

materials.
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7.7  Conclusions

The measurements on stability and coulomb fission of multiply charger
water clusters have been extended up to the precursor charge state z, = 5.
The identification of the critical sizes has been identified through mass
spectral and MIKE scanning techniques and good agreement is seen with
accepted theory. Previous work on dication clusters has been built on by
employing the new peak simulation methodology to accurately determine
the <KER> associated with each fission pathway. That the shape of the peak
including the degree of dishing can be reproduced is an illustration of the
validity of this method. The values of < KER > from the distributions of
allowed KERs that make up the peaks are found to be in closer agreement to
the calculated barrier heights U,,,, than the values calculated by the old
methodology. Close agreement is also seen for higher order charged

clusters.

High resolution mass spectra are produced that show an onset of triply
charged water clusters. The peaks showing the products of the protonation
reactions are resolved showing the various protonated forms of the
precursor clusters. This observation is helpful when identifying un-resolved
protonated precursors for higher order charged clusters. The fragmentation
profiles seen in the MIKE spectra for coulomb fission all show poor
resolution of features. However, using the peak simulation methodology

fragments can be identified and values of < KERs > are assigned.

The critical size of fourfold charged clusters is identified by an onset of a
MIKE signal which energy corresponds to the loss of one water molecule
from the cluster. Allowing for a margin of error in assignment due to the
technique employed the agreement of 5% is still very good. Two pathways
are possible from this precursor: 2+/2+ and 3+/1+, it is determined that the

experimental feature is made up of fragments from the 3+/1+ mechanism.
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With reference to Figure 7.10, the centre of the peak corresponds to the
(H20)992* fragment, the neighbouring fragments ((H20)9s2*, (H20)100%*)
would be 89 eV away in energy, well outside the limits of the experimental
feature. Additionally, to accurately reproduce the experimental feature a
distribution has to be simulated which has a value of < KER > = 2.15 ¢V,
30% off the predicted barrier height. For comparison, fitted peaks
presented in this work fall within 10% of the predicted values. This would
also be at odds with the lifetime theory, where a range of fragments is
expected to be detected, at intensities corresponding to the agreement with
experimental constraints. The width of the feature can be accounted for by a
range of 6 simulated peaks for the 3+/1+ pathway, all of which possess a
value of < KER > close to the barrier height U,,,. The critical size
Nt (5) = 245 was roughly assigned from the absence of coulomb fission
signal. The experimental feature can be simulated by a range of peaks from

the 3+/2+ fission pathway.

Also notable is the divergence of the magnitude of the KER data from the
theoretical value of KER = q1.q2. Taking charge state Z,, = 5 the magnitude
of the energy is predicted to be KER = 3*2 = 6 eV. For the fission of
(H20)250%*, values of < KER >=4.00 eV and U,,,, = 4.03 eV are recorded
for all pathways. This provides an indication of the role that the attractive
potentials from the polarisation play in the energy between fragments as

they separate.
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Chapter 8 :  Conclusions and Future

Work

The work presented in this thesis represents the first direct experimental
measurements of the stability and unimolecular coulomb fission of
molecular clusters in charge states of 3+ to 8+. This encompasses a
precursor size range of approximately 60 molecules to approximately 800
molecules. By application of the experimental techniques the onset of
stability of multiply charged clusters under electrostatic repulsion is
monitored, and the fission into charged fragments is detected. In addition to
the experimental measurements, the energetics and mechanisms of
coulomb fission of these systems are explored using a combination of the
dielectric particle model and the peak simulation model. By application of
this new methodology, the identities of the fragments from coulomb fission
can be assigned, even when there is ambiguity arising from more than one
possible fragmentation mechanism. An additional benefit of using this
methodology is that a more precise average kinetic energy release
(< KER >) is determined which in turn, more closely matches the predicted
barrier height from the dielectric particle model (U,,,,), for dication species
when compared to previous measurements [1]. The simulated peaks for the
fission of the majority of doubly and triply charged clusters presented are
well fitted to the discrete peaks in the MIKE spectrum. The < KERs > from
the fitted peaks are within good agreement with U,,,,. This could serve as a
template for future investigations in the area. The agreement of the data
sets is seen as a validation of the dielectric particle model [2] as a means to
describe the movement of charge and resulting interactions in separating
charged dielectric fragments post coulomb fission. The potential energy
solutions calculated by the model show sensitivity to total charge, charge

density and polarisability (modelled by the dielectric constant) of the
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fragments. Taking the water system as an example, the attenuation of the
electrostatic repulsion is shown to bring down the magnitude of U,,,, the
most for pathways with the most asymmetry between fragments for
dication clusters (Figure 7.3). When the total charge is increased to 3, there
is still an attractive barrier at short separations, but the increase in the
electrostatic repulsion results in a reversal in the trend in the values of Unax
(Figure 7.7), indicating that electrostatic repulsion has an increased
influence on the potential energy. A similar effect is observed for the
interaction for the 3+/1+ mechanism in fourfold charged water clusters

(Figure 7.12).

