University
of Glasgow

Fleming, Christopher (2008) Thermal and electron stimulated chemistry
of complex adsorbates on metal surfaces. PhD thesis.

http://theses.gla.ac.uk/529/

Copyright and moral rights for this thesis are retained by the author

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge

This thesis cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the Author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the Author

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given

Glasgow Theses Service
http://theses.qgla.ac.uk/
theses@gla.ac.uk




Thermal and Electron Stimulated Chemistry of Comple

Adsorbates on Metal Surfaces

by

Christopher Fleming

A thesis presented in partial fulfilment for thegdee of Doctor of Philosophy in the
Faculty of Science of the University of Glasgow.

Chemistry Department

September 2008



“When darkness is at its darkest, that is the begmof all light”

ad.Tzu



Declaration of Originality

| certify that the work presented in this thesis baen carried out by myself, and

has not been submitted for any other degree.

Chris Fleming



Abstract

Due to intrinsic limitations of conventional silicdased devices the trend of
miniaturisation cannot continue indefinitely, thaslecular devices are being used
to develop smaller, faster and higher storage tengmory devices. We present a
thermally activated, switchable hetero-polyoxona@(HPOM) cluster
immobilised on a highly polarisable gold surfacdahas potential as such a
device. This cluster consists of a nanometre dizedV) oxide “shell” which
encapsulates two electronically active pyramid#itsuS" Os>) groups, and has
the ability to reversibly interconvert between telectronic states. In the passive
state, at cryogenic temperatures (77 K), the twg*SfPoups are non-bonding with
respect to the sulfur centres, however upon theactalation, i.e. when the
temperature is increased to room (298 K), two edestare ejected from the active
sulfite anions and delocalised over the metal oxldster cage. This has the effect
of switching it from a fully oxidised to a two-ekean reduced state, along with the
concomitant formation of an S-S bonding interactietween the two sulfur centres
inside the cluster shell. This process does natriccthe crystalline state and to
proceed requires the stabilising effects providgdmimage charge, generated as a
consequence of being adsorbed onto a metal surface.

The prototypical enantio-selective heterogeneocatslysed reaction involves the
hydrogenation of the-ketoester, methyl pyruvate on Pt. Using TPD, XR& dPS
we have investigated this compound’s behaviour orodel Cu(111) single crystal
surface. Monolayers of methyl pyruvate at 180 Ksisinpredominately (ca. 66%)
of a chemisorbed methyl pyruvate moiety, with igsdkcarbonyl bonded to the
surface in a’configuration, this moiety desorbs intact at 364TKe rest of the
monolayer contains weakly adsorbed methyl pyruwalech desorbs at 234 K, and
interacts with the surface through the lone pacibns of the oxygen atoms of the
C=0 groups, adoptingw configuration. The observation of a strongly
chemisorbed moiety in the present study is attetubd the activation of the keto-
carbonyl by the electron withdrawing ester group B consistent with the
homogeneous inorganic chemistry of ketones. Itidely assumed that the
ketoester needs to lmebonded to the surface for the enantio-selective



hydrogenation to proceed, consequently, given tiwHhormation of &% bonded
methyl pyruvate moiety on Cu(l 11) and the knowtivity of Cu as a selective
hydrogenation catalyst, it is suggested thatmagbe worthwhile considering the
possibility of testing the effectiveness of chiyathodified supported Cu as an

enantio-selective catalyst.

The thermal and electron induced chemistry of &) (R)-methyl lactate (MLac)
on Cu(111) was investigated; both enantiomers ésailsimilar behaviour. MLac
adopts one of two adsorption modes on the terraice<Cu(111) crystal, which
desorb molecularly at 209 K and 220 K. Concernirggrholecules adsorbed at
defect sites, as the temperature is increasedtbgeange 250 — 300 K, a fraction
desorb intact, while the majority lose a hydrogemmato form the more strongly
bound alkoxy species on the surface. Of these, secmgnbine with the hydrogen
and proceed to desorb as MLac at 360 K, whilegelgproportion are
dehydrogenated further and methyl pyruvate anddgeir are ejected from the
surface at 380 K. When a monolayer of MLac is it with a low energy
electron beam, the molecules at the terrace giéeslectronically excited and
desorb as intact molecules, while those at thectlsfees undergo electron induced
hydroxyl O-H bond cleavage. Subsequent to eledimmbardment there is
consequently a decrease in molecularly adsorbedcMhbd an increase in the
number of strongly bound alkoxy species on theamexfentities which are not
susceptible to ESD. We believe the ESD excitati@emanism is dissociative
electron attachment. Low energy electrons of <lagd/prevalent in the secondary
electron background and can excite the hydroxyl €itEtch, facilitating its
cleavage at a threshold of 1.H# eV. The cross sections for the electron induce
processes are high, 3.00#4 x 10" cnt for 50 eV electronghus MLac is

extremely susceptible to electron stimulated ddsworp

The enantio-specific adsorption of both the (S@ €éR)- enantiomers of methyl
lactate on the chiral Cu(643urface has been investigated. The results from the
(111) surface enabled us to assign the featurd®imPD profiles. The peaks
arising from molecular desorption at terrace aeg sites occurred at the same
temperature for both enantiomers, however, thdsated to desorption from the



kink sites differed by 13 K, representing an er@aspecific difference in desorption
energies of 0.94 kcal mdl This value is significantly larger than those etved in
previous experimental work, although it is consistgith theoretical studies.
Furthermore, we also observed enantio-specifiaserfeactions. It was found that
there was a greater tendency for the (R)- enantibonendergo both the alkoxide
recombination reaction and further dehydrogenatomethyl pyruvate, while the

(S)-enantiomer had a greater proclivity to undeajal decomposition.

We have discovered, to the best of our knowledgefitst example of enantio-
specific surface chemistry initiated by a beamai-chiral low energy electrons.
When (S)- and (R)-methyl lactate molecularly adedrht the chiral kink sites of a
Cu(643¥ substrate is irradiated with 50 eV electronsai been found that (R)-
methyl lactate is more receptive to both electratuced desorption of the parent
molecule and electron induced cleavage of the hydl©-H bond. This behaviour
has been attributed to the (S)-enantiomer formingee intimate bond with the
kink site than the (R)-enantiomer, as evidenceddligher desorption
temperature. Consequently the substrate is moeetafé at providing relaxation
channels to the electronically excited adsorbakechvreduces the probability of
ESD occurring. Starting with a racemic mixture, weve demonstrated a 20%
enantiomeric enrichment in the molecular adsorbaitéise chiral kink sites, after
only 30% depletion of the initial population. Agantrol, the initial rates of
desorption from terrace and step sites were foarm tunaffected by enantiomeric
identity, which was to be expected because thésg are achiral, and as such both
enantiomers interact to a similar degree with e¥¢hen the monolayer is
considered as a whole, it was found that electm@awliation drives desorption more
completely with an (R)-MLac covered surface thathw®). It has been suggested
that this property of the system could be exploitethe laboratory as a method for
separating racemic mixtures, and that in an astroatal context, it could provide

insight into the origins of biohomochirality.

Vi
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Chapter 1: Introduction

Chapter 1: Introduction

The diverse range of areas that the following womginges upon is reflective of
the pervasiveness and healthy state of surfacecgces a whole. It is suggested
that the results of our work can provide the groumidk for new directions in the
engineering of single-molecule devices and nanesaaktronics, enantioselective
heterogeneously catalysed reactions and withotihgetur sights too low, as a
possible contribution to the evolution of homocliiyan the terrestrial

environment.

We begin by introducing to the reader the UnivgrsitGlasgow ultra high vacuum
chamber, which was used for the majority of theaesh, and in doing so we offer
an overview of the techniques it was equipped wémperature programmed
desorption (TPD), Auger electron spectroscopy (A&S®) low energy electron
diffraction (LEED). We follow this with a descripin of the Daresbury end station
used for the remainder of the work, which alsoudels a synopsis of the physics
behind synchrotron radiation and X-ray and ultrtiphotoelectron spectroscopy
(XPS and UPS). Chapter 2 concludes with a desonf the two distinct surface

types our single crystal research was conducte€o(t11) and Cu(643)

In chapter 3 we present a review of the curremgations research into nanoscale
computer memory devices is taking. The generalldpweent is that in order to
counteract the fundamental limits to continued atimiisation presented by
conventional silicon based devices, molecular abiemare being devised which
can exist in two different states through adjustneéitheir structural and electronic
properties. We present a hetero-polyoxometalatéOWPcluster immobilised on a
highly polarisable gold surface which, through thal activation has the ability to
reversibly interconvert between two electronicetsatind therefore has potential as
such a device.

In chapter 4, we introduce the concept of enanéotige heterogeneously
catalysed reactions and, concentrating on the fyital Orito reaction, which

involves the hydrogenation of tineketoester, methyl pyruvate, we provide



Chapter 1: Introduction

evidence from the literature as to the preferrexbguation modes adopted by the
reactant. We proceed to communicate our results iegpect to methyl pyruvate on
Cu(111), and in light of which suggest that Cu dtidne considered as a substrate

for reactions of this type.

The main part of this thesis is contained in chaptavhich for ease of digestion is
broken down into three parts, the chief outcomenfughich is the first example of
enantiospecific surface chemistry initiated by arbeof non-chiral low energy
electrons. Chiral surface chemistry is an emerdisgipline, and in order to
familiarise the reader with it, we have opened thiapter with a comprehensive
summary of the situation to date. We present alirfigs with respect to the
thermal and electron induced chemistry of the tiirethyl lactate on the achiral
(111) surface, which we then use to decipher thelt®from similar experiments
performed on the chiral (643urface. We conclude by suggesting that at the ver
least this discovery could be exploited in the tabary as a method for separating
racemic mixtures, but moreover it should be considl@longside more established

theories purporting to an extraterrestrial origiroimhomochirality.

You are now at the beginning of what is the taregésid product of four years of
challenging work. It has been difficult and frusitng, and it has been rewarding
and inspiring; and as such | hope that the readenriched by the results and

discoveries presented henceforth.



Chapter 2: Experimental Details

Chapter 2: Experimental Details

2.1 Introduction

All the experiments upon which this work is baseztevperformed under ultrahigh
vacuum (UHV) conditions, either using a systemhia tniversity of Glasgow
chemistry department or station 4.1 of the Dargsbynchrotron laboratory. In the
following chapter each system will be describetuimm, along with a brief
description of the techniques they were equippéet.winnexed to the heading for
each technique are the references from which #arytwas compiled, and it is to
these that the reader is directed if they would tik gain a deeper level of
knowledge. The single crystal experiments weregoeréd on two distinct surface
types, Cu(111) and Cu(643xonsequently the chapter will culminate with an
overview of the structures of these. We will belgawever, by discussing why the

experiments were all carried out under UHV.
2.2 The Need for Ultrahigh Vacuum

Atoms at a surface, unlike their bulk counterpate,not symmetrically
coordinated in all directions, and thus possesaturated valencies normal to the
surface plane with which they can form bonds wlid $pecies from the gas phase
above. It is because of this predisposition toradewith external entities that we
can investigate the relationship between a sulesarad an adsorbate, a relationship
which forms the basis for much surface scienceelintend to characterise a
specific substrate/ adsorbate system howeverytera must be free from
contaminants prior to and during the experiment® fate of adsorption onto a

surface is given by
Z=sP/(@mkT)">  (Equation 2.1)

where P is the gas pressure, m is the moleculas ofadbe gaseous species, T is the
temperature, k is the Bolztmann constant andlseisticking probability, which is a
number between 0 and 1. If we use this equati@aliculate the number of nitrogen

molecules adsorbing at room temperature and pressiking the percentage of N
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in the atmosphere to be 78%, and assuming a stébatamic density of 8 cm?

and a sticking factor of 1, i.e. a worst case sgenae see that it only takes slightly
longer than 1 ns for a complete monolayer to adsehiich certainly is not long
enough to perform an experiment. Thus we must cartyur work in vacuum, but
even at high vacuum levels, dnbar, it still only takes 35s for all the surfagites

to become contaminated. So we must reduce theypeesgen further, and if we
use the value 2 x I mbar in the equation, which was the pressurevieat
consistently reached in the Glasgow lab, we sdatthekes several hours for
atmospheric gases to form a complete monolayeh®surface, plenty of time to

work in.

A further reason why UHV conditions were requiréehss from the fact that many
of the surface science techniques employed to carryhe research involved the
use of electrons. The inelastic mean free pathexd entities is so low that in
atmospheric pressures and under moderate vacuuens,is an extremely high
probability that they will be absorbed or scattepeidr to reaching their destination,
whether this be the sample or the analyser. Thu¥ ($kh prerequisite for the

successful operation of these vital analysis tepes.
2.3 Glasgow Based UHV Chamber

The system used in Glasgow for TPD, AES and LEERedarments was typical
(figure 2.1) in that it consisted of a stainlessesthamber connected to a series of
pumps used to attain UHV conditions, gauges to thopressure and temperature,
and of course the means to perform the above nmattiexperiments. Suspended in
the chamber was a Cu crystal that could be ro@teldranslated along 3 axes,
cleaned, and dosed with a chemical of interesamiannexed gas handling line and
a directional doser. All these aspects will be cedan turn, beginning with the

attainment of UHV conditions.
2.3.1 Obtaining UHV conditions

The system was constructed with the attainmentH¥ th mind, in that it was

composed of stainless steel, glass and ceramiasgitlallow vapour pressures, thus
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Figure 2.1. Labelled photograph of the Glasgow based TPD/AE&MD UHV
chamber.
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minimising the out-gassing that may have arisemftioe component parts. Any
attachments are connected to the main body offtamber via the use of special
UHYV seals that prevent even trace leakage; theds aee referred to as flanges and
are composed of knife edges on each side, whicinttut soft copper gasket, thus
completing the seal. Once sure that all connectigere airtight, a rotary pump was
used to pump the chamber pressure down to ~ 2*xvitar, as measured by a
Pirani gauge. This backing pressure was suffidemthe turbomolecular pump to
be switched on, which was then left for ~10 mimtiin its full operating speed of
56 krpm. At this point the pressure was low enotagturn on the ion gauge without
fear of the filament blowing. Although these twanms in series could pump the
chamber to a pressure of < 1 x®bar, in order to reach UHV conditions it was
necessary to remove the thin layer of water theaime adsorbed onto the inner
surfaces of the chamber when it was exposed tatthesphere. This was achieved
by baking the system at ~1%Dfor ~18hrs with the pumps running. Ceramic
heaters were placed on the table, any exposedssatiere covered with
aluminium foil, and the chamber was encased betweersteel covers. Heating
tapes were used to bake the section beneath tlee Tdboughout bakeout, the
titanium sublimation pump (TSP) was fired once aarlfor 60s, at a working
current of 45 — 50 A. When the pressure in the diarhad reached < 2 x1@nbar,
the bakeout was complete; thus the heating wasdusff and the chamber left to

cool.

When the chamber was cool to the touch, the stesdrs were removed and each of
the components within could be degassed. Firsdydh pump was degassed by
switching it on and off a couple of times. Subseque this the ion pump was only
ever used to maintain UHV when the chamber wasutettended for any
significant period of time; it has a trip switchathis activated at 1 xI0mbar, so if

for some external reason vacuum was lost, the puoybdd switch off and no harm
would be done; the other pumps do not have tipsstriitch, thus an unforeseen
event such as this could damage the apparatusrysial was then degassed by
heating to ~ 50 for 20 min, after which the ion gun, quadrupoless
spectrometer (QMS), ion gauge, and LEED/ AES ebectyun filaments were all

degassed by slowly increasing to operating curréng$y when these procedures
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were complete and the system had cooled to roompeamture would a UHV base
pressure of 2 x I8 mbar be obtained.

2.3.2 Sample Preparation
2.3.2.1 Sample Holder

The Cu crystal was mounted onto the sample req@rdisashown in figure 2.2. The
re-entrant was a long stainless steel tube, coedédata glass finger at the bottom
end via a glass to metal flange. Through the dlager ran two tungsten
electrodes, and it was in a tantalum cradle sptdedeto these that the crystal was
fixed. The whole re-entrant was held in a samplaimdator, which was attached
to the top of the UHV chamber by means of a stahflange. The manipulator
enabled the crystal to be rotated through°26@ manoeuvred along three
Cartesian coordinates, and was differentially pushpeensure the pressure level
within equalled that of the rest of the system.

The crystal could be cooled to ~100 K by fillingetre-entrant with liquid nitrogen
(LN2). This process relied on heat transferenags thwas imperative that the
crystal was in good thermal contact with the Tallerawhich was in turn in good
thermal contact with the electrodes. The crystaldalso be heated resistively
using the TSP power supply connected to the graetctrodes via insulated
copper wires. It was desirable to minimise the nitage of the current used for
heating so as not to put too much stress on ditieecradle welds or at the points
where the electrodes penetrated the glass findperefore, in order to reach the 823
K required for annealing, using a current < 25k Ta supports in direct contact
with the sides of the crystal had to be sufficigitin to provide the necessary
resistance. However, in designing the cradle a comigze had to be reached, for if
the supports were too thin, the heating rate ok0s5 required for running TPDs
was impossible to attain, and furthermore the adriiatween the two entities
would not be good enough to enable the desired &é\vaoling. This trade off was
satisfied by using 1 mm diameter Ta rods for thgpsuts, although the slits in the
sides of the crystal were closer to 0.5 mm in sitehe point of contact, the rods

were flattened so that they just fitted in thesslénd thinned ever so slightly using a
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grinder. This ensured maximum thermal contact, @leith a diameter of
supporting rod thin enough to enable heating tol8238 a suitably low current, yet

thick enough to permit a heating rate of 0.5 s

Metal section

of Re-entrant;
continues to
top of
Manipulatd
<«——— Glass- Metal
Flange
Glass
/ Re-entrant
E:Jencg:rsct)zgs. Thermocouple
joined to ’ Wires;insulated
JCo er ——1—» —r in Plastic Tubing
Wir%r; which and continue
connect to along to
Power Eurotherm
Supply

| Tantalum Cradle; spot

welded to Electrodes

Crystab—

Figure 2.2. Diagram of the sample re-entrant from the Glasgv chamber

Due to the extremes of temperature (~100 — 82h&)e-entrant was subjected to,
regardless of the attempts to minimise the currgraswere passed through it, it
was eventually inevitable that the stress on thesvend on the glass finger would
cause either or both to fail. When this occurrbd,gystem had to be vented, and

the manipulator removed. The damaged componentshidwe to be repaired or
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replaced, after which the system was reassembkg@amped down to UHV

conditions once again.

