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Summary

Anion photoelectron spectroscopy is a techniquedghees detailed information about the
energy levels of neutral species by photodetacaimglectron from the anion species. It is
often compared with theoretical results, as has bleenonstrated here. From the predicted
and experimental spectra data pertinent to readtioetics can be obtained. These are
important in areas of research such as atmosptieeimistry, where the relevance of this
project lies.

This year preliminary spectra have been recordethemewly completed Time of Flight
Mass Spectrometer coupled to a PhotoElectron Speeter. Clusters involving carbon
monoxide and the halogens chlorine and bromine haea explored.

The optimised geometries were determined to benglydbent for the anion species and
linear for the neutral species of both clusterde®ial energy surfaces in one and two-
dimensions have been created, and the overlap lofational waveforms on the
intermolecular stretch compared. These have prdvilanck-Condon factors necessary
to predict the most favourable transition betwetates.

Predicted spectra generated for each cluster frioesetab initio calculations show
agreeable structure to the recorded photoelectpentia however the resolution of the
apparatus requires further enhancement. The mostulfable transition for both
complexes from the anion species to thé electronic state of the neutral species was

determined to be<3-0 for both basis sets.
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1. Introduction

Photoelectron spectroscopy (PES) is a valuablentgoh permitting the examination of

the world at a molecular level, by analysing endegels within atoms and molecules.

Ultraviolet photoelectron spectroscopy uses UVaadn to provide information about the

valence energy levels in the molecule and how cba&nbonding is achieved. This is

fundamental information revealing how chemical teers occur. Dissociation energies
can be easily determined with PES for anion-necwaiplexes.

In the gas phase clusters can form, and again BE®e utilised to monitor the process of
each addition to the solvation shell. By undersiamgrocesses at a molecular level we

can begin to perceive how solvation in condensai@stoccurs.

1.1. Project aims
This project aims to record experimental photoetecspectra of theX---(CO), (X = Cl,

Br) clusters and to compare them wab initio calculations that will predict cluster
structures, energetics, and formulate potentiatggngurfaces thereby creating a predicted
photoelectron spectrum. The results will hopefuplyovide information about the
characteristics of the energy levels of the neuspdcies. Experimentally, the PES
technique also allows the monitoring of ‘microsdiga’ processes; through recording
spectra of larger clusters where an additional C&omer is added to the ‘solvation
shell’ around a halide ion core.

By comparing experimental results to theoretic&tuations improvements to theoretical
basis sets and methods can be made for future datigms. Additionally, the potential
energy surfaces formulated for the neutral and rasigecies will allow us to discover
more about how carbon monoxide interacts with hersg Such an understanding will

have relevance to reactions occurring in our atinesgpand other planetary atmospheres.



1.2. Intermolecular interactions

Chemistry is defined by reactions, which are thteractions between reactants to form
products, and the reaction pathway(s) they folldwunderstand the reaction taking place,
and be able to predict the products formed, optth the reactants will follow, the way in

which the reactants interact is vital knowledgec®this knowledge is acquired then the
power to control reactions becomes available.

When two reactants collide, they not only requine torrect geometry, but sufficient

energy to form products. Nevertheless these ‘pristiuay only be intermediate states;
therefore not the most stable conformation or qumltion of the product. These

intermediate states are usually quite unstabléhmit geometries can be useful in studying

how reactions take place.

1.3. Potential energy surfaces

A graphical description of a reaction process cadépicted by a potential energy surface.
The potential energy is a function of different wn@ant geometric factors such as the
intermolecular distance of the reactants, bondemnghd bond lengths of constituents of
the cluster. In Figure 1 the most stable (i.e. getacally favourable) state is the one at the
global minimum.

Local minima are intermediate states and any maximéhe surface represent transition
states. For each conformation there are numeragsetie vibrational states (due to nuclei
vibrating) and rotational states (due to the mdkesuotating), that the cluster can occupy.

In anion photoelectron spectroscopy an electragjdsted from an anion species to form
the neutral. The process is in reality a transifrem the anion’s potential energy surface

(usually lower as it is more stable) to the (highrerutral surface.
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Figure 1 - A typical potential energy surface.

1.4. Atmospheric chemistry

The Earth’s atmosphere is only a thin layer (Iést2% of the Earth’s radius) of gases
protecting us from harmful rays such as ultravioéetiation from the sun. More than 99%
of the mass of our atmosphere lies below 30 km ftoenEarth’s surface, and it contains
mostly N> (78.08 %), @ (20.95 %), Ar (0.93 %) and G@0.03 %)

The atmosphere is commonly divided into layers thase temperature variations (see
Figure 2). The two lowest layers are the tropospli@r- 17 km) and the stratosphere (the
next 30 - 40 km) which are divided by the tropoga(eshypothetical boundary) that varies
in altitude depending on the season and latitutie. 3zone layer is contained within the
stratosphere at about 25 — 30 km and is about 2thiak. Beyond the stratosphere lie the

mesosphere, thermosphere and exosphere.
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Figure 2 - The temperature-altitude profile for tBarth’s atmosphere on which the
boundaries between the five different atmosphasierss are based oh.

1.4.1. Ozone

Ozone (Q) plays an extremely important role in protectiifg lon Earth as it absorbs
virtually all ultraviolet radiation between wavetgths of ~240 — 290 nm coming from the
sun? It is effectively the sole filter preventing thiadiation from reaching the Earth’s
surface, which is fatal to simple unicellular orgeans and damaging to larger plants and
animals. Ozone is only found in trace amounts thinout the atmosphere and so any shift

in concentrations can cause a dramatic effect etrémsmission of ultraviolet radiation.



It has been found that through catalytic processed,oxygen (@and O) are lost via the
pair of reactions (equations (1) and (2)) whereax be a number of species including
chlorine, bromine and the hydroxyl radical (OH).

X +0, - XO+0, @)

XO+0 - X+0, 2
0+0, - 0,+0,

(net)
This means that while ozone is lost, the speciesing the reaction is still available for
further catalysis. It is for this reason that nesttns have been placed on

chlorofluorocarbons (CFCs) entering our atmosphere.

1.4.2. Carbon monoxide

Carbon monoxide is only a trace element in theEa@tmosphere (0.04 - 0.2 ppm by
volume) as well as in Jupiter's atmosphere (0.0p@&) but is much more abundant on
Neptune (1.2 ppm), Venus (30 ppm), Titan (a moorsaturn; 60 ppm) and Mars (700
ppm)? Despite only being present in trace amounts, carhonoxide nonetheless plays
an important part in the chemistry of our atmosphatbeit in an indirect manner.
In the troposphere a major natural source of carbonoxide comes from the oxidation of
methane,

cH, +0, 0 OH8Pt . 10+ co+H, 3)
Non-methane organic compounds contribute up to 60@0 emissions, while plants and
micro-organisms emit smaller amounts. The majdit§%) of CO comes from natural
sources such as bushfires and volcanic erupfions.
Loss of carbon monoxide occurs mainly through oxisato form carbon dioxide
(equation (4)), which greatly decreases the comagon of OH (~ 70%), having a strong,

indirect impact on stratospheric ozdne.

OH+CO - H+CO, 4)



The remaining 30% of OH would react with methankewbich CO is a product (see
equation (3)), which again leads to a loss of O&#laquation (4). Carbon monoxide has a
residence time of about two months in our atmospheonsidered a moderate lifetime,

and can travel distances of up to 100%m.

1.4.3. Halogens

The halogens are well-known to cause havoc in buogphere’s chemistry, especially in
the ozone layer, and are found in a variety of coumgls. A few of them (methyl halides
and inorganic chlorine and bromine) come from ratarigins such as from the ocean and
volcanic eruptions, as well as salt flats and idlodies of salt watérThe majority of
halogens however derive from man-made sources,asichlorofluorocarbons (CFCs).
Free halogen atoms react in a number of processebBoih the stratosphere and
troposphere, the most important being: “(1) dirathck on organic substrates to initiate
oxidation chains; (2) formation of organo-halogeempounds; and (3) involvement in
catalytic cycles that would destroy tropospheriore’? Bromine has proved to be an
even more effective catalyst than chlorine in gaibzone destructiof.
The chlorine atom has been shown to react withorarbonoxide (see equation (5)) to
form the unstable complex CICO (k>> ks) although the stability has been shown to
depend on the buffering gas (M the third botly).

cl+Co+M 05 CIco+M ®)

Cl+CO+M Jﬁ]E’D CICC+M (6)
The rate constant for reaction (5), determined expntally in air, is approximately eight
times smaller than that for the reaction of CO wWitH (equation (4)). As a result, the
“‘dominant sink” for CO is the reaction with the QEdical in the troposphere, however
when the concentration of Cl is greater than orétuOH, such as in polar regions at the

marine boundary layer during sunrise “the Cl + @@ction will be a significant sink”.