Measurements on the critical sizes of the molecular cluster systems studied
follow the predictions of the liquid drop model proposed by Rayleigh [3]. It
is noted that the agreements are better for systems that have a strong
hydrogen bonded network (ammonia and water) and less so for systems
that may undergo stacking (THF, acetonitrile and benzene). This may be due
to the spherical nature of the clusters, resulting from the hydrogen bonding
network, more closely matching the constraints of the liquid drop model.
Potential shortcomings in the experiential identification of the critical size
have been identified as possible reasons for the disagreement. Table 8.1
gives a complete list of all the experimentally determined critical sizes

presented in this work.

202



Chapter 8: Conclusions and Future Work

Molecular Charge State Z,
Cluster

2+ 3+ 4+ 5+ 6+ 7+ 8+
(CeHe)nz* 17 43 96 - - - -
(CH3CN),» 28 66 161 - - - -

(NH3)nz 50 116 208 302 464 630 784

(C4HgO)n2 24 51 107 - - - .
(H20)n7* 35 81 144 225 - - -
Table 8.1: Tabulation of the experimentally determined critical sizes

of the systems studied

Comparison to a simple point charge model of electrostatics shows a
distinction in how the charged molecular cluster fragments behave.
Comparing the measured <KER> to the total charge (q,.q,) of the system

reveals a strong divergence from the <KER> = (q,. q,) curve (see Figure 5.36

for an example from the ammonia system). This shows the effect of the
polarisation of the dynamic free charge of the fragments, located on the
surface of the fragments, as per the dielectric particle model, has in the
interaction between clusters. If the charge was non-dynamic and stationary
the interaction between the fragments would closely follow the point-
charge trend due to the loss of attractive interactions resulting from the
polarisation processes. As seen, as the total charge increases the degree of
divergence increases, indicating that the magnitude of the total charge
dictates the degree of polarisation and subsequent attenuation of the

electrostatic repulsion.

Future work in this area would benefit from the further optimisation of the
experimental setup. To achieve strong fragment signals without
compromising the resolution in the MIKE spectra would be especially useful

in the assignments of the fragments and the energetics of the processes,
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especially for higher order charged clusters. As seen in Chapter 5,
precursors in charge states 3+ to 8+ all show a single broad feature in their
MIKE spectra following coulomb fission. This profile, in isolation, cannot
always be assigned to a particular fragmentation mechanism. Using the peak
simulation methodology one can simulate MIKE peaks which reproduce the
experimental feature. However, having direct experimental evidence
showing the multiple peaks to confirm the predictions would be a
significant step forward. Still unresolved is how to narrow and focus the ion
beam, improving resolution and yet retain enough fragment signal at the
detector to produce distinct, resolved peaks in the MIKE spectrum. One
potential solution is to increase the number of multiply charged precursors
entering the 2 ffr and hence, the number of fission events occurring in the
correct timeframe within the ion beam. Increasing the number of neutral
clusters entering the ion source could be a first step. This has been achieved
to a degree already in the current setup (see Chapter 2). By reducing the
distance between the supersonic nozzle and the ion source the divergence
of the ion beam is reduced significantly and hence, more neutral clusters
make it into the ion source. There is still scope to reduce this distance even
further by shortening the pieces connecting the nozzle chamber to the
source chamber. This however would require quite a severe modification of
several pieces that connect the two chambers together and the table on
which the source chamber rests. This would have additional benefits in the
accuracy of the assignments of the critical sizes. It has been shown that
there can be a degree of discrepancy with the liquid drop model when using
the MIKE scanning technique to determine the critical size via the
identification of precursors by the observation of its fragments in a MIKE
spectrum (see for acetonitrile, figure 4.10). This has been determined to be
from the lack of the required signal at detection. Increasing the number of
precursors should improve the assignments of the experimental critical

sizes. The alternative to this would be to improve the mass resolution of the
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ZAB to resolve the ion peaks in the mass spectrum. However, this becomes
increasingly difficult as the mass of the precursor increases and resolution

naturally decreases.

There is an apparent inconsistency in the treatment of the shape of the
clusters under investigation. Across all systems presented in this work, the
magnitude of the <KER> of the fitted peaks matched the predicted value for
the Unaxclosely. This implies that the spheres follow the assumptions put
forward by the dielectric particle model well, i.e. the clusters are polarisable
spheres. However, as stated in the chapters on acetonitrile and
tetrahydrofuran (Chapters 4 and 6) the divergence from the liquid drop
model predictions on stability (which also assumes spherical symmetry) is
marked, implying a potential for the clusters to be non-spherical. This can
be accounted for by the very possible scenario where the experimental
apparatus cannot accurately detect the critical size, and hence leads to an
inaccurate measurement. However, it is highly likely that in some instances
the clusters adopt a non-spherical shape due to stacking considerations in
the minimisation of the energy of the cluster. What this indicates is that
although the fragments may not be spherical in shape, they respond to the
effects of an electric field in the same way a perfect sphere would. This

would explain the observed agreements in Unax and <KER>.
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