Crystal temperature was measured by means of aneltwralumel thermocouple.
Two insulated wires, one chromel, and the othemalupassed from a Eurotherm
box, through separate connectors at the top aft@pulator and down the re-
entrant. When they reached the crystal the nakesswiere wound together and
inserted into a hole at the top, thus by only cgmitio contact as near to the crystal

as possible, the crystal’'s temperature could besared accurately.
2.3.2.2 Cleaning the Crystal

It was imperative that the crystal surface wass&attorily free from contaminants
before an experiment was begun. Contaminants may hecome adsorbed to the
surface if the crystal was exposed to the atmospbiethey may have been
remnants from a previous experiment, regardlesscitystal was cleaned in the
same manner. An ion gun was used to direct a stodarh kV Ar' ions at the
surface for 30 min with a drain current of ~i4. This had the effect of breaking
adsorbate bonds and knocking off surface matdratever it also had the
unfortunate side effect of damaging the surfaceniiog craters and embedding into
it Ar” ions. Therefore to encourage surface and bulkslih to repair the damage,
the crystal was annealed at 823 K for 20 min. Témsperature is 60% the melting
point of copper, which is sufficient to promotefddion but low enough not to
cause surface melting which can occur at temperaitonsiderably less than bulk
melting temperatures. Between experiments, one@fdombarding and
annealing was ample, however once the crystal bad bxposed to atmosphere
several hours of cleaning was required to achiesggeatroscopically pure surface;
which was verified when a sharp LEED pattern wasioled and AES spectra did
not reveal a peak over the carbon region.

2.3.2.3 Dosing the crystal

Prior to most experiments a species of interestagiasrbed onto the surface of the

crystal. This was achieved by using a rotary puonpump down the gas handling
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line (figure 2.3) to ~1 x I®mbar, and then opening the valve on a liquid sempl
allowing the vapour the fill the line. There waditiusion pump available if lower
pressures were needed, however the vapour presswakshe liquids used in this
work were high enough for the rotary to sufficepr&cision leak valve to the
chamber was then opened up, filling it to a deslieedl. It was found that
consistency in the quality of adsorbate coveraggdconly be attained if the
samples were dosed onto the crystal using a “hilicigt method. This involved

the crystal being above the directional doser watliront surface facing away.
Furthermore, using the ion gauge to monitor thegaree changes as the crystal was
being dosed did not tend be a reliable methodditating the amount of adsorbate
that had bound to the surface. A more successftiadevas achieved by using the
QMS to monitor the parent ion of the adsorbate fasmetion of time as the dose

was administered.

A TolonGun

To Chamber
¢ ® ®_ ® Trap
P P Diffusion
Pirani Pirani
Gaugt K T f Gaugt Pump
Sample —
Vials
Argon
Lecture
Bottle
LI
Rotary Trap
Pump

Figure 2.3. Schematic diagram of the Glasgow UHV chamber gasliray

line.

The crystal was dosed at different temperaturgseniding on the aims of the
experiment. If nested TPDs were required, the alygas cooled to ~100 K and
dosed at that temperature, enabling the surfacerage to proceed naturally from

10
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sub-monolayer to complete monolayer, through tddhmation of multilayers.
During the electron beam experiments concerningnyhé&ctate (Chapter 5),
quantitative experiments could only be carriedibatknown amount of adsorbate
was irradiated with electrons, thus it was deseablwork with a surface covered
with as close to one complete monolayer of adserasipossible. This was
attempted in two ways. The first was to saturagestirface at ~100 K, and then
heat the crystal to 180 K to desorb the multilay&tgs approach was found to
randomly alter the shapes of the subsequent TP®sarsistency was hard to
achieve. Thus a second approach was adopted it wieccrystal was held at 180
K and dosed with a greater than complete monolayerunt of adsorbate. The
surface was held at this temperature until theguresin the chamber had returned
to a predetermined level, at which point the cotragion of adsorbate was too low
for further adsorption and the heating could be This method enabled
reproducible dosing.

2.3.3 Temperature Programmed Desorption (TPD)"?
2.3.3.1 Theory

Although the desorption of adsorbed atoms and mtdsds one of the simplest
surface reactions, monitoring this phenomenon oald ymportant information
regarding the strengths of interactions, the nedgpiopulations of adsorbate

occupying different adsorption sites and the natdiiurface reactions.

If the crystal is dosed, and then the temperaginecreased, the adsorbate will at
some point gain enough thermal energy to bredboitgls with the surface and
undergo desorption. Hence, if the temperature rigmapplied in a controlled and
linear manner, and a quadrupole mass spectronseieed to monitor species of
interest, a plot of the amount of adsorbate desbirite the gas phase as a function
of temperature can be obtained. As the experinsgoe¢iformed under UHV
conditions, the desorbing gases are continuoustypea away at a significantly
faster rate than they are being produced, hencpréssure rise in the chamber is
proportional to the desorption rate and the peagsgmt in the corresponding

pressure- temperature curve represent differemtrptisn states. The temperature at

11
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which the maximum desorption occurs, i.e. at theskpaaximum, corresponds to
the temperature at which the rate of desorptigreatest. Although the rate
constant obeys an Arrhenius dependency and thusdsimzrease exponentially
with temperature, the surface coverage decreaset®nously with the increasing
rate constant, consequently the desorption peailtsdsom a play off between
these two factors, and this observation is valid.

TPD was used to procure several different piecasfofmation throughout this
research. The individual peaks in the spectra &mse different adsorption sites or
bonding geometries because each of these will idffezent activation energies for
desorption, therefore a plot can provide infornratim the various ways in which
an adsorbate interacts with the surface. And bectiespeak size can be used as a
measure of relative surface coverage, the relgipailations of these different
states can be inferred. Furthermore it enablednti@layer and monolayer states to
be identified, information that was subsequentlgdu® generate reproducible
saturated monolayers for use in experiments. TP®alsd used as a probe of
surface reactions; by setting the QMS to monitssadciation products as they were
ejected from the surface, the reaction mechanissyonsible could be elucidated.
Finally, we were able to extract activation enesder desorption by analysing TPD
profiles in conjunction with the Redhead equationfirst-order desorption:

AEdes A
= —— exp(AEq4ed RTp) (Equation 2.2)

RTE B

whereAEgesis the activation energy for desorption, R isitteal gas constant
(8.314 J mot K™, Tpis the thermal desorption peak maximum, A is a pre
exponential factor that is of the same order of mtage as the molecular
vibrational frequency and is usually assumed ta®2&s*, andp is the heating rate
applied to the system. Consequently, we could giaéinely compare the

interactions of the two enantiomers of a chiralcsg®ewith a chiral substrate.

12
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2.3.3.2 Experimental Set Up

A typical TPD experiment began with cleaning andidg the surface as described
in sections 2.3.2.2 and 2.3.2.3. The crystal was tbwered level with the QMS,
and the x, y and z drives and the rotary stagdersample manipulator, combined
with the QMS’s linear drive were used to refine thgstal’s position, to within ~ 2
mm of the QMS. Obviously it was desirable to pasitihe crystal surface as close
as possible to the detector to maximise the likelththat only gas desorbing from
the sample was being measured. As a further priecatite head of the QMS was
fitted with a shield containing a 3 mm aperturejchitserved to prevent the
detection of molecules originating from the santpdé&er rather than the crystal.
The MS software was then pre-programmed to mottieevolution of certain
masses of interest, and a heating rate of 0.3 Was used to collect the TPD

spectra.

Frequently TPDs were run to ascertain the effecisariating an adsorbate
covered surface with a dose of electrons, and staletably the experimental
procedure deviated slightly from that of a normBDI In between dosing and
applying the heating ramp, the crystal was conkeittéan ammeter and positioned
in front of the electron gun. A dose of electroreswhen administered, which was
measured using a timer and the ammeter, and thewi@3DRhen completed as per

usual.
2.3.3.3 Cracking Patterns

The cracking patterns of methyl pyruvate and metmgthte are presented in figure
2.4. They act as fingerprints for the identificatiof a vapour, and as such were
vital for the TPD experiments described in Chapeasnd 5.

13
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Figure 2.4. The cracking patterns of (a) methyl pyruvate andcbthyl lactate.
From reff]

2.3.4 Low Energy Electron Diffraction (LEED) ***®
2.3.4.1 Theory

LEED is a technique which readily provides inforraatabout the symmetry of a
surface’s atomic arrangement, providing the surfesea degree of long range
order. To achieve this, low energy electrons, byan the range 20 — 300 eV, that
have been elastically back scattered from a saarplanalysed. These entities are
suitable for this purpose for two principle reasdfisstly, electrons in this energy
range possess inelastic mean free paths of betw®and ~10 A and therefore may
only travel a few atomic layers into the surfacec&dly, according to the

14
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principles of wave particle duality, incident elects possessing these kinetic
energies may be considered as waves with de Braghelengths in the range 2.74
—0.71 A. These are of a similar magnitude to theratomic spacing between
atoms/ molecules at surfaces, and hence, may undéfraction if the atoms in the
surface are arranged periodically. In fact the fWSED experiment was the first

demonstration of the wave nature of the electron.

a d=a sin

Figure 2.5. Schematic diagram of an electron beam diffractiognfa one

dimensional array of point scatterers of equal syuga.

As with any technique there are various ways tovegrihe underlying principles,
and to explain LEED we shall first consider diffiiaa from a one-dimensional
chain of atoms (with atomic separatiay with the electron beam incident at right
angles to the array (figure 2.5). This is the sesppossible model for the scattering

of electrons by the atoms in the topmost layer sblal.

If you consider the backscattering of a wavefroobT two adjacent atoms at a well-
defined angle,, to the surface normal then it is clear that theie "path
difference”, d, in the distance the radiation teasavel from the scattering centres
to a distant detector. This path difference mustdpgal to an integral number of
wavelengths for constructive interference to oaghien the scattered beams
eventually meet and interfere at the detector. yipglsimple geometry to the
right-hand pair of green traces in the above diagthe path length difference is

found to be:

15



Chapter 2: Experimental Details

d =asimB, (Equation 2.3)
and for constructive interference
d=nA (Equation 2.4)

where is the de Broglie wavelength of the electron, armwén take values 0% +

2, +3,...). Combining equations 2.3 and 2.4 and reamgngjves
sind=niA/a (Equation 2.5)

From this relationship, it can be deduced thaaféxed wavelength, which is the
case when the incident electron kinetic energypisstant, and a fixed lattice
spacing, only well defined values @f are allowed for which constructive
interference will be observed corresponding togatesalues of n. Consequently,
when diffraction occurs from a one-dimensionali¢attdiscrete diffraction beams
are seen at particular angles, and the diffragiettern observed would consist of a
series of equally spaced lines perpendicular tehizn of atoms (figure 2.6a).

Of course a surface is not one-dimensional butdwensional; so if we add
periodicity to the system in a second, orthogoiraation, and label the lattice
constant along this coordinate b, the conditiorcforstructive interference may be

derived in an analogous manner to equation 2.5 as
sinbp=m\/b (Equation 2.6)

and similarly, the diffraction pattern observed \balso consist of a series of

equally spaced lines perpendicular to the chaetains (Figure 2.6b).

Equations 2.5 and 2.6 both indicate thatdsiand hencé, is inversely related to
the lattice spacing in each one-dimensional affagrefore, for a fixed incident
electron energy, as the spacing between each canpatom in the chain
increases, the angle through which the beam isesedtdecreases, leading to
diffracted beams becoming more narrowly spacedo@ephrase it, the periodic
spacing in the diffraction pattern is the reciptarfahe periodic atomic spacing

from which it is derived. Similarly, for a fixedttece constant, if the kinetic energy
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is increased, the scattering angle also decreasdshe diffracted beams move
closer together.

() (b)

o
=

el

Figure2.6. Diffraction patterns observed from one dimensiarahys

perpendicular to each other, with lattice spacmgsd b.

Both equations 2.5 and 2.6 must be simultaneoasigfed for diffraction to be
observed from a two-dimensional array. Thus twoetisional diffraction is
allowed only at the intersections of the one-dinama lattice rods generated in the
a and b directions; and the LEED pattern consistsseries of diffraction spots
corresponding to these points of intersection (Bg2L7). As with the individual
one-dimensional diffraction patterns, the two-digienal diffraction pattern is
inversely related to the magnitude of the lattigacsngs from which it is derived,
thus the observed LEED pattern can be said torbprasentation of the reciprocal
net of the 2D surface structure. The pattern isroepmmetric about the (0, 0)
beam; the central spot in the diffraction pattesnmesponding to the beam that is
diffracted back exactly normal to the surface (n9n4t can be seen from the
dotted lines in figure 2.7 that if the lattice sjpa@cor the incident beam energy is
increased, the pattern contracts as the difframé@ans move towards this origin, a
result of the decrease in the scattering angleandimensions.
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(0, 0) beam

Figure 2.7. Diffraction pattern observed from a two- dimensicaaay. The
dotted lines illustrate the contraction towards @®@) beam that occurs as the
kinetic energy of the primary electron beam is éased or if the lattice

spacings, a and b, of the surface are increased.

LEED can be used as a surface science tool ondwinasting levels of complexity.
In quantitative LEED studies, specialist electrerand software are used to
measure the spot positions and intensities asgamlenergy is varied. The
subsequent analysis then yields accurate informaiti@ut atomic positions, bond
lengths and angles. However, by far the most wigkegpuse of LEED is the simple
production of a diffraction pattern with which tawge the cleanliness, order and
identity of the surface being prepared for expentsgand it is for this purpose that

it is employed in the work that follows. Thereforés hoped that the preceding
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description of the principles of LEED is sufficieotsatisfy the reader, for it is
enough to grant an understanding of how the pattéescribed in the work that
follows are generated. A reader with a desire forendepth is directed towards
referenced and?, where the nature of the reciprocal lattice iscdbed in terms of

electron wavevectors and reciprocal lattice vectors
2.3.4.2 Experimental Set Up

A LEED experiment is performed using an electron gnd a retarding field
analyser (RFA) (figure 2.8). The electrons are gatiee thermionically by passing
a current through the gun’s thoria coated filamant are subsequently focused
into a beam and accelerated towards the samplpgdlyiag potentials to the
various elements they pass through. After undeggdifiraction the electrons are
back scattered towards the RFA, which is comprifeadseries of concentric
meshes, labelled M1 — M4, and a phosphor coatess glereen. The backscattered
electrons are of two types: elastically scattetedteons which form the set of

diffracted beams upon which the LEED pattern is gosed, and inelastically

T
Electron Gu j‘ ' ’
v —
PURNINIRN 4" Diffracted beams

- Suppressor voltage,
T--- close to -l

+5kV

Figure 2.8. Schematic diagram of the electron gun and retarfiidhg) analyser.

In the diagram the apparatus is set up for a LEKi2ement.
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scattered electrons whose only contribution isifoum background illumination,
despite representing 99% of the total flux. Ithe tole of the meshes to ensure that
only those electrons of kinetic energy equal ta tidhe primary beam,d:zreach

the detector. The outermost and innermost scrééhsnd M4, are earthed to
ensure the electrons travel in a field free regwinije the inner pair of grids have a
negative potential, close topEapplied to them so that they effectively act &sgh
pass filter. Thus, only elastically scattered etats make it through to the detector,
which carries a high positive potential of arourtdk¥ to provide the electrons in
the diffracted beams with enough energy to exbiefluorescent coating on the
screen. If the sample is sufficiently ordered, bsult is a pattern of bright spots on

a dark background, reflecting the symmetry of tindase.

2.3.5 Auger Electron Spectroscopy (AES) 22478
2.3.5.1 Theory

AES is a standard analysis technique that is pratmtly used to check the
cleanliness of a sample surface prior to experipatitough is also employed to
determine surface chemical composition, study §howth and depth profile layers
of particular elements. It was used in the follogvimork to both monitor surface
cleanliness and to determine the relative levelsadbon that remained adsorbed to
the surface subsequent to running TPDs, which cheld be used to gauge the
extent of total decomposition undergone by theah#&dsorbates.