This means that the reaction between chlorine amdoo monoxide can decrease the
amount of ozone reacting with chlorine, but it aldecreases the available carbon
monoxide to react with the hydroxide radical. Thisuld therefore leave more of the
hydroxide radical to react with ozone.
One estimate of the efficiency of bromine atomsatalysing ozone decomposition is 58
times faster than chlorirfeBromine would catalyse ozone’s decomposition inaa pf
reactions similar to that of chlorine (equationsdfd (2)). The question remains then why
bromine is more effective than chlorine at catalgsbzone. Although there may be more
bromine available to react with ozone than chlgrihean also react in such a manner that
requires neither atomic oxygen nor light to regatesthe halogen atom, where CIO (from
equation (2)) cannot.

BrO+BrO - Br+Br+0, (6)
Although there have been matrix IR studies on the&€@ radical there is no
photoelectron experimental information reportedy dheoretical geometriéshave been

calculated (detailed in the Results section p38).

1.4.4. Extraterrestrial systems

It would be interesting to discover the importarafecarbon monoxide and halogen
interactions in different atmospheres to our owmf& only the atmosphere of Venus has
been shown to contain both chlorine and carbon xideo

Venus is the nearest planet to the sun and hasnmasphere which is “about a hundred
times as massive as that of the EaftNenus is exposed to nearly twice the amount of
energy from the sun (~2600 W3ncompared to Earth. HCI (and HF) have been ideqtif

in the Venusian atmosphere by Earth-based infrapedtrometry, but unfortunately only
due to an unbroken layer of cloud that lies aboQt Km from the surface only

concentrations at higher altitudes can be examined.



Atomic chlorine and carbon monoxide on Venus acaigiint to react as per equation (5),
and feature heavily in cycles forming €@he main constituent of the Venusian

atmosphere at 96.5 %) fra@O and O.

1.5. Cluster science

Clusters, i.e. two or more species interacting \eitich other, have been widely studied.
Interest started in the mid-nineteenth century wetiloids, aerosols and nucleation
phenomena and was renewed during the First World W¥een producing smokes and
fogs. Clusters were observed several decades agp msss spectrometers and then once

lasers were implemented in the 1970s, could bestigaged in more detail.

There are clusters of the type, where there is an additional electron that i®caised
over the whole cluster; however those clusters whave a charged core that is ‘solvated’
by neutral species in the form &* (M) are the focus for this project.

Clusters formed can have small, weakly bound (ve&r\daals) forces between molecules
such as those under investigation here, or expEgistronger intermolecular forces. It has
been found that the intermolecular forces are wolitare” i.e. the interactions between
molecules is not the sum of all the interactionglay.
The spectroscopic study of clusters is still a fievd of research, and there is much more
knowledge required before we can begin predictihgtiver clusters can be characterised
as liquids or solids. Clusters in the gas phase ejgerience solvation similar to how
solvation occurs for solution-based reactions. iegative ions denoted by Bolvated by
a molecule B and M a third body, the solvation pemts as in Equation (7).

A (B),+B -1 AB).. @
By investigating solvation of the clusters in thesghase the opportunity to study them at
the microscopic level becomes accessible. The tevigrosolvation’ is used to highlight

the ‘bare’ ions in the gas-phase with few solvatilggnds in comparison to solutions
8



where the ions are in bulk. Such small ‘sectionf’tlee condensed phase allow a
simplified picture of the overall situation, andncalso simplify chemical reaction
dynamics.

PES is a technique that permits each individuaitaadto the cluster solvation shell to be
resolved. By understanding solvation at a moledehal, it is hoped that solvation can be
better understood in solutions and bulk materiafson PES in the gas-phase looks at the
solute-solvent (and solvent-solvent) interactioharaon cores with neutral ligands. There
IS a great advantage to combining a mass specteortethe photoelectron spectrometer

as solvation processes can be followed withoutamhes as clusters increase in size.

1.6. Photoelectron spectroscopy

Photoelectron spectroscopy, a technique basedeophthtoelectric effect, is used to study
energy levels in atoms and molecules and can beé wsh solids, liquids and gases.
Anion PES provides information over the neutralcsge by photodetaching an electron
from the anion species. By incorporating it in thes-phase it is especially useful for

studying bond dissociation energf8s.

1.6.1. The Photoelectric effect

The photoelectric effect can be described by aanmig photon which will interact with
an atom or molecule. If the photon has sufficiargrgy to ionise the species (i.e. exceeds
the binding energy), an electron is ejected withekic energy equal to the difference in
energy between that of the incoming photon anctldetron binding energy:

€ ke =hv-€ee (8)
The ejected electrons (photoelectrons) have kiret&rgies that are characteristic of the

energy levels of the atom or molecule being ingagéd. X-rays and ultraviolet radiation



are used in PES to provide the necessary energjetd an electron from the core and
valence levels respectively.

In Figure 3 only the green and blue wavelengtheraifficient energy to overcome the
work function (electron binding energy for solidej the potassium. As the blue

wavelength has a greater initial energy the rasgiibhotoelectron has a greater velocity.

5
200 Am Vimax = 6-22x10 m/'s

1.77eV 550 nm v, _zqaxm mis

2.25 eV
4[][] nm
3.1 eV
alemmns I%

Paotassium - 2.0 eV needed to ejact elactron

Figure 3 — The photoelectric effect on solid potass Only photons with permissible
energies will be absorbed, causing photoelectronset emitted with the excess energy
being converted into kinetic enerdy.

1.6.2. Anion photoelectron spectroscopy

In anion photoelectron spectroscopy a neutral sgets investigated by ejecting a
photoelectron from the corresponding anion spedies.difference in energy between the
anion and neutral’s ground electronic states (atlbhvest vibrational-rotational level) is
referred to as the adiabatic electron affinity,,E#ee Figure 4), which can be measured
very accurately’

Another value commonly referred to is the dissaamaenergy of a molecule or cluster
(Do) which is the depth of the potential well J0with the zero point energy (the energy
difference between the bottom of the potential veeltl the ground state at the lowest

vibrational-rotational level) removed, to take imtocount the vibrations of the bond.

10



This honours project will use the newly built phalectron spectrometer coupled to a
time-of-flight mass spectrometer to record photcteten spectra of the chlorine and
bromine carbon monoxide van der Waals clusterss Wili be done by photodetaching

their anion counterparts.

Electron Affinity(R) = AE(R < R")

= Energy/eV

=
I

R-

.‘I’.IIJI jFl — I]

1.0 2.0 /A

Figure 4 - The adiabatic electron affinity shownamanion to neutral progressidf.
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2. Method & materials

2.1. TOF-PES

The Time of Flight mass spectrometer coupled withPlaotoElectron Spectrometer
(TOF-PES) is a home built apparatus capable ofrdawg photoelectron spectra of mass
selected anion-molecule clusters. The time-of-flighass spectrometer is based on the
design of Wiley and McLareli, while the photoelectron spectrometer is of theymesic

bottle design pioneered by Smalletyal**

The construction and preliminary testing of the
TOF-PES at UWA has been described previously inildey LaMacchid® while further
modifications are discussed by QUal simplified schematic of the equipment is shown

in Figure 5.

Photoelecton
Fiight Tube

Gate Valve
Mass gate and Dacelaration

Extraction Chamber

Einzel Lens Chamibers
lon Detection Laser Interaction Conflat

Chamber Chamber

Source Chamber

Figure 5 - The time-of-flight mass spectrometerpted to the photoelectron spectrometer
in the Wild laboratory.’
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The TOF-PES apparatus consists of an ion sourc& @Xraction plates, electrostatic
lenses, ion and photoelectron detectors and a fikeduency Nd:YAG laser
(Neodynium:Yttrium Aluminium Garnate 2Als015). To achieve high vacuum, and to
allow regular maintenance of the ion source, theaggtus is divided into two parts by a
gate valve. The pressure during experiments (Ma¢hvialve open) in the laser interaction
chamber is typically ~1 x 10Torr, while in the source chamber it is ~1 X>I0orr. When
no experiments are being conducted (hence witlydte valve closed) the ion source side
is maintained at ~1 x 10Torr and the detector side at ~2 X orr.

The vacuum is achieved by two types of pumps, siifio and turbomolecular, which are
backed by rotary pumps. The diffusion pumps usggtanol oil (Santovac 5) oil and are
backed by the Edwards Model E2M40 rotary pump wihile KYKY (600 Hz) and
Edwards (1000 Hz) turbomolecular pumps are backedwo Edwards Model E2M5
rotary pumps.

The CI""CO and Br'CO clusters were produced in an electron beam-edoggpansion
using trace amounts of vapour of carbon tetractido(CCl) as the Clion precursor and
dibromomethane (CiBr,) for the Br ion precursor mixed with carbon monoxide (CO)
and argon gas in a 15:80 ratio.

Photodetachment is achieved by using the fourtmbaic (266 nm) of the Nd:YAG laser
pulsed at 10 Hz. The setup has been recently neddib include a half-wave plate and
beam splitter for intensity attenuation and a w®pe arrangement to reduce the beam
diameter (see Figure 6). Knife edges have also bemrporated onto the light baffles

(see Figure 11).
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sk Laser comes out of page into interaction chamber

_

Termination of laser beam @ 4th harmonic generator (266 nm crystal)

[lJ Safety interlocking beam block O [ Lenses for telescope - —

® W2 plate @ To laser interaction chamber ®
Z Beam splitter o oue Tris

266 nm

[ 532 nm ® 266 &332 nm \ ‘ 532 nm
i ) ‘ 266 nm

50% mirror dichroics

Figure 6 — Schematic of the current laser setup.

2.2. Experimental method

Both LaMacchi&® and Quak® have explained in detail the procedure used taterthe
anion-molecule complexes from a gas mixture howeverfollowing is a description of
the conditions employed for the present study. those readers interested in a further
discussion of the configuration of each particaction of the TOF-PES and its function

please refer to their works.

2.2.1. Gas mixture for halide-carbon monoxide clusters

The gas mixture containing carbon monoxide, a suwf halide ions and argon, the
buffering gas, is composed in the gas mixing statkrgon is used as a buffer gas because
it has been shown to improve resolution of spebtyavibrational cooling® Through
collisions of the clusters with argon effects frdrot bands’ (when populations are spread
in vibrational states other than the ground state) reduced. This gas mixture is then

pulsed to the source chamber through the gas namdlerossed with energetic electrons.
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A preliminary study was undertaken to determine thest ratios of gas mixture
constituents to produce clusters of the greatdsingity. This was not comprehensive
however it was found that a ratio for:®O:Ar of approximately 1:15:80 provided
reasonable yields of the anion species. Othergattempted were 1:2:93, 1:5:90 and

1:10:85.

2.2.2. Making the anion clusters

The electrons that coincide with the expanding mgure are produced in the source
chamber by passing a static current of typicals/A.through twin rhenium filaments and
subsequently pulsing a high voltage (typically -2PQo the assembly. The resulting
electrons interact with the gas expansion to forplaama in which the charged clusters

are produced via the scheme illustrated below.

Ar + ef-ast - Ar' + e;Iow + ef-ast (9)
ccl, +e,, - [CCl,T " - ccl,+CI (10)
Cl"+CO - CC---CI’ (11)

To reach the extraction chamber the plasma pabsasgh a conical skimmer of either 3
mm or 1 mm and is collimated in the process. In ¢k&action chamber the charged
clusters (anions in these experiments) are defleat¢o the time of flight mass
spectrometer by pulsing large negative voltagekd¢aextraction plates (see Figure 7).

The potential difference between the back and thiiate (at ground potential) defines the
kinetic energy of anions, while the potential diffiece between the back and second plate
determines the position of space focussing aloadithe of flight axis. Space focussing is
defined as the point along the TOF axis where minthe same mass/charge ratio arrive
simultaneously. The anions all enter the time ightl tube with the same kinetic energy, a

vital requirement for experiments to succeed akheilexplained in more detail later.
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Figure 7 — Schematic demonstrating the deflectioantons towards the time-of-flight
tube using negatively charged plates.

Finetuning of the anions’ trajectory along the T@Kis is achieved with the X-Y
deflection plates (Figure 7). It should be notedt tthe cations residing in the plasma
originating from the ion source are acceleratetheopposite direction to the anions and
strike the back extraction plate, while the neus@cies are unaffected by the potentials
applied and fly on towards the end wall of the cham

Two electrostatic (Einzel) lenses located in tineetiof flight tube serve to refocus the ion
beam that spreads due to Coulombic repulsion, bdfey arrive at the ion detector or

laser interaction region
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2.2.3. Selecting the ion of interest, and slowing them daw

After the ions have separated along the TOF aximaas gate with variable timing and
width permits the study of only the ion of intere$his piece of the apparatus, which
comprises a stainless steel cylindrical lens, ismtamed at a potential that is higher than
the beam energy (typically -1 kV for an anion whB0 eV of kinetic energy). By
switching off the high negative voltage at the eotrtime the ion of interest is allowed to
pass through. Once this ion has exited the mass tpet high negative voltage is switched
on again, repelling all other anions.

To diminish the effect of the anion velocity on tphotoelectron energy distribution
(Doppler broadening) an ion decelerator is employidw® decelerator consists of series of
circular electrostatic lenses with increasinglygtar negative potentials applied to
decelerate the ions before they interact with diser.

Selecting the ion of interest requires calculatidesermining the time of arrival at the

detector. Equations (12) and (13) are combinddrta equation (14) for this purpose.

_d (12)
Ry
(13)
KE = L m2
2
f=_ 9
2KE (14)
m

Since the distance of the time of flight tuthas fixed, then only the velocity of the ian

will determine the time, it takes to arrive at the mass gate and ion deatsbn stack. The
velocity itself depends on the mass of the iorthaskinetic energy when entering the time
of flight tube is also at a set value for all ioas,mentioned earlier. lons with smaller mass

travel faster and therefore will arrive earlietlag detector than ions with a greater mass.
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2.2.4. Recording photoelectron spectra

Once the desired ion has been selected a lasex pitls wavelength of 266nm (4.66 eV)
is timed to intersect the ions as they pass throtigh laser interaction chamber.
Photoelectrons are ejected from the anion speanes aae directed by a bottleneck
magnetic field (shown as inset in Figure 8) credtgthe permanent electromagnet around
the flight tube in combination with a pulsed eleatiagnet situated close to the laser
interaction region. The electrons are forced &vdl down the secondary time of flight
tube to the photoelectron detector. The electrdhhave a specific kinetic energy given

by Equation (8).

Photoelectron | I
Detector (MCP) : ;
; i Mu-metal shield
i i Fight Tube ‘ @
| e flight |} Seesesese J'E
I e
| —EAT
; : : Direction of
Al curent | ]
; //; : through
/ 1 solenoid
lonization
area S
lon detector .,3, ] H |] H H e
(MCF) Flight of ions
Lapir | | Mass gate
Electro and ion
magnet decelerator

Figure 8 — Schematic showing the path of ions dmatgelectrons, with an inset of a
detailed view of the bottleneck magnetic field maetl to trap the photoelectrons.
Courtesy of Quak (top) and Dr D. Wild’ (inset, orientated 90° CCW to the main figure).
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2.2.5. Operating conditions

For any given gas mixture the optimum operatingdawns will be different. If, for a

particular gas mixture, settings promoting favolgabtensities had been found, then it
was usually the case that little alteration wasuregl after a new mixture was created.
During a typical day of experimentation (e.g. Tab)eonly a few adjustments would be
required, provided the gas mixture had been allowwestabilise for some small period of

time first (~30 minutes). This gas mixture can renstable for weeks.

Table 1 — Typical TOF-PES experimental conditions.

Electron filaments: 3.44 A/ -247 eV

Gas nozzle: 216 V

TOF plates: -500 eV/ -443 eV

Einzel lenses: -130 V/ -44 VV

X Deflection plates: 0V/ 6V

Y Deflection plates: 0 V/ 6 V

TOF plates timing: 85hs

Each photoelectron spectrum was recorded over Q0z3@r shots (1000 s) and although
background spectra were taken these were deemdigjiblegand were not subtracted

from the actual spectra. A typical background spectcan be seen in Figure 9.
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Figure 9 — Typical background (red) for a photoéten spectrum (black).
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2.2.6. Timing scheme of pulses

As the experiment is pulsed at 10 Hz, a cruciatofato optimising both the ion and
photoelectron signal is the timing of the apparaflise sequence of pulses emitted is
regulated by two Stanford Research System digékdydgenerators (DG 535). The master
delay generator controls the timing of the slaviaglg@enerator in addition to the laser
pulse and electromagnet. The slave delay genastorcharge of firing the pulses at the
correct timing for the rest of the equipment inchgdthe gas nozzle, electron filaments,
TOF plates, mass gate and ion decelerator.