AES is a core level spectroscopy concerned witlhyaimay the electrons emitted as
a result of a three stage process, the Auger motesigated by irradiating the
sample with a high energy primary electron beagu(® 2.9). An incident electron
produces an initial hole through photoemission obie electron (figure 2.9(b));
both the primary electron and the core electron ttepart the atom with an il
defined energy. The electronic structure of théset atom then rearranges so that
the deep initial hole in the core level is filleg &n electron originating from an
energetically higher lying shell. The excess enengigt then be released, either in
the form of an X-ray photon (figure 2.9(c)) or asadiationless Auger transition in

which the energy gained by the electron that dinofasthe deeper atomic level is
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Figure 2.9. Schematic illustration of electron energy transisi; (a) initial state

(b) an incident electron ejects an electron (cayxe&mission (d) Auger electron
emission.
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transferred to another electron of the same offerdnt shell (figure 2.9(d)). This
Auger electron then escapes into the vacuum wkiihetic energy determined by
the difference in energy between the three levelslved in the transition and the
work function, i.e. the minimum energy requiredriove an electron from the solid

to the vacuum. For the case of figure 2.9 (dk:it i
Ewn =E<-E1—EBs3—® (Equation 2.7)

From equation 2.7 it can be seen that, in contogghotoemission, the kinetic
energy of the Auger electron is independent ofitb&lent electron and depends
only on the binding energies of the electrons withie atom. Hence the process is
element specific and can be used in elementalifcktion on single crystal
surfaces by monitoring the kinetic energies ofahmetted electrons. AES is a
surface sensitive technique, because of the shelgstic mean free path of the
emitted electrons. Most elements have electrons bwitding energies, and hence
Auger electron energies, in the range 50 — 100Gl@refore the Auger electrons
will only escape with the characteristic energyha element that emitted them
from a depth of ~5 - 15 A.

A characteristic Auger spectrum is produced bekiments with three or more
electrons, the complexity of which increases wittnac number owing to the
greater number of possible transitions. These chexiatic spectra can be used as a
“fingerprint” for specific elements, and because ifitensity of an Auger peak is
proportional to the amount of a particular elenwmt surface, relative and
absolute coverage measurements can be deducedvetoiae the heavier

elements (z >30), X-ray fluorescent emissions b&guiominate and this approach

becomes restricted.
2.3.5.2 Experimental Set Up

AES experiments were performed using the same pwnpas the LEED
experiments, i.e. an electron gun and RFA, althalifferent modes of operation
were used. An electron beam was generated by gesgiarrent through a thoria

coated filament. It was then focussed and accelgtatvards the sample, however,
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whereas the limit for electron energies was 1000c¢\LEED, for AES it was 3000
eV. The primary electron beam generates the Augetrens when it interacts with
the sample, and these are drawn towards the deteraen of the RFA for
analysis, it is at this point, however, that thperxmental set up deviates
substantially from that of LEED. Although operatitng RFA as a “high pass filter”
which measures the current as a function of treadetg voltage suffices for LEED,
at the very least AES requires a “band pass filsetich enables the number of
electrons to be extracted as a function of enéMdlz). However even a plot of
N(E) not ideal.

The primary electron beam penetrates deepms;Into the sample, and
consequently there is a plethora of interactioas ¢hn take place leading to the
ejection of electrons with a range of energiesnglaiith the Auger electrons of
interest are elastically and inelastically backiscatl electrons, photoelectrons, and
of the greatest concern, secondary electrons. Tdresgenerated when an incident
electron interacts with, and imparts energy toaséby bound electron in the outer
shell of an atom, which is then ejected. If themepadary electrons are produced
close to the surface of the sample, they havelarngbability of escape, however

if they are produced at a point deeper into thepdantheir probability of escape is
reduced accordingly, and they likely go on to gatesfurther secondary electrons
as they pass through the solid. This is an exp@ignbcess and consequently such
entities form the majority of the emitted electroasd it is against this background
that the small Auger peaks are barely visible ¢eg.10). AES is therefore usually
carried out in derivative mode, because by meaguhe change in gradient of the
electron energy distribution, dN(E)/dE, small pealyperimposed on a large

background maybe more readily detected.
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Figure 2.10. Spectrum of number of electrons as a function nék¢ energy
for an electron beam incident on a surface. Thetspm shows the elastic
peak, loss features due to excitation of plasmamisggnal due to the emission

of Auger electrons and the inelastic tail.

In order to initially operate the RFA as a bandsgidter and then “remove” the
background, a technique known as synchronous miatulis employed. The
single constant voltage applied to the retardinghms in LEED is replaced by a
combination of a constant voltage and a small sigas voltage, which has the
effect of modulating the retarding potential. Agisen analysing voltage, all
emitted electrons with kinetic energy less than @éV cannot reach the collector,
all emitted electrons with kinetic energy greatert eV +AeV enter the collector
with a constant current, and electrons with eneviglyin the window eV _+AeV are

collected with an oscillating current.

The output of the collector is passed through aapnelifier and a lock-in-
amplifier, which effectively remove the DC compohand isolate that part of the
signal which oscillated at the reference rate, Wiscthen amplified. This is the
number of electrons as a function of the analysergy, N(E). However it is
dN(E)/dE that is desired, which we get if the arfigaliisolates that part of the input

which oscillated at twice the reference rate,the.second harmonic.
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v

Figure2.11. (a) A hypothetical spectrum comparing a hon- défgiated
Auger spectrum, N(E), with its differentiated coenpiart, dN(E)/dE. The
energy & of the most negative excursion of the derivatipectrum
corresponds to the steepest slope of N(E). Notentheh greater sensitivity to

Auger Peaks in the differentiated signal.

The second derivative Auger peak consists of alamalard signal followed by a
larger downward signal, an asymmetry which stems fbackground on which the
singularly derived N(E) peak sat (figure 2.11). ¢é&m also see from this illustration
the greater sensitivity the differentiated sigredrébes to Auger peaks, and with it

greater accuracy for interpreting results.

The peak to peak height of the differentiated digsdirectly proportional to the
integrated area under the N(E) curve, i.e. the aneler an Auger peak, and can
therefore also be used as a probe of the surfasntration of an element. For this
purpose carbon spectra were collected, and frorpghk to peak heights the
relative amounts of carbon remaining on the surfadesequent to an experiment
could be determined, thus providing a measureefdbel of adsorbate dissociation

that took place.
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2.4 Synchrotron Radiation Source (SRS) Sation 4.1
2.4.1 Introduction

The photoemission experiments described in ch&pyteoncerning the analysis of
hetero-polyoxometalate (HPOM) clusters immobilisedgold surfaces, were
performed at the Central Laboratories of the Rete@ouncils (CLRC) at
Daresbury, at station 4.1 of the Synchrotron RashaSource. Both the beamline
and the UHV end-chamber of this station have besgribed in detail elsewhete
1 however, for the convenience of the reader tbésisn will briefly describe the
UHV chamber and the instrumentation it was equippitd, before detailing the
theory behind the x-ray photoelectron spectros¢®B5) and ultraviolet
photoelectron spectroscopy (UPS) techniques thet eaaried out within it. X-rays
were generated using an A} K-ray source, and UV photons were siphoned off the
synchrotron beam line, thus we shall begin by erpig the phenomenon of
synchrotron radiation and how the beamline is uedthnsfer it to the chamber for

experimental ends.

2.4.2 System Design
2.4.2.1 Synchrotron Radiation

The Maxwell equations for dynamic fields explaiattivhenever a charged patrticle
moving at relativistic velocities is acceleratedili emit electromagnetic radiation.
Furthermore when any object is travelling in awiac orbit, it is constantly being
accelerated in order to maintain that orbit. Thysnaintaining an electron at
relativistic velocities and in a circular trajectalectromagnetic radiation is given
off; this is the basis behind a synchrotron andntense radiation emitted, with
energies ranging from infrared to X-rays, is knaagnsynchrotron radiation. In
addition to being extremely intense, it is also mahromatic, polarised and of
tuneable energy, and it was for these reasonshitedPS work presented herein

was performed using UV light generated in such amea
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Figure 2.12. lllustration of a synchrotron, detailing the malaraents

responsible for creating and harnessing synchrotidiation. (1) electron gun
(2) linear accelerator (3) booster ring (4) storagg (5) beamline (6) end
station. From Ref'f]

A typical synchrotron is shown in figure 2.12. Alearon gun fires electrons, via a
linear accelerator and a booster ring which acagghem to 99.9997% the speed
of light, into a storage ring, which is a circulexcuum chamber larger than a
football pitch. Positioned around this ring aresdess of magnets which cause the
electron to change direction as they pass, byiegeatforce perpendicular to the
direction they are moving in. This magnetic “stagtiis what keeps them in a
circular orbit. When the particle experiences shidden acceleration, the electric
field lines created by the charge on the partiodeadso accelerated. This change is
perceived almost instantaneously in the vicinityhe particle so the field lines
continue to point radially to it. Because of thaté velocity of light though, at a
point far from the particle, the field lines areetited towards the position where the
particle would have been, had it not been accadr&@omewhere between these
two distances, the field lines will be distortedgdat is this distortion travelling
away from the charged patrticle at the velocityiglit and in a direction tangential
to circle, that is the synchrotron radiation. Tibéam is directed to beamlines
located at various points around the ring, ansdl &tithese that monochromators

isolate the desired wavelengths and spectroscapierienents can proceed. For our
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experiments, the beamline was station 4.1, andekged photons had energies of
140 eV.

) ) p - A
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%g Mirror

Top View

MXD Entrance ;T\\
Source Aperture Slits Slits Sample

Eanhul Lt

Figure 2.13. Schematic layout of SRS beamline 4.1. From Rgf [

A schematic layout of beamline 4.1 is shown inffeg@.13. The synchrotron
radiation is focused on the entrance slit to themsbromator using both a
horizontally and a vertically focussing mirror (HFwhd VFM). The HFM is water
cooled as it doubles up as a radiation and hektsiprotect the optical elements
further down the line. The monochromator consisthi@e in-situ interchangeable
gratings, which provide photons in the 14- 170 e¥rgy range, making it ideally

suited for the UPS study of valence levels. On#nese is selected depending on
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the photon energy required, and the beam is diffththen focused onto the exit
slit. Finally the beam is directed into the UHV ettfthmber by a refocusing mirror

and can be used to study the valence region afahmple under investigation.
2.4.2.2 UHV Chamber

The UHV chamber was pumped down by a turbo pumgkedzhby a rotary pump.
There was also a TSP attached if additional pumpavger was required. The
chamber was fitted with a load- lock system thatided the in situ removal and
mounting of samples onto the manipulator. This veagiired because each HPOM
cluster was pre-adsorbed onto a ~F é&m substrate, thus to enable their analysis,
they were fitted to the end of a transfer arm; Wwhi@as subsequently flanged to the
load lock chamber, a main chamber appendage of solame, isolated with a
gate valve. The load lock chamber could be pumpedchdand baked out
differentially to reach the UHV pressure held bg thain chamber. When this was
obtained, the gate valve was opened and the loalimgvas extended into the
chamber, and once aligned with the manipulators#émeple holder could be
transferred between the two. Once attached to #rmepulator, the sample could be

moved in the x, y and z planes, and rotated thrqodér and azimuthal angles.

Samples were heated using standard electron bombkatdacilities and cooling
was achieved by pumping liquid nitrogen, conderfsat the dry gas, through
cooling pipes within the manipulator. The tempematwas monitored using a
chromel- alumel thermocouple, at ambient and crymgemperatures, and an

optical pyrometer at elevated temperatures.

In addition to the spherical grating monochromatbich provided the 140 eV
photons for the UPS study of valence levels, thadter itself was equipped with
an Al K, X-ray source which was used to generate the photanpsred for XPS
core level studies. A CLAM 2 concentric hemispharanalyser (CHA) was used
to detect the emitted electrons and record bothneal and core level spectra.
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2.4.3 Photoel ectron Spectroscopy » 2> %131

Photoelectron spectroscopy uses the principleeptiotoelectric effect to explore
the chemical and electronic structure of the serfagion of a sample. This
technique has traditionally been subdivided into twanches, according to the
energy range of the photons utilised: x-ray pha&ctebn spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS). XB8susoft x-ray radiation (200 -
2000 eV) to examine the deep lying core level etexst which do not participate in
chemical bonding, while UPS uses UV radiation (145 eV) to probe the more
weakly bound valence levels which do. Consequed#gpite the application of
these two techniques to different aspects of tiserdmhte — substrate system, central
to each lays the same phenomenon; that of theyabilphotons to induce electron

emission from a solid provided the photon energyréater than the work function.

Since the emitted electron’s energy is presentaalykinetic energy, kn, this

process of photoemission can be neatly surmised by:
Exn = hv - (Eain + D) (Equation 2.8)

where the final term in brackets represents therdihce in energy between the
ilonised and neutral atoms; encompassing the emeggyred to move an electron
from its initial level to the highest occupied lévee. the Fermi level, and the

energy to remove it from here into the vacuum faiity.

Thus for a fixed photon energy, photoemission feematom with well defined
levels will produce electrons with well defined &tic energies; and by measuring
the number of electrons as a function of their ktmenergy, it becomes a simple
process to determine the binding energies of Wddrom whence the electrons
were emitted. Figure 2.14 illustrates schematidélgse underlying principles and
energetics.
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Figure2.14. Schematic diagram illustrating the energetics pfhatoemission

experiment. Emission from both core and valencelteis shown.

A concentric hemispherical analyser (CHA) (figur&3) was employed for
electron detection in all the photoemission worksgnted in this thesis. This
instrument basically consists of two hemisphennatal surfaces with a voltage
applied between them so that the outer sphereaisradre negative potential than
the inner. This arrangement serves as a narrow fpasslfilter, allowing only
electrons of a particular energy to pass througdfichivenables the number of
electrons to be extracted as a function of eneéMdl). As the electrons approach
the entrance slit they pass by a negative electtedmed the retarding plate, which
slows them down, improving the resolution of thalgser. Then as these slowed
down entities pass between the hemispheres, lomggeéectrons are deflected and
strike the inner hemisphere, while high energytedes are attracted to the outer

hemisphere and are lost similarly, leaving onlcetens of a desired energy to pass
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through to the detector. In reality though it i;muoidable that a spread of energies
is passed through for analysis, which is effectivtbE intrinsic resolving power of

the analyser.

Outer
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Multiplier)
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Figure 2.15. Concentric hemispherical analyser (CHA) used fecteon

detection in XPS and UPS experiments

The current flow from photoemission events is tafcsmall, on the order of a few
hundred to a few hundred thousand electrons pensgd0'’ to 10'*A), thus the
electrons exiting the hemispheres are passed icha@neltron to amplify the signal
for analysis. The channeltron is constructed o$glavith the internal surfaces
coated with a material which has a high secondagtren emission coefficient,
and a potential is applied. Consequently, electsbrising the internal surface of
the multiplier produce secondary emission with eaanche effect capable of
generating 10electrons from a single electron. The signal ftamchanneltron

then passes through a pre-amplifier and is detdstedratemeter.

It should therefore be apparent that the two aspEgbhotoelectron spectroscopy,
XPS and UPS, have the same theoretical foundatiodsitilise the same electron
detectors and analysers. Where they differ is mtqhenergies involved, and hence
the photon sources used to generate them anddtteoel levels they are used to

probe.
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2.4.3.1 XPS

For these XPS experiments, X-rays were generaiad agypical source. A
thoriated tungsten filament, biased at near grquotdntial, was heated to emit
electrons, which were then accelerated towardslaméde maintained at a
potential of +15 kV. X-rays of discrete photon enes are subsequently produced
as electrons “drop down” to fill the core holes gexted by the incident electron
beam. The emission is dominated hygfotons, arising fromann=2toann=1
transition, with an energy of 1486.6 eV. The dasiradiation is produced against a
continuum background of bremsstrahlung, arisingiftbe energy lost by high
speed electrons when they collide with nuclei mdhnode. To counteract this, a
thin Al window is in place at the end of the X-rsgurce to filter this radiation, and
also to cut off stray electrons. Al,Kines are among the most commonly used X-
ray photon sources, however, the low atomic nurobé results in a low X-ray
yield, so to improve the photon flux the source teabe brought close to the

sample for experiments.

Al K, soft X-rays are of sufficient energy to exciteotlens from valence bands
and most core levels of interest. However, thesggts have an inherent natural
width of 0.9 eV, typical of X-ray lines, which, baese the valence region tends to
contain many levels in a narrow energy range (8lpic-10 eV), renders them
unsuitable for resolving valence band peaks. TheeeXPS is used primarily for

core level studies.

The core levels of atoms have well defined binaingrgies, which are unique for
each element. Thus, for a particular photon enexggh element will generate a
spectrum consisting of a series of peaks spedifibdt species; hence XPS can be
used for elemental identification. Quantitativeneémtal analysis is not so
straightforward though; for the intensity of theage depend on more factors than
just the concentration of atoms of an element ptegeit also the probability of
photoemission occurring for a particular core letleé IMFP of the photoemitted
electron and the efficacy of the analyser at detga@lectrons as a function of

kinetic energy.
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XPS can, however, be employed to deduce not jestntity of the elements
present, but also the oxidation state they arand,where each entity may reside
within a molecule. The precise binding energy obee level electron depends
critically on its chemical environment, i.e. thdim state of the system. When an
atom becomes bonded to another, charge will trabsfieveen them, consequently
one species will experience an increase in chaggsity, and the other a decrease.
For the atom which has undergone an increasdgetsr@ens will exist in a more
negative potential, hence will be easier to remenve the binding energy will
decrease accordingly. For the atom that experieackesrease in charge density,
the opposite is true. Obviously the higher (lovteg oxidation state, the greater the
increase (decrease) in binding energy, such thatdosition metals that exhibit
multiple oxidation states, it is possible to caatelthe binding energy shift and the
oxidation state. These initial state shifts cartheory, be observed for every
chemically distinct atom, and are typically of threler of a few eV in magnitude. In
practice though, the ability to resolve betweemet@xhibiting slightly different
chemical shifts is limited by the peak widths wharle governed by a combination
of factors, especially the inherent line width loé incident radiation and the

resolving power of the electron energy analyser.