A sequence of events for a single gas pulse istitited in Figure 10, wherg is the
initiating pulse of the gas nozzle. For those remdaterested in a more detailed

description of each event's timing please refeRtmk®
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Figure 10 — Pulsing sequence for the operatiorhefTOF-PES. Taken from Qu¥k.
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2.3. Modifications to the TOF-PES

To further improve the operational stability ande tmesolution of the mass and

photoelectron spectrometers several modificatianetbeen carried out on the TOF-PES
since those reported by Qu¥k.

The first modification was an installation of a eggnic trap to improve the level of

vacuum in the source chamber. This trap is a swealtel incorporated into the top flange
which holds liquid nitrogen thereby trapping angideial gas mixture remaining in the

source chamber.

A second modification was implemented in the exioacchamber where the orifice past
the X-Y deflection plates was widened and givenndekedge (Figure 11). The reason
behind this modification was to reduce the numlbesexzondary electrons that might be

produced should the anions strike a metal surfadegltheir transit into the TOF tube.

Figure 11 — Schematic of the knife-edges imposedtieorifice past the X-Y deflection
plates.

Alterations were made to the electron pulse timimgchanism so that this could be

regulated with more precision. This was managednbtalling two new timing pieces,
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thereby splitting the timing of the pulse into mappropriate sections (5085). By
decreasing the jitter in the pulse the ion sigmal loe treated more precisely.

Although not a direct mechanical modification te gystem, a considerable improvement
in the resolution of the mass spectra and phottelespectra was achieved by decreasing
the ion beam energy (by changing the TOF plateages accordingly) from 2 kV to 500
V. This decreases the kinetic energy of the ionstheir velocity travelling through the
TOF-PES will also be diminished (see Equation (13))

By changing the potential from 2 kV to 500 V thmé of flight of the ions has doubled,
and so the Doppler Effect will be less pronouncedh& ions velocity will not impact as
greatly on the velocity of the ejected electronad éhence the resolution of the
photoelectron spectrometer improves.

Another modification designed to decelerate thesiamore effectively prior to
photodetachment by the laser was to change theedppbtentials in the ion decelerator
stack. Initially the first plate was at a high ni#ga voltage and then decreased
incrementally along the stack to ground. The deagtmn in this configuration was
achieved in the first few lenses of the stack, smensure that the ions were not re-
accelerated the voltage applied to the stack wadlyaswitched to ground.

From simulations it was realised that this was optimal, and it was proven more
effective to invert the stack so that the ions elgmee an increasingly negative potential
as they proceed through the stack. The anionsharedecelerated more gradually as they
approach the more negative potential. The poteatialgy curve experienced by the ions
can be described as similar to climbing a hill eytlgradually lose velocity as they
approach the top. With the previous setup the @amsbe thought of as instantly jumping
up to the top of the hill (losing kinetic energgnd then being rolled down until the slope

was instantaneously flattened at some point dutindescent.
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During experiments it was noted that the permamd®ttromagnet used to create the
bottleneck magnetic field to trap photoelectronsdoee overheated. Unfortunately water
cooling was not sufficient for extended periodstiofe that the magnet was on during
experiments. To provide more effective cooling ie electromagnet a stream of cooled
nitrogen gas was passed over the magnet (in caiganwith the water cooling). The
cooled stream of nitrogen was created by passitrggein gas from the house supply
through a dewar containing liquid nitrogen. Theogen was supplied via a stainless steel
tube to the bottom of the liquid nitrogen filledvelr, while a second tube which was
situated above the level of the liquid nitrogen ivdgked the cooled gas to the
electromagnet.

Several changes were made to the laser setup rftlyrcenfigured as per Figure 6). In the
first instance the orifices of light baffles insitlee TOF-PES were modified with knife
edges similar to the orifice in the extraction cham in order to reduce reflected light
from reaching the laser interaction chamber as alto reduce the beam diameter and
keep it collimated (see Figure 11). Unwanted réibes can strike the inner surfaces of
the chambers, producing stray photoelectrons weocttribute to the background noise, so
minimising these reflections is essential.

Three extra light baffles have been incorporated the setup, which ameliorated the
signal-to-noise ratio of the photoelectron speckahalf wave {/2) plate cube beam
splitter and polariser have also been added tdhadsignal-to-noise ratio by decreasing
the power of the laser beam.

It is now also possible to reduce the laser beameéier to 6 or 3 mm (previously at 8
mm) with the ‘telescope’ lens arrangement, so éeb@batch between the ion beam and
laser beam diameters ensure optimal overlap ane mfficient photodetachment. The
telescope set up shown schematically in Figures@lt®in a 6 mm beam diameter and

consists of a plano-convex lens (f = 40 mm) ¢ amdaao-concave lens (f = -30 mm).
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Replacing the convex lens allows control over tlzengter of the laser beam, The results
presented in this thesis have only been conductidtine 6 mm diameter beam.

Finally, the safety of persons conducting experitsiavith a laser is extremely important.

Another modification to the laser system was tolese the beam with a box purposely

constructed for our particular setup, see Figure 12
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Y
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Figure 12 — Photo of the laser safety enclosure Wi the lids removed.

The box consists of four sides and a lid made af parts, coated in matte black paint,
which are attached to the apparatus scaffoldingrevtiee beam is directed upwards into
the laser interaction chamber. The side from whiwh beam enters has a cut section
where the beam enters while leaving adequate r@oradjustment of the optics. Another
separate box covers the optics on the laser tafle a lid which can again be removed to
adjust the optics. These two boxes are connecteal dyfindrical tube that can easily be

removed if the laser table must be shifted awamftioe apparatus for maintenance.
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Finally, a modification (which is still ongoing) tine KYKY turbomolecular pump was
required on its cooling system. Unfortunately trause water supply was not able to
provide enough cooling due to blockages causedobsion in the water jacket of the
pump. Although a temporary solution was found byrdlughly cleaning the water jacket
and with vigorous pumping methods employed to ctearblockages, a more permanent
remedy was necessary.

A completely new water cooling system has beensgeMivhich involves flowing distilled
water housed in a 25 L vessel thereby hopefullygméng further corrosion to the water
jacket. This has been installed, however due tovthlame of water being recycled a
means of cooling this sufficiently needed to balelsthed. Currently a radiator with a set
of three fans (such as those employed in compysems) are adequately cooling the

water being pumped around, but are still beingetefdr the long-term.
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2.4. Theoretical methodology

The calculations required to create a predictecttspm for both CI'CO and Br CO
complexes have been performed on the programs @aw3;’ Gaussian 08° GAMESS

L and LEVEL 8.0°% The clusters are optimised using Mgller Ples&&b@ler perturbation
theory (MP2) with Dunning’s augmented correlatimnsistent polarised valence double
and triple zetad) basis sets (aug-cc-pVXZ (X = D, T)). So that tthegeneracy of
electrons with antiparallel spin in the same othgaremoved, in all calculations for the
neutral species the Unrestricted Hartree Fock naetlogy (UHF) was used.

Bridgemanet al” and Dixonet al®® have previously calculated structural details tfor
neutral species using non-local density functiocaiculations and MP2. In order to
predict photoelectron spectra of the anions moreutations were required to be
undertaken, i.e. the anion species and potentebgrsurfaces. For this reason the neutral
calculations were repeated for consistency withdag obtained for the anion species.
These calculations included the double and tdgddasis sets used.

Harmonic vibrational frequency analyses were madetle optimised geometries to
ensure that these contained no imaginary frequericaresponding to transition states or
higher order maxima). Once the optimised geometfethe ground states of both the
anion and neutral species have been determinedpbtmtial energy surfaces can be
graphed by scanning the energy of the cluster dwinibrational mode.

For the clusters there are two stretching madesndvx.co, and one bending modg.co
(illustrated in Figure 13). The energy of the ctwsthas been calculated at the optimal
geometry at each step in a range during one oéthiésational modes (a 1D scan).

It is important to note that for the potential epyescans shown in this thesis the:¢
distance measured is between the halide and thesceinthe carbon monoxide (Figure
13) and not the distance to the closest atom ot#nbon monoxide. The anghg.co is

similarly changed: the chloride swings around theébon monoxide’s centre, in lieu of
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rotating around either the carbon or oxygen andethemaintaining the symmetry of the

cluster.

Figure 13 - The three vibrational modes possibldtie three-atom system: two stretching
and one bending, shown on the @O cluster. 1D potential energy scans involve
calculating the energy at the optimised geometmuttiple steps during one such mode.

Jacobi coordinates system.
The 3D scans (of which only 2D surfaces could t@plged) determined the energy of the
cluster at the optimal geometry at steps duringhaite vibrational modes. The variables
not being scanned in the mode are allowed to relaxithey are not restrained to their
initial values but are free to move so a more stalienergy of the cluster can be
computed.
With the computations for the anion and neutratigsein hand it is possible to compute
the vibrational energy levels of the clusters. Arfak-Condon overlap analysis (see Figure
14) can then be made from the potential energyasesf generated. The spectra are
derived from this analysis.
The Franck-Condon overlap analysis has been comipuith Level 8.0° although this
was only possible for the 1D potential energy siefaf thevx.co stretch (see Figure 13).
This requires wavefunctions from both the neutrad anion to be compared. The most

likely transition between the anion and neutral wiicur where overlap is most significant
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(see Figure 14). The Franck-Condon principle malkes assumption that electronic
transitions are essentially instantaneous in corsparto nuclear vibrations, so that any
electronic transition will occur at the same nuclezordinates.

The Franck-Condon factors are then adjusted fopthmilations of each state using the
vibrational partition function at 50 K, a tempenrauypical for clusters in a supersonic

expansion.

Energy

r—

r2()1 :
Nuclear Coordinates

Figure 14 - The Franck-Condon principfllustrating favoured electronic transitions
between the vibrational statesv =0 and v = 2.
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3. Experimental results & discussion

3.1. Mass spectra

The ion signal has greatly improved in stabilitydaihe intensity has remained strong
during this year, as can be seen when comparét tmass spectra from LaMacchiand
Quak?® The bare ions Chnd Bf reached intensities of at least 1 V, with instanegup

to 2 V, and the first clusters €I-CO and Br--CO averaged between 50 — 250 mV. The
final spectrum obtained by Qu&tad an intensity of 1.2 V for the bare Bnd I. The gas
mixtures were stable for multiple weeks, and ofiyhs adjustments needed to be made to
improve the intensity of selected clusters forghetoelectron spectra.

In Figure 15 the mass spectrum shows the bareGbnBr and I, and these ions clustered
with CO and Ar. In Figure 16 larger clusters anewn, as well as some exotic mixed

species. It should be noted that the C(COj cluster is hidden under the Br- Ar peak.
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Figure 15 — A mass spectrum of bromide, chloride #eir clusters with carbon
monoxide. The chloride and bromide peaks are dutlodir intensities are close to 1 V) to
show the weaker species.
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Figure 16 - Larger clusters of bromide and chloridigh carbon monoxide. Other species
are also shown.

The mass gate and ion decelerator were efficier@mbving all ion species except the one

of interest, and could even distinguish betweetomaogues.
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3.2. Photoelectron spectra

The photoelectron spectra taken are preliminamylt®swith work still to be taken further,
especially to improve resolution. The full-widthlfaamaximum (FWHM) of the peaks are
on the order of ~300 meV, which leaves much todsardd. The resolution of other time-
of-flight setups for anion photoelectron spectrgscis on the order of 10 meV in the 1 eV
kinetic energy rang€. Efforts undertaken this year to reduce the FWHH! detailed on
page 36.

In Figure 17 and Figure 18 the bare ion is showangdide the cluster with CO. The two
spin-orbit statedPs, (right) and®Py, (left) are visible on the Br- and BEO spectra but
are not completely resolved in the Cl- and CD spectra. The 2R state, with the higher
total angular momentum is situated to the righthef 2R/, state (i.e. has a lower energy)

because the incomplete shell is more than hal{ifell p configuration)*®

Photoelectron Spectra of B & *C1CO at 90° polarisation

— Chloride
1.0 ~ Chloride-CO

08 A I
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0.0 T e = T T T bl f — T E— T 1
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Figure 17 - The photoelectron spectra®dl and**ClCO at 90°.
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Although the absolute intensities of the spectrmiasignificant (they are due to physical

and experimental factors) the relative intensittégshe peaks are important as they are
“equal to the relative probabilities of photoiortiea to different states” (also called the

relative partial ionisation cross-section®Yheoretically the ratios of the intensities should
be proportional to the statistical weights of tleaitnal states produced, which is equal to
2J + 1 for atom&® So for the 2B, state this is: 2(3/2) + 1 = 4, and for,2Rhis is: 2(1/2)

+ 1 = 2 and gives the ratio 2:1. However the expental results here do not reflect this

ratio, which could be a sign of poor detectionta low-energy electrons.

Photeelectron Spectra of "Br and "Br-CO at 0° polarisation
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Figure 18 - The photoelectron spectra’@r and°Br-CO.

The difference in polarisation on the photoelecspactra can also be noted — 0° is where
the laser polarisation direction is parallel to tinght axis of the photoelectrons, and 90° is
where the laser polarisation direction is perpeandic The results here reflect a more

symmetrical distribution when the laser polarisattbrection is parallel to the flight axis
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of the photoelectrons, as this is when the velaaitithe ions is not added to the spread of

the photoelectrons (Doppler effect).

Photoelectron Spectra of Bromide at (¢ and 90° polarisation

— Br at 0 degrees
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Figure 19 — A more symmetrical distribution of phedectrons is produced when the laser
polarisation angle is parallel to the flight axi$ the photoelectrons (i.e. at 0°).
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3.3. Improving the resolution

The effects of the ion decelerator in slowing dothie ions (to decrease the Doppler
broadening experienced by the photoelectrons) easeen in Figure 20. This already
shows an impressionable thinning of the spectraiskstill far from the desired resolution.
The ion decelerator, when used, typically added @ s to the flight time of the anions,
over a distance of approximately 40 cm (from the d®celerator to the ion detector).
There had been instances when the ion deceleraitot be used to slow the ions over an
even greater period of time (>is) at the sacrifice of a decrease in intensityhaf t
photoelectron signal (on the oscilloscope) anddhesignal completely disappearing. This
was due to high voltages in the ion deceleratdedtig the ions.

A new setup is also being considered for in theirutthat should encourage a better

resolution, and is detailed in the Future Work isecfpage 57).

Photoelectron spectra of BC1at 90° peolarisation showing ion decelerator effects
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Figure 20 — Using the ion decelerator to improve thsolution of photoelectron spectra

36



4. Theoretical results & discussion

The calculations herein have formed the potenti@rgy surfaces and predicted spectra
using the’s* electronicstate (a linear configuration). Unfortunately itsnenly discovered
extremely late into the project that th&’ electronic state (strongly bent configuration for
ClCO vyet linear for Br...CJO)was actually lower in energy (-572.8031205 Hartree
compared to -572.792535 Hartree faf ) and thus also requires investigating. It id stil
being determined as to why the optimised geometsfethe neutral species were not
calculated to lie on th&A' surface.

Contrary to Bridgemaet al’s’ results for théx* state of both CICO and Br'CO there
were no imaginary frequencies found and so theasasf investigated did not reflect a
transition state. The results presented here areftire still viable, however further work
on producing predicted spectra from the other edaat state will be needed. It is possible
that the irregularities of the potential energyface in Figure 25 are occurring because the
lowest energy was calculated on a lower surfacenfjing’ between surfaces).

The chloroformyl radical CICO was observed in 1®9§5Jacox and Milligad’ The most
recent experimental work was reported in 1992 usifgared absorption by matrix-
isolation by Schnéckebt al?® where chlorine and carbon monoxide were trapped in
solid argon matrix at 16 K. They observed vibrasiofiequencies at 1876.7 &n{CO),
570.1 cm (CCl) and 334.6 ci (CI"CO). Theirab initio calculations agreed with the
experimental data obtained.

Dixon et al?®

have conducted theoretical calculations on@D at the MP2 level (aug-cc-
pVDZ) where they predicted®O=C- - - Cl) angle of 129.3°, a r(CO) bond length of75.1
A and the r(Cl- - - C) length as 1.810 A. ResultgtierBr-CO radical {£* state) were also

obtained at the same level as this research amdalmost identical data as detailed here

(differences have been put in parentheses in T2pldkomanoet al have conducted
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matrix-IR experiments and have assigneg@vibration at 2045.7 cihy which had been

predicted previously by Dixoet al to occur at 2082 cth

4.1. Optimised geometries

The CI'"CO and Br~CO cluster’s optimised ground state geometry ferdhion species
were found to be strongly bent (L-shaped), in @mstitto their neutral counterparts which
were predicted to be linear, with ground state swtmynof =*. Structural data can be
found in Table 2, with cluster diagrams providedrigure 21 & Figure 22.

The bond lengths r(CX) calculated here are considered long and onlykilyelaound,
whilst the r(CO) bond length is similar to thatfode CO, reinforcing the weakly bound

system.

a) oo cn

o 0O=C...Cl) !

'@

K(CO)

) -

Figure 21 - The optimised geometry of the CIO clusters: a) anion species and b) and c)
the two neutral species.

a) LB
t(C.
. 0(0=C...Br)
C) .