This approach of interpreting binding energy shsfitely in terms of the initial state
of the system is flawed however, for this presuthasthe ionisation energy is
exactly equal to the orbital energy of the eje@ksdtron. This premise is known as
Koopman’s theorem and ignores the fact that upoisaion, the remaining
electrons rearrange their distribution, so calledlfstate effects. In the
photoemission process, the outgoing electron amthdte left behind have an
attraction for each other. The electrons in theaurding medium, which can be
intra-atomic and extra-atomic, relax around thiehthus partially screening this
attractive interaction. This relaxation therefoeeiases the forces working against
the electron’s ejection, lowering its binding engrand correspondingly increasing
its kinetic energy. This binding energy shift isokm as a relaxation shift, and
because the extent of it depends on the chemigalbament, then so does the
binding energy. Fortunately though, this final stshift is generally not more than a
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few electron volts so does not interfere too gyeatith the assignment of XPS
peaks based on initial state factors.

2.4.3.2 UPS

Whereas XPS uses X-rays to probe the electronictsiie of a surface, UPS does
likewise with ultraviolet radiation. If you recal-rays are capable of ionising
electrons from both core and valence levels, howtar inherent energy spread
of ~1 eV renders them ineffectual for the resoltd valence peaks, of which
there may be many in an energy range spanning @rtorLO eV. UV photons in
contrast, are only strong enough to eject valeeel lelectrons, and are ideal for
studying this region because they have naturalggneidths of <0.01 eV, enabling
far greater resolution of the tightly spaced feeguiThe energy spread of UV
radiation is further reduced when the light is gatexd by a synchrotron, as it was
in the HPOM research, rather than a lab based aligeHamp. Thus while XPS is
used to study the core levels within surface atd#sS is used to study the weakly

bound valence levels that participate in chemicadoformation.

In the work that follows, UPS was used to garn@rmation about the nature of
the bonds formed between an adsorbate and substtaé:n molecular orbitals are
involved in bonding to a surface, they become stifelative to their positions in
the free molecule. Thus by using a deep lying allmiot involved in bonding to
align the spectrum obtained from a physisorbedifayér with that from the
chemisorbed monolayer, the molecular orbitals imedlin bonding to the surface
can be identified as those that undergo a subatashiift in binding energy. UPS
was also used to identify any temperature induteahges in adsorbate bonding
interactions, by comparing the valence region spdeken at different

temperatures.

In addition to the study of adsorbates, UPS is alaseful probe of the electronic
structure of substrates. In solids, the outer \@deziectrons will form an energy
band. In the case of the first row transition neethls arises from the overlap of the
3d and 4s electrons, forming a “d-band” and a “apeli. In the case of Cu, the

predominant substrate used in this thesis, thend-tsfilled and the Fermi level
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cuts the sp-band. Consequently there is weak emnisgithe Fermi level, from the
low density of states sp- band, and an intense aeak3 eV below the Fermi level,
from the filled d-band. By monitoring this regiolose to the Fermi level, changes

in a metal’s oxidation state can be followed.

2.5The Single Crystal Surfaces

The single crystal experiments, i.e. those perfarmehe University of Glasgow
laboratory, investigated the behaviour of molecoleither of two distinct surface
types; Cu(111) and Cu(643)The methyl pyruvate experiments were concerned
solely with the former of these, while the metladthte experiments were
performed on both. The difference between them sfeom the process of cutting

the bulk material along different planes, thus espg dissimilar surfaces.

Many of the technologically significant metals, luting copper and the
catalytically important precious metals Pt, Rh &ul possess a face centred cubic
(f.c.c.) structure. From this bulk structure, thare a multitude of different surfaces
that can be revealed, depending on how the lattax@es split through the three
dimensional atomic composition of the solid. Ifatpcular plane intersects the x-,
y-, and z- axes of the f.c.c. unit cell at the saalee, it exposes a surface of 6-fold
symmetry that actually corresponds to one of theesipacked layers on which the
f.c.c. structure is based (figure 2.16(a)). Thé&DEpattern obtained from this
surface (figure 2.16(b)) has the hexagonal arraegef spots that is to be

expected from the hexagonally ordered atoms.

With a high surface atom density, and highly cooatied surface atoms, this
particular surface plane is the most stable, amd@guently the least reactive, of all
those of an f.c.c. metal. The structure illustratefigure 2.16(a) is that of the ideal
surface, and the symmetric, sharp LEED patternicosfthat our surface can be
considered predominantly to exist as such, howearmaterials are not so
flawless, and thus do not consist of a single ataftyi flat domain with a well

defined orientation. They can contain dislocationsich arise from faults in the
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Figure 2.16. (a) Hard sphere model of the Cu (111) surface. (b) LEp@DRern
of the Cu(111) surface used in the following work.
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bulk lattice and terminate on the crystal surfatssupting the orderly array of
surface atoms. These defects often manifest theasak steps which separate the
singular domains from each other. They can alstatopoint defects that are
present at equilibrium at any temperature abovef@ khermodynamic reasons.
These defects include adatoms, which are isoldtedsaadsorbed on top of a
terrace, islands which are similar but formed frgmoups of atoms, vacancies
which are atoms or groups of atoms missing frorotaerwise perfect terrace, and
kinks can appear in the steps, which are themseefests. These entities have a
finite, positive free energy of formation, but thexe stable in restricted quantities
because of the favourable entropy associated Wldisorder produced by forming
defects in an initially ideal systeln These features can and do prevent surfaces
existing as the ideal termination of the bulk Etand are of particular significance
because they tend to be more chemically reactae plure terraces, and as such are
considered to be the points at which catalytictieas proceed®.

There are a great variety of materials which eagsénantiomorphic solids due to
there being no centre of symmetry in their bulkstres. Quartz is the most
commonly found chiral mineral found in nattftdts chirality arising from the
helical arrangement of corner linked gi®trahedra in the bulk structure, with left-
and right- handed quartz structures defined bysémse of that helix. This is just
one of many inorganic examples, a list which atsbudes countless more acentric

minerals and over 210 metal oxidés

Additionally, there are an immeasurable numbensfances grounded in organic
chemistry, for simply crystallising single enantiers of chiral molecules results in
structures that cannot be superimposed on theipmmage. Since the bulk
structures in all these cases are chiral it ma&esesthat their surfaces are also
chiral. What is maybe not so clear though, and @a=Esibly counter intuitive, is
that highly symmetric materials, such as f.c.c.atsetcan also be terminated to

yield surfaces that are enantiomorphic.
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Figure2.17. (a) Hard sphere model of the Cu (643) surface.t@éhrace atoms
are light orange, while the step atoms are higkdiglin dark orange and those
at the apex of a kink are highlighted in black(BEED pattern of the defective
Cu(643) surface.
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(d) S

(c) A magnified hard sphere model of the Cu (648jaxe indicating the 3
microfacets comprising the kink sites; {111} (ref)10} (yellow), {100}
(blue). As in (a), the terrace atoms are light gerwhile the step atoms are
highlighted in dark orange and those at the apexlafik are highlighted in
black (d) Cahn- Ingold- Prelog analogy used tordethe absolute

stereochemistry of the kink site as S.
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Figure 2.18. (a) Hard sphere model of the C@‘%?’) surface. The terrace
atoms are light orange, while the step atoms ayielighted in dark orange and
those at the apex of a kink are highlighted in big) LEED pattern of the Cu

(643) surface used in the following work.
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() R

(c) A magnified hard sphere model of the &A@) surface indicating the 3
microfacets comprising the kink sites; {111} (reff)10} (yellow), {100}
(blue). As in (a), the terrace atoms are light gearwhile the step atoms are
highlighted in dark orange and those at the apexlafik are highlighted in
black (d) Cahn- Ingold- Prelog analogy used tordethe absolute

stereochemistry of the kink site as R.

42



Chapter 2: Experimental Details

If the unit cell is cleaved at a small angle refatio one of the low index surfaces,
{111), {110} or {100}, the resulting surface struce will consist of monoatomic
steps separated by terraces which have an atoraicg@ment identical to the
corresponding low index surface. Furthermore, &f khller indices describing the
intersecting plane all differ, the step edges nolt be straight lines but will be
periodically interrupted by the presence of kirlkise mirror image surfaces f.c.c.

(643) and f.c.c.(ﬁ_43) satisfy both the above criteria, and thenateg- step- kink
structures are pictured in figures 2.17(a) and (@2)L8 his plane may be written in
its microfacet notation as 3{111} x {310}, whichammslates as a three atom wide
{111} terrace separated by zigzag {310} stépdt can be seen clearly that the step
lengths on either side of the kinks are unequalthnd lack symmetr§, rendering
each surface chiral; with an enantiomer that bengenerated by reflection
through a plane normal to the surface. Although éxiplanation for a metal
surface’s chirality suffices in this case, surfaeesst, such as (531), which exhibit
chirality despite displaying steps of equal lengtheither side of the kink atoffr

2 There is thus a more fundamental basis for tripgrty and it lies in the fact that
the kinks are formed by the intersection of threerafacets, each being one of the
three low Miller index planes {111), {110} and {1P(QFigures 2.17(c) and

2.18(c)). If the surface is viewed from above, #mlsequence of sites forming the
kinks on two surfaces run counter to each othen the two surfaces are
enantiomers. Based on this deduction, Atetral. ** 2 ?’defined a nomenclature
that can be used to assign the absolute stereagrapifiguration of a chiral single
crystal. It is based on an analogy with the Calgeld-Prelog sequence rules found
in introductory textbooks on organic chemisttywhereby the groups associated
with the stereogenic centre are given a particodder of priority. In this case they
are prioritised from the most densely packed serface to the least densely
packed, that is {111) > {100} > {110}. If the sequee {111)— {100} — {110} is
found to run clockwise, the surface is denoted (fR¥m the Latin “rectus”). If
however, the sequence {113 {100} — {110} runs anticlockwise, the surface is

denoted “S” (from the Latin “sinister”). Using thé®nvention, the kinked

f.c.c.(643) surface in figure 2.17(a) can be la£(643 and the f.c.c.@)
surface in figure 2.18(a) can be labelled (643)
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The LEED patterns acquired from the (6%3jnd (643 surfaces should reflect
their mirror image relationship, as has been prestypdemonstrated by Gellmah
al.®?* That the diffraction patterns from each face #thdwe nonsuperimposable is
evidence that the metal surfaces from which theydarived are chiral, and arises
simply from the fact that the unit cells of mostgied and kinked high Miller index
surfaces are oblique and thus chffaRegrettably though, the (643jurface of our
crystal was defective and as such we could notiobtaatisfactory diffraction
pattern from it (figure 2.17(b)), however that frane (643} surface (figure

2.18(b)) is in agreement with those published bgetseparate research grotbs
2427 \ve therefore have confidence that the crystalimay shown in figure 2.18(a)
is a good representation of the Cu(é48)rface used in this work. The LEED
pattern basically displays two sets of hexagomalyat split from each other at an
angle, and this is sufficient to ascertain the reatif the surface structure. The
hexagonal arrangement of the spots stems fromilif (erraces and the presence
of the steps is responsible for the splitting & sipots into pair€. The handedness

of the surface is manifest in the direction of spet splitting, which indicates that

the steps are oriented in real space 17° away tinenf0 11] close packed direction
(figure 2.18(a)). The clear separations of thet gplots indicate that the steps are

arrayed on average in an equidistant manner osutiace.

Figure 2.18(a) is a good representation of the &3)Bsurface used in this work,
but not an exact representation, because as vétlowhindex (111) surface
described above, a real surface is likely to beeirfigzt. Under almost all practical
conditions, surfaces are subjected to temperaainehich metal atoms on the
surface can spontaneously diffuse, which can r@sgtoss distortions in surface
structure?®. These highly mobile Cu atoms, which diffuse alstep edges causing
kinks to coalesce, have been observed as stre&@B\himages collected at room
temperaturé’. In order to ascertain exactly how thermal roughgulistorts the
surface, and perhaps most importantly of all, wéethhas a diminishing effect on
the chirality of the surface, DFT based models vdeneeloped to predict how an
initially ideal Pt(643) surface behaves under ajeaof typical experimental
conditions, which included annealing at 500 K fdrdur®®*2 Based on these
simulations, thermal diffusion is thought to leadstgnificant local disorder,
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creating a surface on which there is a distributibterrace widths and a
distribution of step lengths between kinks. TherBawever, no significant
generation of kinks that are of the opposite handss to those of the ideal surface,
consequently there is no significant reductiorhie met handedness of the surface.
STM images have confirmed that real Cu(643) sudateoom temperature have
structures that are in qualitative agreement witsé predicted by these
simulations”’. The array of terrace widths, and step and kingtles on a real
surface serve to diminish the differences betwédmdralcmetal surfaces with the
same low index terrace, thus the largest disparitgsults should arise from
comparisons between surfaces vicinal to differemtindex surfaces, {111}, {110}

and {100}, as opposed to those derived from theesarystal plané™.
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Chapter 3: Reversible Electron Transfer Reactions within a
Nanoscale M etal Oxide Cage M ediated by M etallic
Substr ates

3.1 Introduction

3.1.1 Molecular and Nanoscale Materials and Devices in Electronics

In the past few decades computers have advane@dastounding rate, a trend that
fulfils Moore’s Law. This law is essentially an @pgation first made by Intel co-
founder Gordon E. Moore in a 1965 papstating that that the number of
transistors that can be inexpensively placed omtagrated circuit is increasing
exponentially, doubling approximately every two fged his trend of
miniaturisation has enabled the assembly of ukrasdly integrated circuits
containing 18 devices and possessing features only a few husdfatanometres
across. However, due to intrinsic limitations oheentional silicon based devices
this trend cannot continue indefinitely. If the$eps were to be miniaturised further
to the scale of tens of nanometres then their diparavould be disrupted by the
emergence of quantum phenomena, such as elecatmamslling through the barriers
between wires. Furthermore, when restricted to gergll sizes, silicon no longer
possesses its necessary band structure; a cohstiatinvould be bypassed through
the use of single molecules which have comparatikefe energy level
separations at the nanometre scale due to themetgsorbitals, rendering them
independent of broad band properties. Thus it ik thiese impending restrictions in

mind that the field of molecular electronics hasdie a thriving area of research.

Molecular electronics can be defined as the rephace of a wire, transistor (the
basic electronic device for both logic and memooy)pther basic solid state
electronic element with one or a few molec@l@us the future of device
fabrication could be inverted from its presentaiiton; where, instead of the current
top-down technique of etching away at a silicorstalyto form micrometre sized

devices and circuitry, a bottom-up approach coel@mmployed that uses atoms to
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build nanometre sized molecules that could furdssemble into a desired

computational circuitry.

In the information age, all data processing is déeleat on data storage and transfer;
therefore it will be a natural progression thasthenolecular devices will be used to
develop smaller, faster and higher storage dens#yory devices. Presently the
most common form of computer memory is Dynamic Remdccess Memory
(DRAM) in which a transistor and a capacitor aregzhto create a memory cell,
which represents a single bit of data. To storeratlhe memory cell, a charge is
applied to it, activating the transistor and chiaggihe capacitor; conversely to store
a 0, the capacitor is discharged. A sense- amiptlien determines the level of
charge in the capacitor in order to read it. Thugrder to mimic this process on the
molecular scale it is necessary that the moleaiesolecular assemblies employed

also exhibit this switching phenomenon.

The design of memory devices has tended to coofséstayer of molecules
sandwiched between metal electrodes. Writing, repdnd erasing functions can
then be performed by applying an electric currerihe system, which flows from
one electrode to the other through the molecutktlaiyer. A high voltage jolt flips
the resistance of the molecules, making it easienare difficult for the current to
pass through. A low voltage can measure the resistaf the molecules, and the
two resistance levels can represent the 1s antid@smputer information. The
ability of a species to exist in two different smthrough adjustment of its
structural and electronic properties is known asatility, and is a fundamental
prerequisite for a molecular switch. Usually on¢h# states is the ground state, and
the other is a metastable state; and it can inteexd between the two when

stimulated with an input signal.

Gittins and co-workers switched the conductivityagfimple organic molecule
containing a bipyridium (bipy) group by changing a@xidation state. Originally
working with a layer of molecules sandwiched betwaeold electrode and gold
nanoparticle$, they scaled down their work to concentrate opséesn comprised
of no more than sixty molecules, a gold electrau @ single gold nanocluster 6
nm in diametef. Using an STM to monitor the electrical propertiegy showed

50



Chapter 3: Reversible Electron Transfer Reactiatiima Nanoscale Metal Oxide
Cage Mediated by Metallic Substrates

clearly how changing the redox state of the bipyames can control electron
transport between the gold contacts. When the mlgaeas in the reduced bipy
state, relatively large currents flowed, but whesegain threshold voltage was
applied, the tunnelling current decreased markextigresponding to the oxidation
of bipy" to bipy?*. This principle has also been demonstrated witplpyrins which
can have the added appeal of exhibiting as mafyuacationic states, all of which
can be accessed at relatively low potentials, sstggemultibit information storage
with low power consumpticofl. Furthermore, they tend not to degrade over large

numbers of read-write cyclés

Devices utilising self assembled monolayers of maks containing a nitroamine
and/ or a nitro redox centre have also shown piaiesst electronically
programmable and erasable memory devices akin td Riemory cells"*2
Approximately 1000 phenylene ethynylene oligomeessandwiched between gold
contacts and the entire active region has a diaméfast 30- 50 nm. The memory
device operates by the storage of a high or lovdaotivity state. An initially low
conductivity state is changed into a high condiististate upon application of a
voltage pulse. This high state persists as a sttwedand is unaffected by
successive read pulses. There is an element ofedtzaigh as to the origins of the
different conductivity states, that is whether #issociated electronic states are due
to changes in charge distribution or whether thayloe attributed to different

conformations of the molecutd®®

As with the oligomers, organic polymers have alshildted bistability, with the
switching phenomenon attributed to either chargedtier, conformation changes or
redox effects depending on the systénOf further interest, He and co-work¥rs
investigated a polymer nanojunction switch whiakacly demonstrates the
qualitative difference in behaviour of nanoscalstems compared to their bulk
counterparts. Bulk samples’ conductance varies simhobetween insulating and
conducting states as a function of the electrocbahpotential, whereas the
polymer nanojunction switches abruptly betweentie states, in the fashion of a

digital switch.
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Interlocked molecules and supramolecular complénases the classes of
compounds catenanésind rotaxanes also show stability in various chemical
states, although in a unique manner. A [2]catemaaenolecule composed of two
interlocked macrocyclic components. The two macctas/are not linked
covalently to each other; instead a mechanical thads them together and
prevents their dissociation. A [2]rotaxane is a@cale composed of a macrocyclic
and a dumbbell-shaped component. The macrocycleckscthe linear rodlike
portion of the dumbbell shaped component and pptd mechanically around it by
two bulky stoppers. Thus, the two components cadissbciate from one another,
even though they are not covalently link&dunder stimulation these molecules
can undergo co-conformational changes reminisdemiotions. When a sufficient
negative potential is applied across the moleguig,oxidised. This ionises one of
the component parts, which consequently experieacesilombic repulsion with
the other part, resulting in circumrotation of tiveg. Application of an equivalent

but opposite potential regenerates the originat@aformer and closes the switch.

Input stimuli are not restricted to electrical satg) it is conceivable that
temperature based stimuli can also be used. Solymeased chains of
organometallic clusters composed of 8@nsition metals exhibit a thermal induced
transition between a low-spin and a high-spin stat€he transition is abrupt, and
the temperature of which can be fine tuned usingmporoach based on the concept
of a molecular alloy. Thus it is suggested thas¢hmaterials can be used in

information storage and retrieval.

A further example of switching based on thermatet$ involves the formation of a
weak conductive filamerft. Voltage-induced heat instigates a partial dielect
breakdown, which modifies the material between é&laztrodes, converting an
insulator into a conductor. It is suggested thit filament may be composed of
electrode metal transported into the insulator.iuthe reset transition, this
conductive filament is again disrupted thermalky/aaresult of high power density
of the order of 1&W cm* generated locally, similar to a traditional housldtfuse

but on the nanoscale. Hence this mechanism iseeféo as the fuse- antifuse type.
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In the following chapter is presented a thermadithvated, switchable hetero-
polyoxometalate (HPOM) cluster immobilised on ahiygpolarisable gold surface
which has potential as a future memory storagecdevihis cluster consists of a
nanometre sized Mo(1V) oxide “shell” which encadak two electronically active
pyramidal sulfite (8 0s%) groups™ ?% and has the ability to reversibly interconvert
between two electronic states. In the passive,statayogenic temperatures, the
two SQ? groups are non-bonding with respect to the swintres, however upon
thermal activation, i.e. when the temperature ¢seased to 298 K, two electrons
are ejected from the active sulfite anions andaidised over the metal oxide
cluster cage. This has the effect of switchingatif a fully oxidised to a two-
electron reduced state, along with the concomftamation of an S-S bonding
interaction between the two sulfur centres insiseduster shell. This process does
not occur in the crystalline state and to proceepiires the stabilising effects
provided by an image charge, generated as a comsegof being adsorbed onto a

metal surface.

Before continuing with the experimental findingsnever, we shall first review
some of the structures and properties of HPOMpaiticular those with which this

work concerns.
3.1.2 Sructural Principles of Hetero-Polyoxometal ates

HPOMs constitute an immense class of polynucledalkoxygen clusters which
possess an “organic-like” structural diversity?® They have potential applications
in many fields including medicine, catalysis an@ical sensors; and most uses
are related to their ability to accept one or savelectrons with minimal structural
changes. HPOMs are a family of discrete, nanosaaldes which usually consist
of an outer metal oxide shell encapsulating arrmatlecore. Traditionally
aggregates with fewer than 3-4 metal centres ar®@dls. A formulation for
molecules fulfilling these criteria was establisiedhe manner I@E, in which |
and E are the internal and the external fragmesgsectively. This can be applied
to two of the more common HPOM structures such that

[XO4] n- @ M; 2036 Keggln
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[XO4] 2n— @ M13054 Wells-Dawson.

The coordination number of the metallic centred&sown as the addenda atom),
M, is usually 6, although it can also be 4, 5 @sAvell. Typically HPOMs are
regarded as packed arrays of oxygen- coordinatethedra, thus these can be
considered the fundamental structural units imalar manner to the —CH unit in
organic chemistry. To continue this analogy, thisp gin together in accordance
with a few simple rules to enable the formatioraafast range of structures. The
molecule as a whole is built by corner and/ or estygring MQ octahedra (figure
3.1), an arrangement which gains its stability fremsuring the NI ions are far

enough from each other to minimise their repulsions

Figure 3.1. Ball-and-stick and polyhedral representations efftmdamental
unit MOg. Note that the M atom is displaced off the geoinetentre of the

octahedron towards one of the oxygens, thus gingggto a distorted unit. Ref.
29

Many transition metal elements are known to forrafeld octahedral coordination
compounds with oxygen, but far fewer can take paMOg units in a packed
polynuclear metal-oxide aggregate. There are tweams for this. Firstly, only
certain values of the charge/ radius ratio of tleaincentres in combination with
O” ligands appear to be permitted in the construafdPOMs. These physical
constraints control the stability of the metal-axidamework, and limit the possible
candidates to early transition metal elements. &#goit is imperative that the
addenda atom has the ability to form metal-oxyg&onds. In the M@building

blocks, the metallic centre is displaced from thergetric centre towards the corner
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that does not share another octahedron, and a-metgén double bond is formed
at this point. It is the strong inward polarisatmfithese terminal oxygens’ electron
densities that account for the formation of diseatrays of M@ units as opposed
to extended, insoluble infinite layers. Thegeda interactions are thus crucial to
the stability of the clusters and are only fadiéthby the elements Mo, W, V, Ta
and Nb.

Fewer restrictions are encountered for the hetenoak, which lies at the centre of
the metal-oxide shell. Clusters have been syntbésisth this role filled by p-block
elements, transition metals and even twoahd the position can be either
tetrahedrally or octahedrally coordinated.

Bridging )
Oxygen Terminal
l /Oxygen

Figure 3.2. Ball-and-stick and polyhedral representations @ ells-Dawson

type hetero-polyoxometalate. Modified from Ref.

The work detailed in this chapter concerns one HR® e Wells-Dawson type,
and two non-conventional derivatives of this arghet As was mentioned above,
Wells-Dawson structures can be described asJXQ@ M;gOs4. That is, within a
framework of MQ units with the composition MOs,, reside two tetrahedrally
coordinated heteropolyanions. Figure 3.2 illussadall-and-stick and a

polyhedral view of a Wells-Dawson type HPOM.
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Figure 3.3. A representation of the three Wells- Dawson typeacstires with
which this work is concerned. (a) [(Mo"'150s,)(S" 03),]* (b) B-
[(M0""15054)(SV O5)2]* (c) [(M0""15054)(S"'O4),]*. The central anion templates

are shown in a space-filling mode. (S: yellow, &i,rMo: blue) Ref*

Two of the structures investigated are new type&/elis-Dawson clusters which
incorporate two pyramidal chemically active sul{i§& Os)* anions within the
shell. The two structures are isomers of the madéeffivo"'1054)(S" 0s),]*, and
both display thermochromic behaviour and have esterredox chemistry
associated with them. In tlheform (Figure 3.3a), the two sulfite groups are
eclipsed, while in th@ form (Figure 3.3b), they are staggered. The S atohthe
sulfite anions are located 3.29 A apart, a clopasgion in chemical terms as this
distance is 0.4 A less than the sum of the sulfur der Waals radii, however it is
still considerably longer than the 2.15 A of th& ®ond in a dithionate anion {&
SO:%). For comparison, and as a structural controlhasee also studied the
conventional analogous sulfate-based Wells-Dawagstar [(Mo” 150s4)(S"'04)2]*
(Figure 3.3c). This species is significant as amdtecause it is easier to
electrochemically reduce tharandp , in spite of all three molecules possessing the
same overall charge, and unlike the other twagiitains an inert cluster cote All
measurements were taken with the HPOM of intenestgmt as a monolayer on a

gold surface.

The samples were prepared following a method enepldny Barteau and co-

workers*! on other POM systems, which has been found toym®dingle

56



Chapter 3: Reversible Electron Transfer Reactiatiima Nanoscale Metal Oxide
Cage Mediated by Metallic Substrates

monolayers. Polycrystalline Au films were dippetbidmM of the HPOM

solutions in MeCN, and then subsequent to emersierg dried in a stream of
nitrogen gas. Barteaat al. confirmed the presence of single monolayers witMST
and we reached the same conclusions based ondddm¢p detect substrate
emission in the XPS and UPS experiments, whiclmsistent with the presence of

monolayers as opposed to large crystallites.

3.2 Reaults
3.2.1 XPS

The oxidation states of the Mo centres in the du=clusters, as a function of
temperature, could be elucidated from the Mo 3@ ¢evel data (Figures 3.4 and
3.5), which were collected at both 77 K and 29&Kd remained consistent over
multiple heating and cooling cycles. At cryogemmperatures all three compounds
are fitted to a single pair of Mo ggland 34, peaks, with binding energies of 232.5
and 235.6 eV respectively, characteristic of a Sidlation staté?. At room
temperature, differences in the oxidation stateb@addenda atoms become
apparent. The control and thesulfite spectra are, as with the cryogenic dattzdf

to a single pair of peaks denoting that the metakintres are present as purely
Mo(VI) ions. The Mo 3d spectrum of tifle sulfite layer at 298 K can however only
be fitted satisfactorily with two 3d componentsgiiie 3.5). The major component
(86+4%) is the Mo(V1); the second minor components A%y have 3¢g,and 3d),
binding energies of 230.5 and 233.6 eV respectj\aigracteristic of the reduced
Mo(V) *3. Thus it appears that heating fhsulfite from 77 K to 298 K facilitates
the reduction of the metal atoms comprising theteluframework by ca. 2
electrons, and conversely cooling fheulfite from 298 K to 77 K facilitates the
oxidation of the metal atoms comprising the clugt@mework by the same amount.

In contrast, those in thesulfite and sulfate shells remain unchanged.
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Figure 3.4. Mo 3d core level spectra illustrating that at rommperature the
molybdenum atoms comprising the metal oxide franm&wed the sulfate and-
sulfite clusters retain their cryogenic +6 oxidatitate. Th- sulfite cluster
undergoes a reduction under the same conditiorisgtextent of ca. 2 Mo

centres per molecule.
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Figure 3.5. Mo 3d core level spectra for tie sulfite cluster at 298 K and 77 K
showing the appearance of bands associated witvMa&i(298 K. The dotted
lines refer to the expected positions for Mo(VIdavio(V) *2. The shoulder

that develops at 298 K is highlighted in blue
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3.2.2 UPSAnalysis

Crucially the same temperature —dependent behaw@aen in the valence region
of the photoemission spectra collected from thegliPOM layers at cryogenic
and room temperature (Figure 3.6). The dominantifean the valence region of
all three species, and at both temperatures, #d bt 6.3 eV, with a shoulder at
4.6 eV (Figure 3.6b). Comparing this component lidt obtained over the same
range for a polycrystalline Au film grown on an dised Si surfacé leads us to
believe it contains contributions from both the eriging Au substrate and the
HPOM overlayer; and as the gold will not exhibiyaamperature dependent
behaviour over the range we are concerned with réasonable to assume that any
changes in this feature can be attributed to th©@M®. Bands derived from solely
the clusters can be observed most clearly ovebitigding energy range 10 to 50 eV
(Figure 3.6a). All three compounds exhibit bandiseiawith slightly different
relative intensities, at 13.8, 17.5, 22.5 and 40/2which we assign to electronic

states of the metal-oxide framework.

In addition to the peaks common to all three sgedhee sulfate has an extra band at
31.0 eV, which is a fingerprint for the tetrahedsahtoms at its core. For this
cluster, the spectra collected at cryogenic andhrtamperatures are identical,
representative of the molecule existing in indgtilshable forms under both
conditions.In the case of tlesulfite, there is little difference in the 10- BY

region, however there is a visible, if still onlymar, difference between the two
temperatures over 0- 9 eV. Thus this molecule egpees slight changes in its

valence region as the temperature is increased TibKito 298 K.

For B-sulfite, the spectrum collected at room tempegasitows significant
differences to the cryogenic one. The feature (49 eV range clearly changes
shape and size, and in addition to the disparithénrelative intensities of the bands
over 10-45 eV, the peak at 31.0 eV which is obstfeethe sulfate, appears in the
spectrum. This suggests that the sulfur atomseatentre of th@-sulfite HPOM

are tetrahedrally coordinated at 298 K and thatthster exists in a significantly

different state at the different temperatures.
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Figure 3.6. (a) and (b) show the valence region of the photssion spectra
collected from the three cluster layers at cryogéniue) and room temperature
(black). (c) Difference spectra (298 K — 77 K) frtine valence region. Bands
associated with the reduced Mo ions and the foomaif dithionate are

labelled in theB- sulfite spectrum.
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The temperature dependent changes in the photdemggsectra oéi- andp-sulfite
can be seen with greater clarity if the cryogepiectrum is subtracted from the
corresponding room temperature spectrum (Figure) 34 is obvious from the
individual plots, these difference spectra shovt tha largest temperature
dependent changes occur for flasulfite. What is not obvious from the individual
plots though, is that there are three main aspedtsese changes, two of which can

be garnered from the 0-9 eV region, while the oth@vident over 10-45 eV.

The features observed at <10 eV in phsulfite difference spectrum are well
reproduced by three Gaussian components with kgnelvergies of 2.6, 3.7 and 6.6
eV. Photoemission spectra previously collected fddmoxides® display two peaks
that fall in the ranges 3.7-4.8 eV and 5.5-6.5 #¢; exact positions of which
depend on the relative amount of Mo(VI) in the ncale and previous sample
treatment. Based on calculations, these peaksheeie ascribed to the bridging and
terminal oxygens, respectively, of the Mo oxideeabhus, we assign the peaks at
3.7 and 6.6 eV in the difference spectra to briggind terminal oxygen atoms, and
explain the presence of these components as iafiexichange in the electron
distribution of the clusters, a consequence ofddeiction of Mo(VI) to Mo(V), as
opposed to signalling an increase in their totahber at room temperature. These
previous Mo oxide studies have also revealed peatte binding energy range
0.4-2.1 eV which are associated with a contribufrom 4d electrons in reduced
Mo centres. Hence we assign the peak at 2.6 eWto 4d" electron, which is
consistent with the appearance of the Mo(V) compbirethe core level XPS data
of B-sulfite. The final aspect of the temperature delpehchanges that can be
gleaned from the difference spectra stems fronethergence of peaks at 12.1,
16.7, 22.3 and 31.0 eV; indicative of an oxidigettahedral sulfur- based species
3637 Thus it seems that when the temperature wasir&is298 K, the encapsulated
sulfite groups in the HPOM cluster underwent oxmtaand the two sulfur atoms
adopted a tetrahedral geometry; while concurreghtyMo oxide external

framework was reduced by 2 electrons.

In the case odi-sulfite, the difference spectrum confirms what bardeduced from

the individual cryogenic and room temperature gpethat is, any temperature
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induced changes are minimal. A feature in the ®%9amge is present in the
difference spectrum, and a’4ntribution is just discernible therein. Thus this
cluster might also be affected by temperaturesimalar manner t@-sulfite, but to
such a lesser extent that the Mo(V) contributiothe®dXPS core level data is below

the detection limit.

As with the XPS experiments, these were repeatestragltimes and the valence
level changes just described were reproduced fdr egperiment. Thus at 298 K,
the oxidation of the sulfite groups at the cenfréhe -sulfite cluster, and their
subsequent adoption of a tetrahedral geometry \gasly detectable, as was the
presence of a Mo 4electron. Then when cryogenic conditions were mesi; the
sulfite groups were observed to undergo a reductiod the features attributable to
the tetrahedral species and the d-band electroe e@rspicuously absent from the

photoemission spectra.
3.3 Discussion

The XPS and UPS studies used to probe the coreaadce regions of monolayers
of HPOM clusters adsorbed on a gold surface haxeated pronounced
temperature induced changes in fthgulfite species. These changes also occur for
thea-sulfite but to a lesser extent, while the suliaiains the same structural and
electronic configuration at both 77 and 298 K. Tieiaction does not occur when
the clusters are in the crystalline state and #us®rption onto a metallic substrate

IS a necessary prerequisite.

Whether in the crystal latticd, solvated in solutiofl or adsorbed on a Au surface
at cryogenic temperatures, thesulfite cluster contains a central core composed o
two sulfite ($'0s%) groups which are non-bonding with respect topjr@midal
sulfur centres. In contrast, the valence photodaonsgata obtained at room
temperature clearly shows the appearance of aakasdic fingerprint for sulfur in
a tetrahedral environment. Furthermore, the Mo@e data suggests that
approximately two Mo(V1) centres per cluster aréueed to Mo(V) when the
temperature is increased from 77 K to 298 K. Thisupported by the appearance

of a peak in the valence level data that we bel@iginates from a Mo 4d
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electron; a level that is populated in the +5 otatastate but not the +6. This
suggests that the encapsulated sulfite groupseicltister have undergone
oxidation by two electrons, and formed dithiona®S-SQ?) in which the two
sulfur atoms occupy a tetrahedral geometry. Thiszrens are then available to
facilitate the reduction of the Mo(VI) centres. $heversible intramolecular redox
reaction is depicted in Figure 3.7.