Figure 22 - The optimised geometry of the'BIO clusters: a) anion species and b) and c)
the two neutral species.

r(CO)
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Table 2 — Calculated data for the minimum energycstires of the clusters CiICO and
Br~CO and their constituents at MP2/aug-cc-pVDZ and2¥iBg-cc-pVTZ. Provided are
the internal coordinates (r id and@ in degrees), harmonic vibrational frequenciesif
cm’, symmetries included, intensities in km Tiol bold font style), zpe (in kcal n))
MP2 energies (k&e2 in hartrees) and BSSE and zpe corrected energiss (n hartrees).
Values in parentheses are differences to literaftire

Unit Cco CI Br

Theory level|| pVvDZz pVvVTZ pvDz pVvTZ pvDz pVvTZ
r(C=0) 1.150 1.139

w1 20720 34 21100 36

zpe 2.96 3.02

Evez -113.054970  -113.142411  -459.722765  -459.780792 572509288 -2572.774831
Unit cr---co Cl---CO Cl---0C

Theory level|| pVvDZz pvVTZ pvDz pVvTZ pvDz pVvTZ
r(C=0) 1.153 1.142 1.149 1.138 1.150 1.139
rC---cl) | 3.232 3.173 3.022 2.906

r(O---Cl) 3.198 3.151
0(0=C---Cl)| 95.1 95.2 180.0 180.0

6(C=0.--Cl) 180 180

w1 20562'49  2091a'52 | 208133 21190 34 20710 43 21070 45

w3 134a'1 137a'1 7001 6802 507 <1 570<1

w3 83a' 22 83a' 23 497 <1 587 <1 267 <1 267 <1

wq 497 <1 587 <1 267 <1 267 <1

zpe 3.25 3.30 3.21 3.29 3.11 3.17

Evea 572.782744  -572.928520 -572.649813  -572.792535 72.688327  -572.790975
Eessseicor || -572.782016  -572.928102  -572.648730  -572.79177%72.647897  -572.790588
Unit Br---CO Br---CO Br---OC

Theory level| pvDZ pVTZ pvDz?3 pVTZ pVDZ pVTZ

r(C=0) 1.152 1.141 1.149 (0) 1.138 1.151 1.139
r(C---Br) 3.444 3.383 3.128 (0) 2.979

r(O---Br) 3.282 3.214
0(0=C- - -B) 94.5 94.5 180.0 (0) 180.0

0(C=0- - -Br) 180.0 180.0

w1 20592'44  2094a'47 | 2082 (0)35 21200 36 20700 45 21070 48

w3 119a'1 121a'1 65 (0)o 1 690 2 497 <1 540 <1

w3 67a'6 66a'7 47 O)r<l  53z<l 30r <1 307 <1

on 47 O)z <1 53x<1 30r <1 30z <1

zpe 3.21 3.26 3.20 3.28 3.11 3.18

Evpo -2685.668869 -2685.922132&5?25683;)617 ié%@??i?}f 48 2685.540929 -2685.790848
Eessseicor || -2685.667686 -2685.921254 -2685.540866 -26857D]0-2685.539975 -2685.789932
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4.2. 1D Potential energy slices

4.2.1. vx.co Stretch

For the CI"CO clusters (both anion and neutral speciesy¢h& scan was undertaken by
allowing the remaining two variables to relax (itkey were not constrained to their
starting values). For the two other scans (i€ andfc.co) the two other variables not
being scanned were ‘fixed’ to their optimised valb@er the entire vibrational mode.
Unfortunately the relaxed calculations for the 'B2O clusters proved to be difficult to
perform and produced errors that were unable tarbended due to time constraints, and
so all the results shown are for ‘fixed’ scans (Sable 2).

In each case the anion species shows the lowestyei® comparison to its neutral
counterparts and has the deepest ‘well’ (largest This supports the idea that the closed
shell of the anion is more stable than the opetl shthe neutrals.

In Figure 23 the energy axis of both species exte2@D0 crit (1400 cnt for Br-CO),
although the neutrals (on the right scale) haven lwfset to 29000 cih (28000 crit for
Br~CO) so that they could be displayed together vighanion species.

It can be clearly seen that the anion species @ranbre stable in comparison to the
neutral species. For both clusters the neutralispet¢ CO is the more stable of the two
neutral species with a deeper well thanOC, but is still very shallow in contrast to the

anion.
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Vcico Stretch of the anion and both neutral species at MP2/aug-cc-pvtz
(zeroed to the anion)
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Figure 23 - Thex.co stretch for X = Cl (top), Br (bottom). The neutsglecies (right scale
on the y-axis) have been referenced to the aneihgqtale).
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4.2.2. vco Stretch

Thevco stretches for the XOC neutral species exhibit an increase in slopeLatA and
a decrease at ~1.A, eluding to another surface. This could be attaduto an ideal
distance being reached between the oxygen andatbgdn (due to dipole effects), as this

is a scan where all the variables except the C@ lemgth have been set to the optimised

values.

Vco Stretch of the anion & neutral species of C1-CO at MP2/aug-cc-pviz
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Vco Stretch of the anion & neutral species of Br-CO at MP2/aug-cc-pvtz
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Figure 24 — A ¥o stretch for Ct*CO (top) and Br'CO (bottom) clusters. The neutral
species have been referenced to the anion’s locsvesty.
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4.2.3. 0x.co bend

For the bending mode the anion once again showeped and narrower well compared to
its'’ neutral counterparts. In Figure 25 the neuBpkcies’ energy scale is 600 tm
whereas the anion’s scale is ten times this. Tfierdnce in scales was carried out so that
the depth of the neutrals’ potential energy sudaes they appear almost flat otherwise,
could be shown alongside the anion’s surface. Tifierence in depths of the wells can
now be easily viewed between the anion (approxitpaen times greater) and neutral
species.

The CI"CO species has a double well which is attributethéosymmetry at 180° around
the carbon monoxide. The anion is most stable wherhalide is close to 75° (and 285°)
to the centre of the carbon monoxide, correspondanghe anglef(O=CX) in the
optimised geometry.

At 0° the neutral is in the XCO configuration while at 180° the halogen has ndove
opposite and is now closest to the oxygen (i.e.the other less stable neutral
configuration: X'OC). The difference in energy between the two gcans can be
accredited to the 1D potential energy scan’s otheables remaining fixed. The distance
between the halogen and the carbon monoxide duhagscan, r(XOC), set to the
calculated value for the optimised geometry of \Wkieer neutral signifies a difference in
the geometry between the two species and therefdhee energy at that geometry. If this
variable were relaxed i.e. if the distance r(XC) was not constrained (e.g. to 3.108%or

the CI"OC neutral) then the energies for both neutral isgewould be expected to be

identical.
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Occo of the anion & neufral species at MP2/aug-cc-pviz
(zeroed to anion)
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Figure 25 - Afx.co bend. Both neutral species (right scale) have vesrenced to the
anion (left scale). For the CICO cluster the surface is symmetric at 180° akhatss the
same position but mirrored. For the BZO cluster both neutral species showed
irregularities that require further investigation.

44



4.3. 2D Potential energy slices

The 1D potential energy scans do not show the ocetppotential energy surface
experienced by the cluster during the vibrationaldes. A 2D surface provides a better
insight into the surface, although it would be prable to envision the whole surface in its
entirety if possible. Ultimately the more degredsfreedom a system has the more
difficult it becomes to view the surface completely

The potential energy surfaces of the neutral spefde the 3D scans were difficult to
obtain however a script (made by Dr. D. Wild, sggp@ndix 1) which could use either
Gaussian 03/09 or GAMESS allowed the scans to moateven when a point on the
surface could not be optimised. There were stiths@oints on the surface that failed, but
these were few in number compared to the totabsar{~1%), and had greatly decreased
compared to the amount of failed points encountéefdre the script was implemented.
These new scans were compared to the previous twarkeck the points correlated, and
this was the case.

For the 2D potential energy scans shown here (sped-26, Figure 27 and Figure 28)
only two coordinates are varied (the intermolecdiatance and angle), with the third axis
displaying the energy. Although the scan was cotagléor all three vibrational modes
(the corresponding data is found on the CD, a laigdetailed in Appendix 2), one of the
variables Yco) had to be maintained at a single value. The sasfaepresented were
chosen at the optimals distance for each computation (either 1.1 orAL.@vhich is close

to the optimised distance calculated for the sgecee Table 2). The neutral and anion of
each cluster are depicted at the same CO dist@heeenergy of the neutral has, as for the
1D potential energy scans, been referenced tortiog’'a energy.

Both the Br-CO and CI"CO clusters displayed artefacts in the neutralispeattributed

to the low level of theory, as these are no longsible for the pVTZ scan of CICO.
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Unfortunately the g;..co stretch was not reduced to a small enough disteraseng the
anion species with an incomplete surface, thusineguurther work.

Although the calculations for the 3D potential eyesurfaces have been completed, a
predicted spectrum using these surfaces could egpdsformed with the resources at
hand. In the future it is hoped they can be prambssing programs such as ezSpectfum
which will provide a predicted spectrum with moce@racy and precision than those from

only 1D potential energy surfaces.
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Figure 26 - A ‘slice’ of the 2D potential energyascof the CI*CO anion (top) and
neutral (bottom). This slice was taken while mamtay a CO distance of 1

and
scanning thec.co stretch andic.co bend.
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Figure 27 - A ‘slice’ of the 2D potential energyascof the CI-CO anion (top) and neutral
(bottom) calculated at MP2/aug-cc-pvtz (in GAMES®r the neutral). This slice was
taken while maintaining a CO distance of 4.And scanning theci.co stretch andci.co

bend. Note the angle only goes up to 180 degredbdanion.
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Figure 28 - A ‘slice’ of the 2D potential energyascof the Br-CO anion (top) & neutral
(bottom) species at MP2/aug-cc-pvdz. This slicetaksn while maintaining a CO

distance of 1.2{ and scanning thes,.co stretch ands..co bend.

49



4.3.1. Comparison with DFT methods

Another set of scans were computed using DFT thiwrgomparison and also to verify if
DFT is more suited to producing the potential epexgrfaces than MP2 for van der Waals
clusters. In Figure 29 the 2D potential energyae$ are shown using the M062X density
functional (with the aug-cc-pVDZ basis set). Thastular density functional was chosen
because it has “excellent performance for main grchemistry, predicts accurate valence
and Rydberg electronic excitation energies” and rgaesmmended for use with “systems
where main-group thermochemistry, kinetics, and cowalent interactions are all
important”° It should be noted that these scans only go W8®3 for the bend.

Regrettably the surface from the neutral species n@ brought to a small enough
distance for therc.co stretch as the inner wall does not extend highughdo form a
complete well, still, where the MP2 scan showeedfadts, here there are none. However
the surface along the asymptote is not as flahasutrface produced in the MP2 scan. In
the future it may be worth investigating if thesddes are reduced in the pVTZ basis set.
The anion surface is almost 1000 tiower than the one calculated at MP2, however the

difference between the anion and neutral surfagssrttreased by ~300 &€m
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Figure 29 — A ‘slice’ of the 2D Potential energyfaces of the Ct*CO anion (top) and
neutral (bottom) species using the DFT basis se6RKdaug-cc-pVDZ. The CO distance
was frozen at 1.4 while scanning thec).co stretch andici.co bend. Note the angle only

reaches 180 degrees.
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4.4. Predicted spectra

For the 1D potential energy surfaces the progradMEIES.0 %% is used to solve the radial
Schrodinger equation (i.e. the.do stretch) and then the Franck-Condon factors (or
overlap integrals) for the probability of transit®between the anion and neutral surface
and thus create a predicted spectrum. This pretlgpectrum has been overlayed on the
experimental data obtained in Figure 30 and Figdre

In the transition from anion to neutral affordedthg laser’s energy, both the"GCO and
Br~CO are launched onto the potential energy surfanegponding to the more stable of
the two neutral configurations:>CO (i.e. with the halogen adjacent to the carbon).
When looking at the predicted photoelectron spetieamportant features to observe are
the overall structure of the spectrum and whichditgon is most probable, as these should
not change between basis sets or theory levelsreabethe energies at which the

transitions occur do alter.

4.4.1. Cl~CO

In Figure 30 the comparison between the @D predicted spectra calculated at pvDZ
and pVTZ can be seen. Both basis sets predictedntst probable transition being the
0—0. For the hot band progression from the 1 vibrational level the most probable
transition is also to the ground state (i.e-1). These have been calculated forbg-o
stretch in which variables have been relaxed.

The predicted spectra made from an identical strett with the variables kept restricted
during the scan is in Appendix 3 for comparisone dhly difference noted was a decrease
in intensity of the probability of each transition.

The overall shape of the predicted spectra seeagitee visually with the experimental
spectrum’s, with a sharp edge on the right han@ gelectrons with lower binding

energies) and a trailing edge on the left hand SJile experimental spectrum does require
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greater resolution before conclusive statements lm@mmade as to whether the most

probable transition predicted lap initio calculations agrees with the experimental data.
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Figure 30 — Predicted spectra overlayed on the grpental spectrum obtained of
CICO. Both basis sets (top: pVDZ, bottom: pVTZ) areitie O— 0 as the most
probable transition. The bright green correspond$iot band transitions from the v=1

vibrational level.
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4.4.2. Br—CO

The same general shape of both the experimentapietticted spectrum can be seen for
the Br-CO cluster (Figure 31). It should be noted that ghedicted spectra for BCO
used the 1D surface where the other variables fwerd to their optimised geometry in
the vgr.co stretch. Once again the most probable transisotmeé @—0. For the hot band
progression from the = 1 vibrational level the progression is—1 at pVDZ, but for
pVTZ it changes to €-1, the same as for the GTO cluster. In fact for the pVTZ the
11 transition has about the same probability aslth€ transition. The intensity of the
transitions has also greatly decreased from pVD2oZ, more so than CICO.

As mentioned previously, the resolution of bothexpental spectra need to be improved
before any conclusive statements can be made abdther the predicted spectra agree

with the experimental data on the most probablesiten occurring.
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Figure 31 - Predicted spectra overlayed on the exrpental spectrum obtained of
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probable transition. The bright blue correspond$ita band transitions from the=1
vibrational level.
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5. Future work

Although in this work the study of the chloride abdomide clusters with carbon
monoxide has been covered both theoretically apeéraxentally, there is still room for
improvement. One such area that still requires vilmckudes potential energy surfaces for
the bromide clusters from scans with non-constrhinariables and creating predicted
spectra from these relaxed scans. These scansdsaigol reduce thestco stretch to a
smaller radius in order to create a complete sarfabe level of theory used could always
be increased (to pVQZ or greater), and work donBBY methods could be employed for
comparison.

It is hoped that the 3D potential energy surfacegiwhave been calculated already can
be used for a vibrational overlap analysis with phegram ezSpectrufhand the Franck-
Condon factors should provide more precise spelotma those from 1D potential energy
surfaces.

Experimentally there are also a number of improvasi@and further investigations that
could be completed in the future. A preliminaryogffwas made to deduce which gas
mixture composition increases the yield of clustbmvever a more comprehensive study
is necessary. This in turn could allow the oppatiuto take photoelectron spectra of
larger clusters (i.e. X(CO), where n = 2, 3, ...) whose photoelectron spectraewer
previously too weak to be detected.

A great part of future work will involve improvinggsolution of the photoelectron spectra
and a few propositions are being considered. Theasito-noise ratio will hopefully
increase by the addition of cone-shaped bafflel wiife-edges (see Figure 11) both on
the entrance and exit path of the laser, which metluce backscatter. These baffles are

currently being built and are expected to be ifetashortly.
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Figure 32 — Schematic showing how selected ionsdimeideflected using 99 %
transmittant grids (region 2) with switched voltagend then have electrons
photodetached (region 4). Taken from referetice.

A change in setup (see Figure 32) by deflecting itmes and then photodetaching is
another possibility to give better resolution, be photoelectrons would not have the
additional velocity of the ions when being photeadied. This would require two grids
with 99% transmittance allowing ions to pass thiowmnd be detected under normal
conditions but can be switched to negative voltagegeflect the selected ion towards the

photoelectron TOF tube. The laser beam would akguire shifting towards the
photoelectron TOF tube so it could then interacthwhe ions after they had been
deviated.

For future spectra there is also the option of gisinaser beam diameter of 3 mm, as the
photoelectron spectra taken for this research Wene solely with a laser beam of 6 mm.
A decrease in beam diameter reduces the ionisat@ame, which could improve
resolution since the electrons will be initially repd over a smaller area (hence
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experiencing more similar forces). To do this oldgses in the ‘telescope’ setup of the

laser assembly need to be exchanged.
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6. Conclusion

One year after the construction of the TOF-PESimmeary mass and photoelectron
spectra from the clusters GCO and Br'CO have been obtained. An intense, stable signal
for both ions and photoelectrons has been madabt®ssith modifications completed
this year including reworked ion decelerator patdst a rearranged laser setup, and knife
edges on orifices in the extraction chamber anbaffle cones of the laser.