[MoYg] [MoY;6Mo,"]
oxidised cluster cage reduced cluster cage

Figure. 3.7. Schematic showing the transformation of the folydised nano-
cluster cage of,[(SV03),]* on the left to the reduced nano-cluster cage en th
right, [{Mo" O3} {Mo 'O} 1(S"205)] *-

The key to the instigation of this process liethi@ nature and location of the sulfite
anions. They are electronically interesting sirieegulfur atoms are in an
intermediate oxidation state and possess a vaocantioation site, a lone pair of
electrons, and can change oxidation state and ic@tieh number. Perhaps more
importantly though is the precise positioning af & centres of the sulfite anions
within the cluster cage. They are sited 3.29 A g@aclose separation in chemical
terms, as this distance is 0.4 A less than theafuime sulfur van der Waals radii,
however it is still considerably longer than th&®A of the S-S bond in a
dithionate anion (68-SQ?). Thus this gap provides a physical barrier to the
spontaneous bond formation which would result ftbereaction of the two sulfite

anions coupled with the loss of two electrons. fieemal vibrations that the
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cluster’s constituent parts experience as the tesyoe is raised have the potential
to “push” the sulfite groups together, surmountinmig barrier and enabling the

formation of a dithionate anion.

The process proposed here is an intramoleculaxregition, that is the electrons
required to reduce the Mo(VI) centres originaterfrihe oxidation of the sulfite
anions in the cluster core. On a superficial l¢kied seems logical when it is
considered that the anions are oxidised by an atgnvcharge to that which is
transferred to the cage. However it must be takemaccount that this reaction
does not proceed in either the solid state or molutt has only been observed
subsequent to the molecules being removed frororifsal lattice or solvated
solution phase and adsorbed on a highly polarisaklallic substrate. Thus, could
it be the case that the presence of the metalcuranecessary as a source of the
electrons with which the Mo(VI) centres are reduitétie answer is no, because it
is harder to reduce thesulfite than the control cluster by about 100 iV
ThereforeB-sulfite reduction from an external species wousw aeduce the control

cluster, and this is not observed.

A sulfate anion, (S¢), as present in the core of the HPOM used heeecamitrol
cluster, is also an oxidised, tetrahedral sulfusdabspecies, that consequently has
the signature peaks at 12.1, 16.7, 22.3 and 31.i0 &¥ valence level
photoemission spectra. However, the tetrahedralhaiormed upon heating to 298
K is dithionate and not this, because to oxidiseléite group to sulfate would
require the irreversible removal of an oxygen posifrom the oxide shell, which
has an energy barrier that is ca. 250 kJ MdIFurthermore this process would see
a commensurate reduction of the cluster shell by é&ectrons, and the results point
to the reduction involving only two. We can alsodeetain that the reversible
reduction of-sulfite is due to an internal rearrangement artcdoe to another
process such as cluster decomposition, sincerak ttiuster cages would be
equally susceptible to such a transformation, ame@have shown, the temperature
dependent changes are not observed equally fepedlies. The data are consistent
with the reversible formation of an S-S bond, resglin a dithionate group and the

release of two electrons which generate two Mo@ftes in the oxide cage.

65



Chapter 3: Reversible Electron Transfer Reactiatiima Nanoscale Metal Oxide
Cage Mediated by Metallic Substrates

This intramolecular redox reaction is not obseri@dhe sulfate-based Wells-
Dawson structure because the,5@nions at its centre, in contrast to thes50
present in the sufite- based species, are not intarmediate oxidation state, nor do
they possess a vacant coordination site, henceatteeghemically inert. That the
sulfite cluster, in which the two sulfite group® aclipsed, undergoes this reaction
to a much lesser extent than fherm, in which they are staggered, serves to
illustrate the importance of the relative orierdas of these entities. Calculations
that were carried out by a group collaborating waitinselves, included a Mulliken
overlap population analysis which showed a 20%édngiverlap integral between
the S centres for thgsulfite structure. Thus, the threshold displaceimand hence
the activation barrier, the sulfur atoms must ogare before they are close enough
to form the dithionate bond is greater for thsulfite; consequently it is

surmounted less frequently.

Voltammetric studies of bottr andp- [(M01g054)(SOs)2]* in acetonitrile have
produced stable [(M@0s4)(SOs)2]> and [(MagOs4)(SOs)5]® species, however the
structural form is retained post reductinFurthermore, raising the temperature of
crystalline powder samples from 77 to 500 K brougfdut a gradual and
completely reversible colour change from pale yelto deep retf. Yet there were
no structural changes detected here either, anihénsochromic behaviour was
attributed to a decreasing HOMO-LUMO gap; causethieyunpopulated molecular
orbitals decreasing in energy, while the energidh@populated molecular orbitals
remained mostly unchanged. Thus it seems the nibleeistramolecular redox
reaction is reliant on the cluster being adsorloeal inetal surface, despite, as we
have already determined, it not serving as anrm@edource. The electronic effects
linked to the observed temperature induced chawges modelled with density
functional theory (DFT) calculations; performeddgroup in collaboration with
ourselves. The reaction did not proceed when teesywas modelled in the gas
phase, however when the mirror charges that arecedlin the highly polarisable
Au surface were considered, the theory emulategrhetical results presented
herein. The electrostatic field generated by thagencharge seems to stabilise and
strengthen the interaction between the sulfur atdheseby assisting the formation

of the bond connecting them, coupled with the sdeaf two electrons. The
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displacement of the sulfite groups along with tegelopment of the corresponding

image charge, represented by an array of poingelsars illustrated in figure 3.8.

Figure 3.8. Scheme of the displacement model used for DFT sitiouls. The
sulfite S and O centres are shifted towards edudr atithin the metal oxide
cluster shell until a bonding SS interaction is formed. The process is
facilitated by the array of point charges (silvghsres) situated in the gold
surface. (Mo: blue, O: red, S: yellow)

Previous DFT calculations concerning the sulfits0fPfrontier orbitalé* have
shown that for the unreduced species, the HOMQoistimlocalised on the S and O
positions of the sulfite groups, while the LUMO asubsequent MOs are
delocalised over all the Mo centres; thus in tkagesthe cluster is an electrical
insulator. Reducing the cluster by two electroissywa have demonstrated here,
results in the delocalisation of the HOMO overté Mo centres. Therefore, the
formation of the S-S bonded interaction has geedratnew populated electronic
state in the band gap of the oxide cluster mole@rteounting to an insulator to
metal transition without a large scale structuhair@gye. Consequently tige
[(Mo"'15054)(SV 03)5]* cluster, and to a lesser extentditisomer, exhibits

bistability in that it has the ability to existiwo different states through adjustment
of its structural and electronic properties. Thiguatment is reversible, thermally

driven, and because the two states can be deemvemhlb high conducting, it is
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ideal for developing as a potential molecular switar use in a nanoscale memory
cell.

3.4 Conclusons and Future Work

We have shown how a molybdenum (VI) oxide nanoelusbntaining two
embedded redox agenps[(Mo"'140s4)(S"¥ 03),]*, has the ability to reversibly
interconvert between two electronic states wheorbdsl on a metal surface and
stimulated by thermal means. This reversible inti@eular redox reaction serves
to convert an electrical insulator into a conduetod as such this bistable species
satisfies a number of requirements of a next géioeraomputer memory storage
device. That this effect is only induced by adsoglthe cluster on a highly
polarisable metal substrate ensures that it sHmeiksuitable for anchoring between

two gold electrodes and testieositu.

A memory device in a computer is activated and tlested an immeasurable
number of times thus a candidate for fulfillinggiole should be robust enough to
resist any form of breakdown over a large numbaxyofes. Therefore it seems
logical that the experiments performed in this ¢baphould be repeated a suitable
number of times in succession to test this qualitfurther aspect of computer
memory is that it does not retain its charge indedly. The capacitors that are used
in the most common form of a computer’s memory, IMRAeak electrons and
exhibit charge retention times of only tens of iedtonds, consequently they have
to be refreshed thousands of times per second.g;léns also of interest to
determine how long the cluster remains in the reduthigh” conductivity state

when the thermal stimulus is removed.

Contemplating real world applications, it wouldibgractical to employ as a
computer component a bistable molecule that wae tikept under cryogenic
conditions, and raised to ambient temperatures wieded. If clusters of this type
are considered suitable for application as nanessaitching components, it would
be necessary to investigate other examples oféheegn an attempt to discover a
cluster which displays similar traits, yet is ia gassive state at room temperature,
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and is activated upon a sudden heat injectiorhekind that can easily be
harnessed through the application of a potentiasacelectrodes.
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Chapter 4: An Investigation into the Surface Chemistry of
M ethyl Pyruvate on Cu(111).

4.1 | ntroduction

Enantioselective catalysis is an important fieldatalysis due to the constantly
growing need to produce optically pure chiral coomuts for such ends as
pharmaceuticals, agrochemicals, food flavouringsfeagrances. Traditionally,
these products have been manufactured using horaogenechniques, yet these
methods are marred by inherent handling and sepamditficulties, thus there has
been much interest in developing heterogeneousitpaes which do not suffer the

same.

A promising strategy for heterogeneous enantioetigke hydrogenation is to
modify a metal with a chiral adsorbate, a route began in 1979 with what has
become known as the Orito reaction. This involVesitydrogenation ai-
ketoesters on cinchona- alkaloid- modified Pt tdoicea-hydroxyesters,
important building blocks for the synthesis of bigically active natural products
and analogues thereof. After years of optimisat®@h98% e.e. has been achieved
2 and the scope of this approach has steadily kreatito include the enantio-
selective hydrogenation ofketoactones”’, a-diketone$™° o-ketoacetals * q,

a, a-trifluoroketones*** and linear and cyclie-ketoamides™ *© Yet the exact
reaction mechanism is still very much a mysteryl aith the hydrogenation of the
a-ketoesters methyl and ethyl pyruvate having reethihe prototypical reactions,
it is for these that several models have been dpeel in attempts to gain a greater
understanding.

All the models developed have suffered from havinmake numerous
assumptions concerning the adsorption mode of thdifrar and the reactant, and it
is only over recent times that experimental evigemas been collected to verify or
dismiss these assumptions. The most widely helarige attribute the enantio-
differentiation to the different stabilities of tp@ssible diastereomeric complexes
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Figure 4.1. Optimised structures of the complexes between petéal
cinchonidine in its “open” conformation, and metpyfruvate in its cis
conformation. The top and bottom complex wouldd/ig)- and (S)-methyl
lactate, respectively, upon hydrogenation of meftyylvate from the bottom

side. From ref. 1]
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that may form between the alkaloid and the pyruvadéecule adsorbed in either of

its two enantio-facial forms (via re- and si- faces

One of the assumptions made whilst applying thigehes that ther-ketoesters are
adsorbed in the cis- conformation, i.e. with the polar carbonyl groups oriented
parallel, and the reaction proceeds through thedtion of a bifurcated hydrogen
bond between the quinuclidine H of protonated aimitine and the O atoms of
both carbonyl group¥ (figure 4.1). This is contrary to the gas, liqaitd solid
phases where the lower energy trans- conformatbngethyl and ethyl pyruvate
predominate, due to a cis-trans rotational baai&.5- 5 k cal mot ' *° This
postulation is supported by the enantio-selectastions of ketoplantolactoA&
and a cyclic imidoketon&, which have a fixed cis conformation and can be
hydrogenated with e.e. similar to that of MP. M &P are both very flexible
molecules and as such there are several factdreahavercome this rotational

barrier and thus rationalise this assumption.

Firstly, the conformation of the-ketoesters is determined by the interaction with
the cinchonidine modifier itself. The hydrogen bgmdposed above is mainly
determined by charge dipole interaction, whiches#hearly with the dipole
moment of the alkyl pyruvate. Hence the modifi@aatant complex is stronger for
the cis- than for the trans- conformer, thus sisibi the former; as has been
deduced by ab initio calculatidisSecondly, the relative stability of the two
conformers is also likely to be affected by theahstirface. A dipole induced
dipole interaction depends quadratically on the@ipmoment and is hence
expected to be considerably stronger for cis duts tmuch larger dipole moment

2. Experimental evidence has revealed this pretoiséso be valid.

Lavoie et &° determined that on clean Pt(111) at 110 K, metyylivate adopted
predominantly an enediolate geometry where botbarad groups are in a cis
configuration and the molecule binds to the surthceugh both carbonyl oxygen

lone pairs. Methyl pyruvate is reported to behawa similar fashion on clean
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Ni(111)*% at 105 K and at monolayer coverage, MP is adsbalrmost exclusively
in the cis form, with the trans form once againygmesent as a minority species.

The influence of the metal surface is presumecktedogreat that it overcomes the
influence of other opposing factors that the systeay exert that favour the trans-
conformation. It is also known that the fractiortleé cis- conformation increases
with solvent polarity, due to its higher dipole memt, yet higher enantio-selectivity
is achieved when the Orito reaction is carriedin@polar solvents. According to
the models, the chiral cinchonidine modifier isuiegd to adopt an “open”
conformation, i.e. the basic quinuclidine nitrogemnts away from the aromatic
quinoline ring. Support for this stems from thetfdm@ta-isocinchonine, a synthetic
cinchona derivative with fixed “open” conformatigerovides similar enantio-
selectivity to cinchonine modified surfac@sDFT reaction field calculations
combined with nmr spectroscopy have shown thatabidormer is most stable in
apolar solvent$®. Thus apolar solvents favour the necessary forthemodifier
but not the reactant. However, the only truly o €xperiments to have been
performed revealed that whereas the cis/ trandilequm of EP is dominated by
the trans species in the apolar solvent, it igsthifowards the cis conformer upon
adsorption onto the Pt surfateIn order to deduce this, the collaborators used
attenuated total reflection IR spectroscopy to st enantio-selective
hydrogenation of ethyl pyruvate over a commerctal Bt/Al,O3; catalyst modified

by cinchonidine in H saturated ethane.

The other major assumption made with respect toghetant whilst applying this
model is that the-ketoester needs to liebonded to the surface. That is, the
molecule is lying flat, binding through both thetdwee carbon and the ketone
oxygen atoms in an adsorption geometry referrestd(O,C). This is opposed to a
mode of coordination callegf(O) in which the molecular plane is perpendicutar t
the surface, with the bonding interaction occursotely via electron donation from
the oxygen lone pair orbitals. From a catalyticnpaif view, the keto group has to
interact with the platinum surface during hydrog@main order to have access to
activated hydrogen. This is only possible in a dflahearly flat geometry where the
©* orbitals of the keto group point towards the aod and the hydrogen atoms
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approaching from below have the highest probahiltseacting. Evidence forea
bonded reactant has been obtained by Burgi andockens. Whilst on clean
Pt(111) they found ethyl pyruvate only bonded tlgtoits oxygen lone pairs at both
cryogenic and at room temperature; when hydrogen-isdsorbed the molecule
becomes more tilted towards the surface anattebitals become increasingly
stabilised, which is synonymous withtdboonding mechanism.

It therefore appears that the assumptions maderesipect to the adsorption modes
of a-ketoesters in heterogeneous enantio-selectiveogdiation reactions are well
founded. The evidence certainly does point to tbhéenule adsorbing and reacting
in a cis conformation, and it has been shown thdeusome conditions ethyl

pyruvate can adoptig configuration.

In addition to shedding light on the bonding modeBP, the results concerning
adsorption on Pt(11%) ?"and Ni(111)* ®have led the authors to propose
explanations for further observations made witlpeesto the heterogeneously
catalysed enantio-selective hydrogenation-&ktoesters. In the absence of
coadsorbed hydrogen, the methyl pyruvate on Pt(iA%)found to polymerise at
298 K; a mechanism that was proposed to occur bydgen elimination from the
monomer, followed by an aldol condensation invajvtimination of methandf’.
This polymerisation reaction is completely suppeedsy the coadsorption of
hydrogeri’ or ¢)-1-(1-napthyl) ethylamine (NEAF, a simpler molecule than
cinchonidine, although also an effective chiral mfiedfor Orito reactions. With
hydrogen, the reactant molecule retains its intg@md remains as monomer units,
while in the presence of NEA, MP forms a well definl:1 complex. The catalytic
system for the enantio-selective hydrogenationlofl pyruvates is known to have
a tendency to become irreversibly deactivated dustart-up or steady-state
operation, and from these findings, it was suggkgtat this may be due to
hydrogen starvation, resulting in the polymerisaid the chiral reactant. In the
case of MP covered Ni(111), when the temperaturgcieased to 250 K, the
adsorbate undergoes a decomposition to deposih@idogen and hydrocarbon
species on the surfaée The authors suggested that the different adsorpti
behaviour on the two surface types could help exjkee metal sensitivity of the
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Orito reaction; it proceeds enantio-selectivelyptatinum but not on nickel
catalysts. Of further note is that although ethyuvate has been found to adsorb
molecularly on Pt(111) at both cryogenic and roemperatures, when examined
under in situ conditions, but with cinchonidine ahisfrom the surface, it was found
that a substantial portion of EP decomposed to 16fnand other fragmentation
products’®. The presence of the modifier reduced the decoitiposate by a factor
of 60. The researchers attributed this phenomem@&itrequiring a considerable
ensemble of free Pt surface sites to undergo deasitiqm, sites which were then

blocked through the co- adsorption.