Preliminary photoelectron spectra of the van deaM/alusters BrCO and Ct'CO have
been recorded and reflect a similar structure tedipted spectra fromab initio
calculations. Transitions between the ground sihtbe anion species to the ground state
of the neutral species (i.e<) were predicted to be the most favoured for lohtisters.
Further work is required on creating potential gyesurfaces and a predicted spectrum
from the®A’ electronic state of the neutral species for bdth@® and Br'CO. Prior to
confirming any correlation between theory and expent regarding the most favourable

transition, the resolution of the experimental sggemust be enhanced.
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7. Appendices

7.1. Appendix 1

A script created by Dr. D. Wild to be used with Ggian 03/09, GAMESS or others to

conduct continuous 3D scans, even if a point orsthitace is not optimised.

#l/bin/bash

#PBS -j oe

#PBS -l walltime=17:00:00
#PBS -l ncpus=8:8

#PBS -l vmem=15GB
#PBS -l jobfs=2000MB
#PBS -l software=g03
#PBS -wd

module load gaussian/g03e01-fast

#l/bin/sh

#

# This script will perform potential energy scans u sing the Gaussian 03
# Programme

#

# It is preferred to using the internal GO3 SCAN fu nction as failure of
one

# scan point will not stop the script

#

#
# Give the scan job a title here
# The short title will form the name of the scan ou tput file

titte="CI-CO neutral at ump2/aug-cc-pvdz"

short_title="CICOneutpvdz.5"

#

# The next section is where the scan variables are set
#

# _start is the starting value of the variable

# _del is the step size (in degs or Angstrom)

# -steps is the number of steps for each variable

#

# First attempt at 3D PES scan of CI...CO neutral a t pvdz using Duncan's
script.

#

# X

#X 11.0

#C 2varl 190.0

#0O 2varl 190.0 3180.00

#Cl2var2 3var3 1180.00

#

varl_start=0.25
varl del=0.05
varl_steps=10
var2_start=3.0
var2_del=0.1
var2_steps=65
var3_start=5.0

var3_del=10.0

var3_steps=35

#

# The next is the value of i,j, and k for the loops below. This is
needed if a restart is necessary

# Look to the $shortname.ijk output file for the la st value of i,j, and
k and set these below

# If this is the first time the scan is run, then s etalltol

#

i_num=11

j_num=64
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k_num=26
#

# The next part will change the number of steps so
what
# is done with Gaussin 03 (i.e. do the first point,
more)
# Comment these lines out if you have already accou
#
varl_steps="expr $varl_steps + 1°
var2_steps="expr $var2_steps + 1°
var3_steps="expr $var3_steps + 1
Succ=0
keymaster="# mp2/aug-cc-pvdz NoSymm Pop=None"
of theory keywords here
keywords=$keymaster
i_j_k="expr $i_num + $j_num + $k_num’
if [$i_j_k-gt3]
then
keywords="$keywords Guess=Check "
fi
NumPoints="echo "$varl_steps*$var2_steps*$var3_step
#
# Print some info to the .log and .ijk files
#
echo $title > $short_title.log
echo "This scan will produce $NumPoints values" >>
echo "VAR1 VAR2 VAR3 Energy" >> $short_title.log
echo "l J K" > $short_title.ijk
#
# Next comes the loops which will scan through the
# More can be put in, you only need to increase the
loops
#
varl="echo " (($i_num-1) * $varl_del) + $varl_start
for ((i=$i_num; i<=$varl_steps; i++))
do
var2="echo " (($j_num-1) * $var2_del) + $var2_s
for ((j=$j_num; j[<=$var2_steps; j++))
do
var3="echo " (($k_num-1) * $var3_del) + $va
for (( k=$k_num; k<=$var3_steps; k++))
do
while [ $Succ -t 1 ]
do
echo "%chk=temp.chk" > temp.inp
echo "%mem=15GB" >> temp.inp
echo "%nproc=8" >> temp.inp
echo $keywords >> temp.inp
echo " >> temp.inp
echo "Scan temp file" >> temp.inp
echo "™ >> temp.inp
echo "0,2" >> temp.inp
export z0="X"
export z1="X 1 1.0"
export z2="C 2 $varl 1 90.0"
export z3="0 2 $varl 1 90.0 3 180.0 0"

export z4="Cl 2 $var2 3 $var3 1 180.0 0"

echo $z0 >> temp.inp
echo $z1 >> temp.inp
echo $z2 >> temp.inp
echo $z3 >> temp.inp
echo $z4 >> temp.inp
echo ™ >>temp.inp

#
# The next section will start the programme, wait f
# search for the energy value. If no value is found
solving techniques
# are used. If after this, the SCF doesn't converge
#
g03 < temp.inp > temp.log 2>&1
sleep 1

it is in line with
and then n steps

nted for this above

Pu t your Level

s"|bc’

$short_title.log

variables above
number of nested

" | bc

tart" | bc’

r3_start" | bc’

or completion and
, then 3 other SCF

then "Fail" written
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En="grep "EUMP2" temp.log | awk ‘{print $6}"
if [-z $En ]
then
try="expr $try + 1°
else
Succ=1
fi
if [ "$try" -eq "1" ]
then
keywords="$keymaster SCF=(MaxCycle=1000)

Guess=Check "

elif [ "$try" -eq "2" ]
then
keywords="$keymaster SCF=(QC,MaxCycle=1000)

Guess=Check "

elif [ "$try" -eq "3" ]
then
keywords="$keymaster SCF=(XQC,MaxCycle=1000)

Guess=Check "

elif [ "$try" -gt "3" ]

then
En=Fall
Succ=1
fi
done
echo "$varl  $var2 $var3 $En" >> $short_title.! og
echo "$i $j $k" >> $short_title.ijk
rm temp.inp
export keywords="$keymaster SCF=(MaxCycle=200) Guess=Check"
try=0
Succ=0
var3="echo "$var3 + $var3_del" | bc’
k_num=1
done
var2="echo "$var2 + $var2_del" | bc’
j_num=1
done

varl="echo "$varl + $varl_del" | bc’

done

echo "Scan finished!" >> $short_title.log
echo "Scan finished!" >> $short_title.ijk

#

# Clean up temporary files

#

rm temp.*
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7.2. Appendix 2

Energies for 3D scans can be found in the Appefalder on the CD provided with this
thesis. Below is an image describing the layouhefCD.

APPENDICES
pv¥DZ
3Dscan
J Br-CO
. CI-COo
| Predicted_spectra
pVTZ
, 3Dscan
Cl-co
Predicted_spectra

7.3. Appendix 3

The predicted spectra of the' @O cluster (Figure 33) with fixed coordinates ie th.co

stretch (rather than relaxed as presented in tbrk)w
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Figure 33 — Predicted spectra overlayed on the grpental spectrum obtained of
CICO. Derived from fixed coordinate stretch. Bothibagts (top: pVDZ, bottom: pVTZ)
predict the O— 0 as the most probable transition. The bright greerresponds to hot
band transitions from the v=1 vibrational level.
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7.4. Appendix 4

A script created to facilitate the extraction

conducted in Gaussian 03/09.

#!/bin/sh
#

# This script will extract data from relaxed scans
# and convert them to single column outputs.

#

# It is recommended that only the necessary data fr
# output file from Gaussian be used in a separate t

# than the whole file.
#

#
# Titles of files used:

echo "What is the name of the original output file?

axt
read namel

echo "What is the name of the first variable used?

read varl

echo "What is the name of the second variable used?

read var2

echo "What is the name of the third variable used?

read var3

# First the EIGENVALUES will be extracted, then eac
# will be put to a new line, after which an extra |

grep "EIGEN" $namel | awk {print $3}' > temp1.txt;
sed 's/-\n-/g' templ.txt > temp2.txt;
sed '/"$/d' temp2.txt > ENERGY .txt;

# The other variables will then be extracted & inse

output
# in single columns.

grep -w "$varl" $namel | awk {OFS="\n"} {print $2,

VARL1.txt

grep -w "$var2" $namel | awk {OFS="\n"} {print $2,

VAR2.txt

grep -w "$var3" $namel | awk {OFS="\n"} {print $2,

VAR3.txt

# Removing the temporary files:

rm templ.txt
rm temp2.txt

echo "Check ENERGY.txt, VARL.txt, VAR2.txt & VAR3.t

ofemgetic data from ‘relaxed’

performed in Gaussian

om the bottom of the
ext document, rather

Please include the

h individual energy
ine is removed.

rted into the new

$3, $4, $5, $6} >

$3, $4, $5, $6} >
$3, $4, $5, $6} >

xt for results";

scans
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