This chapter presents a TPD, XPS and UPS studyedfurface chemistry of
methyl pyruvate on Cu(111). Although there havenbe® reports in the literature
of the effectiveness of supported Cu, or other @ohttals, as enantio-selective
heterogeneous catalysts, its potential as sucH&gbewonsidered given that Cu
complexes as enantio-selective homogeneous catastommorn®>* and Cu
exchanged zeolites have also proved successftiidse ends. Furthermore, it has
been shown that when &ubis(oxazoline) complexes have been immobilised
inside the pores of zeolite Y, the reactions thatfacilitated, including the
asymmetric aziridination of alken&s>® and asymmetric carbonyl and imino-ene
reactions’’, are wholly heterogeneous in nature; and whesaheion phase and
surface-bound forms of the catalysts were compatredis found that the
heterogeneous versions provided greater enangaisaty than the homogeneous
analogues. The results of this study show that@nrtemperature, a prerequisite
for the Orito reaction to take place, methyl pytevadopts a cis conformation and
forms a strongly chemisorbed moiety to the Cu(111) surface, a geometry which is
favourable for asymmetric hydrogenation. In additithe inactiveness of the noble
metal surface ensures that MP undergoes reveksilsiarption with no measurable
amount of dissociation, thus eliminating a possfa#or in the deactivation of the
catalyst. It is therefore suggested that suppdaZiedhould be studied as a possible
candidate as a catalyst for the enantio-selectydedgenation ofi-ketones,
especially since Cu has been demonstrated to eHéctatalyse the selective
hydrogenation of C=0 in, p- unsaturated aldehyd&$
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4.2 Results
421 TPD

In figure 4.2 are TPD profiles collected from a €14) surface exposed to
sequentially larger doses of methyl pyruvate atK10rhese profiles were
collected by monitoring the 43 amu peak, whicthes largest daughter ion in the
methyl pyruvate fragmentation pattern. For thedsiexposures monitored there is
the gradual growth of a desorption peak at 364Nth larger exposure, a second
feature begins to develop at 223 K, which has algleo at 234 K. Both the 223 K
and 364 K peaks grow concurrently for exposuretupe on-set of the multilayer,
and are attributed to desorption from chemisorbatts. The more weakly bound
state exists as a minority species at all dosebextuThe desorption maximum of
the multilayer state is observed at 172 K, witthawdder visible between 180 and
200 K. With the on-set of multilayer desorptioerf is a dramatic change in the
low temperature chemisorbed desorption peak, theldar at 234 K develops into
the dominant desorption peak, with a shoulder 8tR2 The absence of bothyH
desorption and residual carbon in post-TPD Auger&nS spectra, in addition to
the identical profiles obtained for the other ioagiments that were monitored (15,
16, 28, 29 and 42 amu), indicate that there is eagurable total decomposition of
methyl pyruvate. For brevity we will label the ochisorbed states that give rise to
the low and high temperature desorption peaksaassst and I1.

4.2.2 XPS

C(1s) and O(1s) XPS spectra were collected frontilaygtrs deposited at 110 K,
and after subsequent annealing to 180 K (statstéte Il) and 273 K (state II). The
C(1s) and O(1s) spectra are shown in figures 443add 4.5 along with fits to
Gaussian functions. The assignment of the individamponents in the fits to the
specific chemical environments of the carbon angber atoms has been greatly
assisted by the work of Birgi and co-workers comicgy ethyl pyruvate on
Pt(111¥°. In the data they collected from condensed nayiis they distinguished
four distinct components in the C(1s) spectrum, thnele in the O(1s) spectrum;
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Figure 4.2. Displayed are a series of nested TPD 43 amu psofibtained from
a Cu (111) surface which had been exposed to stgllerarger doses of
methyl pyruvate at 110 K. Multilayers, State | &tdte Il have been labelled.
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Figure 4.3. Displayed are C 1s spectra collected after amgeaiultilayers to

180 and 273 K, also shown are the Gaussian compoused to fit the data
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Figure 4.5. Displayed are O and C 1s spectra collected frondeonsed

multilayers, also shown are the Gaussian componesets to fit the data.
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which they assigned according to DFT calculatedecwdbr orbitals. However the
resolution of their XPS data is higher, 0.9 eV ntimachieved in our studga. 1.6
eV, consequently we can only distinguish betweérasg sp hybridised C and O
atoms within molecular moieties, and C and O atdirectly c bonded to the

substrate.

The 273 K, C(1s) spectrum is fitted with three Gaauss centred at 283.9, 285.7
and 288.5 eV, indicating that the state |l moiedg kthree distinct carbon
environments; within the tolerances of the fit tnggaks display relative intensities
of 1:2:1. The O(1s) spectrum is also fitted whhete components, 529.7, 531.8 and
533.5 eV, displaying relative intensities of 1:1The C(1s) and O(1s) spectra
collected after annealing to 180 K, i.e. stated atate Il, are each fitted with
identical components to those used for the stateofile, plus two extra peaks; at
285.7 and 288.5 eV, and 531.8 and 533.5 eV resgdgtiThe carbon peaks have
the same intensity within the precision of thedind the oxygen peaks have relative
intensities of 2:1. The multilayer C(1s) and O(4dggctra are fitted with identical
peaks to those used to fit the 180 K spectra, thighfurther addition of a pair of
peaks at 285.7 and 288.5 eV with relative inteesitf 1:1, and also a pair at 533.7
and 532.6 eV with relative intensities of 1:2.

Taking averages of the components used by Burgcanslorkers to fit their ethyl
pyruvate multilayer C(1s) and O(1s) spectrd,aml sp hybridised carbon atoms
have binding energies of 287.9 and 290.8 eV, wdpteand sp hybridised oxygen
atoms have binding energies of 535.9 and 534.8&sectively. Bonello et &f
looked at methyl pyruvate multilayers, and theygresd a peak at 286.5 eV to
alkyl carbons and a peak at 289.4 eV to carbomyares. Thus, if we assign the
peaks peculiar to the condensed phase as tho88.d@t&V and 288.5 eV
originating from spand sp hybridised carbon atoms, and those at 533.7 eV and
532.6 eV from spand sp hybridised oxygen atoms, our values agree weh ie
binding energies expected for the C(1s) and O(ls)gelectrons from simple
ketoesters. Furthermore, the relative positiorth@binding energies of $and sp
hybridised O and C atoms are the same within ¢ortre average values obtained
by both Birgi and Bonello.
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For molecules comprising state I, the C(1s) aridfis) components retain the
peak positions they do in the condensed layers.edery the shoxygen feature
shifts by 0.8 eV to a lower binding energy, indicgtthat either one or both
carbonyl oxygens are interacting with the surfatieeit in a weak manner. Clearly
both the C and O 1s spectra are consistent witl kkeeing an adsorbed intact
methyl pyruvate molecule which is not strongly cleorbed to the substrate.

There are some significant differences in the fegtattributable to state I
molecules compared to those for state | and théilaydrs. As before, we assign
the peaks at 285.7 and 533.5 eV tdlsybridised C and O atoms, and the 288.5 eV
component to sphybridised carbon; all of which are within an adea moiety but
do not form bonds to the metal surface. Howevernow also have peaks at 283.9
and 529.7 eV, which we attribute to’sp and O atoms in the adsorbate which are
directly bonded to the Cu surface. This assignrisesirongly supported by
previous studies of O(1s) and C(1s) spectra oballamd alkyl species
chemisorbed on metal surfaces, which show that@xymnd carbon atoms directly
bonded to a metal have binding energies which eeden 2 — 3 eV lower than
that of the element in an intact molecule. The fieing sg oxygen peak is centred
at 531.8 eV, the same as for state | moleculesppsesed to 532.6 eV as it was for
the multilayers. Therefore it seems that both cayboxygens are interacting with
the surface, one in a manner similar to thoseatedt and the other in a manner
which, along with a spcarbon, involves rehybridisation to’smnd the formation of

a direct bond to the substrate.
4.2.3 UPS

The UPS data collected from the clean surface, fratttilayers deposited at 110

K, and after subsequent annealing to 180 K andk2&® displayed in figure 4.6.
The UPS spectrum of a clean Cu(111) surface is miaied by emission from the
filled d-band, 2-4.4 eV, which contains sharp smoe at 3.7 and 2.8 eV. The
spectrum is very similar to those obtained in prasiUPS studies of clean Cu(111)
collected at the same photon enetyyAdsorption of multilayers at 110 K leads to

almost complete attenuation of the emission froenuthderlying Cu(111) substrate,
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Figure 4.6. UPS spectra collected from multilayers, and eftérsequent
annealing of multilayers to 180 and 273 K are digptl. Also shown (dashed

line) is the d-band region of the clean Cu(111ljamg.
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Figure 4.7. A difference spectrum (180 minus 273 K) is comgdaséth a
multilayer spectrum which has been shifted by )7 A clean Cu(111) and

dashed lines have been added to aid comparison.
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and bands associated with unperturbed methyl pyeuwalecules within the
condensed layer are seen at 5.1, 6.7, 8.6, 10.4B8cV. Based primarily on the
work of Birgi and co-workers, who performed UPSaorethyl pyruvate/ Pt(111)
system, the band at 5.1 eV can be attributed te p@ir electrons on the oxygen
atoms. We are however unable to assign the otlmelstthat appear, which, owing
to their broad nature are likely to be composed bigh density of orbitals. In the
spectrum collected at 180 K the d-band emissiom fitve Cu substrate reappears
because of the desorption of the condensed layihwad attenuated the signal,
but the sharp structure observed for the clearaseris still absent. It is thought
that the sharp structure is sustained by adsoftegeegions of the surface, thus
with a complete monolayer in existence, it is ahs&dsorbate induced bands are
observed in the spectrum at 5.0, 6.2, 8.2, 10.11dmngleV.

The spectrum collected at 273 K shows two significhfferences to that collected
at 180 K. Firstly, there is the reappearance efstiarp structure in the Cu d-band
which is indicative of desorption of a fractiontbe saturated layer, in agreement
with both the TPD and XPS data. More significantihere is a change in both the
absolute and relative positions of the adsorbadedad bands, 4.9, 6.0, 8.1, 9.6 and
11.3 eV, and their relative intensities. This irades that the electronic structure of
the state Il moiety is significantly perturbed frahat of both the free methyl
pyruvate molecule and those comprising state k,thuaddition to the physisorbed
molecules, there are two different bonding mechmasipresent, which is consistent
with the XPS data.

In figure 4.7 is a difference spectrum (180 K mi2u8 K; i.e. state | and state Il
minus state Il) which illustrates how methyl pyrte/a valence region is altered
upon adsorption in the state | configuration. plistted along with a multilayer
spectrum shifted by 0.7 eV, to compensate for tts®gtion induced stabilisation
of the orbitals. From comparison of the two it jgarent that the peaks in the
difference spectrum have the same relative positiorthose of the unperturbed
molecule in the condensed multilayers, indicatimaf state | is a weakly
chemisorbed species, which is in agreement with et XPS data and its low
desorption temperature.
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4.3 Discussion

The XPS, UPS and TPD data all clearly point tofttee that there are two
adsorption modes which methyl pyruvate adopts ofiCl), with the strongly
bonded chemisorbed moiety (state Il) prevalent tdversmall population of a
weakly chemisorbed state (state I). With the exoeptf thea-ketoesters discussed
in the introduction, reports of surface scienceligtsl of molecules containing two
types of carbonyl groups are rare, thus to undedstiaese bonding mechanisms we
must draw analogies with the interaction of moncfiomal carbonyl compounds,

48-54
S

such as aldehydé§*’, ketones®>*and esterd> °® with metal surfaces; on the

subject of which, there is extensive literature.

Two coordination modes have been observed fordeeration of aldehydes,
ketones and esters on metal surfaces. In theofiest callech’(O), the molecular
plane is perpendicular to the surface, with thedmginteraction occurring via
electron donation from the oxygen lone pair orBitéth general, molecules
adsorbed in this manner interact weakly with metafaces and desorb intact near
to 200 K. In the second mode, termedsdirn%(O,C), the molecule is lying flat,
binding through both the carbon and the oxygen atawth ther system being
involved in the bondingy®-adsorbates tend to desorb at significantly higher
temperatures than dg-adsorbates, and as such decomposition can comvjibte

desorption processes in TPD experiments.

From a molecular orbital point of view, three fastaontrol the type and strength
of bonding which coordinate a ligand to a metalteor surface: (i) orbitals of the
same symmetry must exist on both the ligand andnit@l to allow their mixing,
(i) the spatial extent of the orbitals must befisignt to facilitate significant
overlap and (iii) the energies of the interactimpitals must be similar. Since d-
metal atoms provide orbitals efandnr symmetry to match the symmetry of the
adsorbate’s orbitals and also the spatial exteatftwd efficient overlap, it is the
energy match of the interacting orbitals which deiae the preferred mode of

coordinationn® orn?,
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There is a vast catalogue of data available detpihe geometries of various
monofunctional carbonyl compounds on a wide variétynetal centres, but for
now we shall focus on acetone because it is the comsprehensively studied
example, and in addition can adopt bothithandn? bonding configurations
depending on the permutations of the system. THi®mable us to ascertain
factors which influence the energies of the intengcorbitals and use these to

interpret the results presented here.

4.3.1 Factors Determining the Mode of Adsorption: An Overview

Concerning Acetone

It is the frontier orbitals of acetone that intératth the metal d orbitals, thus
consideration of the energies of these on theligaad will provide insight into the
likelihood of electron donation taking plate The highest filled molecular orbital
is the nonbonding oxygen lone pair, resemblingtama p-like orbital with lobes
localised strongly on the oxygen atom and in thedegkl plane. Its energy lies at
11.2 eV below the vacuum level. The next highddilevel is thetco-bonding
orbital at -12.9 eV, the amplitude of which is oslightly greater on the oxygen
than on the acyl carbon atom. The lowest unfilldatal is ther* co-antibonding
orbital, which lies at +4.4 eV with respect to treeuum level and has its amplitude
more strongly localised on the acyl carbon thamhenoxygen atom. Thus it is the
nonbonding oxygen lone pair orbital that interantsst readily with the surface;
consequently when the single lobe of this orbitedraps with a glacceptor orbital
of the metal, a net transfer of electron densityrfithe ligand to the substrate results
andn’ bonding occurs. In this case the metal acts asakWwewis acid, and the
bond is correspondingly weak.

In addition to purely the HOMO donating electroagipty metal orbitals, overlap
of the second HOMO of acetone with an acceptor lefvthe metal, along with
back donation from metal d-levels into the LUMOtlné acetone ligand can initiate
n? bonding. The strength of this interaction, andefere the probability of its
occurrence relative to thg interaction, depends on the ability of the ligambtal

bond to facilitate back donation, since in the absef back donation the
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remainingr donor bond is particularly weak and unstable. Waghbond has been
fully formed with the substrate, the acetone’s aarbon and oxygen undergo
substantial rehybridisation from%w nearly sp This enables the carbon and
oxygen components to formbonds with the substrate, and is a clear indidiair

such a process has taken plEc¥.

It is useful at this point to contrast the bondmegchanism observed for acetone
with that found for molecules witin systems originating from carbon-carbon
double bonds, such as eth&har benzen¥. For these species the HOMO is a
orbital which donates electrons to the metal olhitdaus chemisorption is
dominated by charge transfer from therbital to the metal d orbitals and back
donation into ther* orbital, and a dis bond is formed. In acetone the presence of
oxygen stabilises the orbitals, consequently the energy difference betwbese
and the accepting metal orbitals near the Fernallisvincreased and this bonding
mode is less important. It is thus more favourdtitehe higher energy lone pair

orbitals to interact with those of the metal, angt Bond is more likely.

If it is indeed the case that the extent of backadion determines the likelihood of
n? occurring, then it is plausible that any changethe system that serve to either
increase the energy of the metal d-electrons aredse the energy of the LUMO
would bring the energies of the interacting oriitelbser to each other and thus
promote charge transfer between them. There haame the predominant ways in

which this has been successfully applied.

The choice of metal used as the substrate careimflkithe bonding geometry
adopted. If an analogy is drawn to homogeneousdoaation chemistry, it is
significant that the only®acetone complex isolated to date has tantaluimeat t
centre®®. The electropositive Ta (385°) has lower d-level occupancy relative to
rhodium (4d5sY), iridium (5d'6%) ® and ruthenium (4&s") ®° °” with which
acetone forms @' complex. Consequently its d-levels have highergnand can

therefore populate thef coorbital with greater ease, facilitating themode.

Returning to heterogeneous surface chemistry wesearnhat examples of-

acetone are more abundant. It has been reportedttbigyogenic temperatures
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acetone forms a mixture qf andn® bonding configurations, with th¢ mode
existing in greater concentration, on Pd(111) ¥, Ru(001)*® ** *'and Rh(111)
2. As the temperature of the system is increasedesf the adsorbed molecules
desorb while the remainder are converteg’tspecies, which then go on to either
desorb at higher temperatures or dissociate. Therption of acetone i on

Pt(111) (5d6s) “**°* with a minor state thought to & on step defects; and on
Cu(111) (3d%s") >3 and Au(111Y* (5d*%s"), which are sp-band metals with filled
d-bands, acetone adopts tffeconfiguration only. UPS studies show that the espp
d-electron band attenuates more than the s-bamagdansorption of acceptor
molecules”, therefore the back bonded electrons do not nadBssome from

near the Fermi level. Thus it is thought that mdd the position of the Fermi level
that determines the extent of back donation, katead the proximity of the centre
of the d-band to the acceptor levels. To clarifg fhoint, Pt has a high density of
states near its Fermi level, while Cu has a lovesrsity, with its filled d-band
experiencing greater contraction, lying 2-3 eV ek Copper however has a
Fermi level that sits at a higher energy. Whenstrae adsorbates are compared on
these two different substrates it has been fouatd@®©, ethene, ethyne, molecular

89 "1 and acetonitril& "?all bind more strongly to Pt, and

oxygen®® "° PR
spectroscopic measurements have revealed a condisgancrease in back

bonding.

The explanation behind there being a greater numibexamples of?> bonding on
surfaces compared to isolated metal centres casdxbto further emphasise the
importance of the d-band energy with regards tqtieéerred bonding geometry.
Interactions among metal atoms at a surface -broted-levels to form bands
which extend to higher energies than the d-leveisadated metal atoms. This has
the effect of setting the Fermi level of a bulk aleit a higher energy than the
HOMO would be were that same element to exist dsalated metal centre, hence
it can be said that the atoms of the surface beasvsolated metal atoms of lower
net d-level occupancy, and with the resulting iaseein d-band energy levels

comes a greater degree of back donation.
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It is also possible to promotg-acetone through the addition of electron
withdrawing substituents to the molecule. Theseotigse the carbon-oxygen
bond, lowering itst* co-orbital and thus bringing it into closer proximity
energetically with the donating metal d-band etet$f®. Recall that the only*
acetone complex isolated to date is formed withelbetropositive Ta. Substitution
of hydrogen for CHin acetone , however, lowers the energy oftthey-orbital

from +4.4 eV to +3.1 eV’, decreasing the energy gap betweemthegand d-
levels. This enhancedan* coback donation, and formaldehyde complexes with a
number of metals, including osmiGfand irori®, in then? bonding geometry.
Substituting CHwith the even more electronegativesClewers the energy of the
LUMO even more dramatically yieldingf-hexafluoroacetone complexes with

electronegative metals such as platifitifiand nickei™.

Through examining the adsorption of acetone andtguted acetone molecules on
a variety of substrates and isolated metal centreas been possible to ascertain
two factors which promote or inhibit back donatiand correspondingly the ratio

of n'(0) andn?(O,C)- adsorption modes attained for a carbonylmmmd on a

metal surface. With regards to the metal substthéecloser in energy the centre of
the d-band lies to the acceptor levels of the dxdger i.e. the more electropositive
the metal, the more likely it is thaf adsorption will take place. Secondly, the more
electron withdrawing substituents the molecule amrstin addition to the carbonyl
group, the lower ite* co- antibonding orbital with respect to the Fermidbxandn?

adsorption will also be promoted.
4.3.2 The Adsor ption Modes of Methyl Pyruvate on Cu(111)

Biirgi and co-workerS used DFT calculations to show that the hierardHyomtier
orbitals is similar for ethyl pyruvate as it is #@cetone, i.e. the HOMO is a
nonbonding oxygen lone pair, with thec-bonding orbital stabilised with respect
to it, and the LUMO is a*co-antibonding orbital. Thus, as with the
monofunctional aldehydes, ketones and esters, pttiylvate, and by extension
methyl pyruvate, should be able to coordinate ithlad andn? modes depending
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on the energetics of the system; and this is wieafind with methyl pyruvate on
Cu(111).

The XPS data show that for a state | adsorbed miglean spO(1s) electron shifts
to a lower binding energy by 0.8 eV, whereas timeaiader of the binding energies
remain faithful to those of a physisorbed molecilil@s is consistent with methyl
pyruvate being weakly chemisorbed to the surfasmuthh oxygen lone pair
donation; an orbital that is very strongly locatedthe carbonyl oxygen atoms; thus
only the XPS peak derived from them will undergghdt. Therefore, this minority
state is associated with methyl pyruvate bondexjfhconfiguration, with its
molecular plane perpendicular to the surface.

Figure 4.8. Displayed are the three possible bonding geonsetfithe weakly
adsorbedy' bonded methyl pyruvate on Cu(111)

As a consequence of the resolution of our experiateet up we cannot tell if both
spf oxygen atoms are contributing electrons to the metavhether only the one
does, and we just cannot resolve two peaks sepdrgtan energy difference as
small as 0.8 eV. However, previous work on meflyyuvate would suggest that
this state arises from a combination of three bagpdieometries, each arising from
the trans and cis isomers of the molecule and winvgleither one or both oxygen
lone pairs; these have been labelled trans |, faared cis and are illustrated in
figure 4.8. The trans | structure involves an estéebonyl/ surface interaction, trans
Il involves a keto carbonyl/ surface interactiorile in the cis configuration both

the ester and keto carbonyls interact with theamexf
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Although the trans form is predominant in the gaase, the presence of the surface
stabilises the higher energy cis conformation dhtthgee adsorption modes have
been observed experimentally. Using RAIRS, Castapgund co-workers found
that at 105 K and at monolayer coverage on Ni(£3 WP is adsorbed almost
exclusively in the cis form, with the trans formdypresent as minority species. At
200 — 220 K and at all coverages, MP adsorbs éntiréhe cis bidentate geometry.
For low concentrations of methyl pyruvate on cl@afi11) at 110 K, Lavoie et
determined that it adopted an enediolate geomdtirevboth carbonyl groups are
in a cis configuration and the molecule binds ®d4hbrface through both carbonyl
oxygen lone pairs. As the coverage was increasacctimplete monolayer, a
minority state appeared in which MP assumed a @dserption mode, however
only bonding through the keto oxygen was obsendttiough our data does not
allow us to determine which of thegkconfigurations is adopted by MP on
Cu(111), the TPD data, specifically the observatibtwo state | desorption peaks,
would suggest the presence of two distinct adsamgieometries, with one being
the cis and the other, one or both of the trandigorations. Furthermore, because
the cis conformation maximises the oxygen lone jpd@ractions with unfilled

metal orbitals, and because the strength of aéijpoluced dipole interaction, such
as between an adsorbate and a metal substrateyd$egueadratically on the dipole
moment of the adsorbate, and is hence expectegl ¢cortsiderably stronger for cis
due to its much larger dipole moméftit is logical to rationalise that the higher

temperature component of state |, at 234 K, isbattable to cis molecules.

The predominant mode of adsorption of MP on Cu(14.1hat comprising the
strongly bound state Il. The evidence provided I®&¥f the loss of a pair of 5@
and O atoms and consequent formation of Cu-C an@® ®Gands shows that this
state is formed when one of the two carbonyl dobblads, either the keto or the
ester, is cleaved, and the constituent parts undefgybridisation to sSpand then
form a dic bonded moiety. Thus state Il molecules adoptthonding
configuration and lie parallel to the substratee Dther carbonyl group remains
intact, with its oxygen continuing to interact witie surface through lone pair
donation. With our data it is not possible to ungubusly determine which is

which, but because it is known that ketone carb®foim stronger surface bonds
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than do ester carbonyls; a fact supported by pusvatudies which have shown that
a simple ester, methyl formate, does not form gfiypohemisorbed moieties with
either Ag>® or Cu’ surfaces; it seems reasonable to assume thahé leto C=0

which is the most reactive.

That MP adopts g bonding geometry on Cu(111) invokes both of the tactors
that we determined promote or inhibit back donatad correspondingly the ratio
of n'(0) andn?(O,C)- adsorption modes displayed by a carbonylpmmd on a
metal surface. With regards to the substrate, aoppn sp-band metal and as such
the centre of its d-band is contracted and it hasvadensity of states at-E
reducing the likelihood of charge back donatiomfrihe metal to the* co-
antibonding orbital of the adsorbate. However,kémne carbonyl group of MP is
adjoined by an electron withdrawing ester groupicivinas the converse effect of
lowering itsnt* co- antibonding orbital with respect to the Fermidg\thus
promoting charge back donation and consequeyitadsorption. Therefore, with
the population ofi? bonded MP dominating that qf, the presence of the electron
withdrawing group exerts a stronger influence anehergetics of the adsorbate/

substrate system than the electronic structurbeohbble metal surface.

In previous studies involving acetone derivgdnoieties on metal surfaces, it has
been found that the elevated desorption tempesathed result from the di-bond
tend to ensure that decomposition pathways conguetsessfully with desorption
processes in TPD experiments. However, this ishetase with MP on Cu(111),
which undergoes reversible adsorption with no medide amount of dissociation.
This absence of any C-C bond cleavage is consigtigimthe less reactive nature of

noble metal surfaces.
4.4 Conclusonsand Further Work

In the heterogeneously catalysed enantio-selebydeogenation ofi-ketoesters, it

is widely thought that it is the? bonding geometry of the reactant molecules that is
catalytically active and it is the decompositionlymerisation that occurs at room
temperature and beyond that irreversibly deacts/tite process. At room

temperature, it appears that methyl pyruvate ori Clj(exists entirely in the
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catalytically activey® form, and the inactiveness of this noble metaliesthat
MP undergoes reversible adsorption with no measeiabount of dissociation.
Therefore it is suggested that it is maybe worthevbonsidering the possibility of
testing the effectiveness of chirally modified sagpd Cu as an enantio-selective

catalyst.
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Chapter 5: Enantio-dependent Electron Beam | nduced

Surface Chemistry- I ntroduction

5.1 Enantio-specific Processes on Chiral Surfaces

5.1.1 The Nature of Enantiospecific Interactions

An object is deemed chiral when it is nonsuperinapes upon its mirror image. In
the macroscopic world, this property is most comiyassociated with one’s left
and right hands, such that a left hand will noirfib a right handed glove and vice
versa. This property arises largely on the moledelel when carbon atoms are
coordinated to four different substituents, whielm @e arranged in such a manner,
that two molecules composed of identical partgalesed solely by a mirror plane.
Because of matching atomic makeup, enantiomers éveaetly the same physical
properties such as solubilties and melting andrxppoints, however they can have
vastly different physiological impacts when ingesis living organisms. This
stems from the fact that biological life is homaahithat is, observed amino acids
and sugars are almost exclusivieandd forms, respectively. Consequently
proteins, the very building blocks of life on earimzymes, that make possible all
physiologically important processes, and DNA, thesprint for life itself, are all of
a single handedness; and as such react accordieggnding on the chirality of the
molecules they encounter. The most pronounced aapdin of this is that chiral
compounds such as pharmaceuticals that are prodoicedman consumption must

be manufactured in an enantiomerically pure form.

Due to the fact that life on earth is based onatlitomolecules, both industrial
scientists who synthesise biologically relevantdoicis such as pharmaceuticals,
perfumes and agrochemicals, and life scientists twhtm make sense of why life
on earth evolved as it did are interested in disdog as much about chiral
relationships as they can. Under this umbrellahirfat relationships are those
involving chiral molecules and chiral surfaces, thmifications of which could
range from more effective and efficient ways oftbgsising and separating

enantiomeric compounds, to answering one of the faagamental questions of
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all, that of why life on earth developed in the famhiral manner that it did. Despite
the potentially far reaching implications of thisldl, until recently such interactions
have received relatively little attention, a stataffairs summed up quite succinctly
in a 2002 review with the phrase “chiral surfaceroistry has hardly been defined,
let alone explored®. The literature suggests that investigations théenantio-
selective adsorption of chiral molecules onto dhirarganic surfaces have tended
to focus on three clearly defined areas: the sagat naturally occurring mineral
crystals that possess chiral bulk structures, athietal surfaces that have been
bestowed with chirality through the adsorption biral organic molecules, and of
the greatest relevance to this work, metals withratbulk structures that have

been cleaved at such an angle to expose surfatearéhnaturally chiral.

5.1.2 The Enantio-sel ective Adsorption of Chiral Molecules onto Chiral
Inorganic Surfaces- Bulk Chiral Crystals

Quartz is the most commonly found chiral matemahature, its chirality arising
from the helical arrangement of Si@trahedra in the bulk structuteSince the

bulk structure of quartz is chiral, its surfaces also chiral, and as such can interact
enantio-specifically with the two enantiomers affégral compound. This was
demonstrated by the selective adsorption of th@aracids D- and L- alanine
hydrochloride on powdered quartz crystals; D-alardadsorbed preferentially onto
the D-quartz surfaces while L-alanine adsorbedepestially onto the L-quartz
Quartz powders used to nucleate the asymmetri©iegist of chiral pyramidal
alkanols have also promoted enantio-specific ouesyrthe enantiomer of the
reaction product was controlled by the enantiomieieatity of the powdered quartz
added to the reaction to such an extent that esrastic excesses of over 90% were
reported® ®. These phenomena have also been observed omaitieral surfaces.
The nucleation reaction has been repeated witbhhal quartz crystals replaced by
enantiomerically pure crystals of sodium chlorated similar results were obtained
" and enantio-selective adsorption has been raptsteccur on calcite with even
greater selectivity than on quaftzCalcite forms crystals that can have adjacent
faces possessing enantiomeric structtirasd exposure of such crystals to a

racemic mix of D- and L- aspartic acid resultedhe preferential adsorption of one
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enantiomer on one surface and the other on itomimage. As a control
experiment, it was shown that an achiral calcite faid not selectively adsorb
either optical isomet. That this particular mineral acts enantio-spealfy is
especially significant to origin of homochiralitiuslies. It was one of the most
abundant marine minerals in the Archaean’Ethaus would have been widely
present in prebiotic environments, and furthermsmso biochemically relevant
because it has a propensity to adsorb amino aniissassubsequently found

strongly bonded to proteins in the shells of maveitebrated® **

5.1.3 The Enantio-sel ective Adsor ption of Chiral Molecules onto Chiral
Inorganic Surfaces- Chirally Templated Surfaces

Unlike the mineral crystals discussed above, mé@a® highly symmetric, achiral
bulk structures and as such will tend to have dgsgmmetric surface structures.
The property of chirality can be imparted to thesdaces though by adsorbing
onto them chiral organic molecules termed modifiarsapproach that has proved
successful in both the purification of racemic mnets and the synthesis of single
enantiomers?. Separation of optical isomers by adsorptive psses is one of the
most powerful methods in the fabrication of enaqpiwe chemicals, and occupying
a central position in this field is a variation standard liquid chromatograph{*®
This technique has as its stationary phase anadilica support modified by
chiral selectors, and it is the miniscule differemt the interaction of the two
enantiomers with this phase, as they get flushexitfh the column, that enables
efficient separations to proceed. An alternativenamufacturing both enantiomers
in equal quantities and resolving the racemic peoduto synthesise only the
enantiomer of interest. One way to achieve thikesheterogeneous approach,
which utilises a chirally modified, catalyticallg@e metal surface. This concept
has been successfully developed for the enantextbet hydrogenation d¥-

ketoesters over Ni catalysts templated with tastacid’’*°

and the hydrogenation
of a-ketoesters over Pt catalysts templated with cinaratkaloids®%® Despite
enantiomeric excesses of up to 97-98% being repdH&, the underlying
mechanisms behind this process are not well urmtEsConsequently a debate

rages as to whether the enantio-differentiaticattisbutable to an enantio-specific
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one-to-one interaction between the reactant andhtidifier or whether it is
because the adsorbed ligands assemble into ordewge with a chiral unit cell,

thus imparting long range chirality to the surfate

5.1.4 The Enantio-sel ective Adsor ption of Chiral Molecules onto Chiral
Inorganic Surfaces- Naturally Chiral Surfaces of Achiral Metals

The most recent branch of enantio-specific intépaston chiral surfaces to have
received attention is that involving bulk achiradtals cleaved at such an angle so
as to expose an enantiomorphic surface. The dyistéms from the presence of
kinked steps, and the two enantiomeric forms canrnanbiguously assigned using
LEED %. The precise nature and structure of this surfigoe is described in the
Experimental Details section (chapter 2), to whheeinterested reader is directed
for further information. Extrapolating from theaartiio-specific behaviour observed
on naturally occurring mineral crystals and termgadamnetal surfaces, it was
assumed that these high Miller indices structuhesilsl also interact differently
with the two enantiomers of a chiral molecule. Aslsit was expected that they
ought to exhibit enantio-selective adsorption, ¢imaselective reaction kinetics and
possibly even enantio-selectivity in the synthesishiral molecules from prochiral
reactant$’. As one would expect, research has been quitéskihi such novel

field, however the former two of these expectatibage already been observed
experimentally and it is these findings that wellsimaw review.

Although it was expected that chiral single crystaifaces should interact
differently with the two enantiomers of a chiral lkecule, the first experiments
performed to this end did not reveal any such eaapecificity®®. TPD
experiments were used to monitor any disparithendesorption energies for (R)-
and (S)-2-butanol on Ag(643) and in the energyibato 3-hydride elimination of
(R)- and (S)-2-butanoxy species on the same surfdtteough no differences were
discovered, this was attributed to any differenemd less than the experimental
sensitivity of 0.1 kcal mdl, as opposed to the absence of any chiral induted
This assumption was later found to be correct vtheruse of RAIRS revealed that

the two butanoxy enantiomers adopted differentaigons on the surfate
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Prior to the RAIRS confirmation, independent théioed simulations had also
suggested that the negative results with respeabetd PD experiments were not
conclusive’®3!, These simulations measured the adsorption geprett adsorbate
binding energy of several chiral hydrocarbons airadly chiral Pt and Cu surfaces
and concluded that many adsorbate/ substrate gpassfor which the difference
between the binding energy of two enantiomers patarally chiral surface is large
enough to be readily identified experimentally. SiMas not deemed to be a
universal phenomenon though, for they also detexththat not all chiral species
will exhibit enantio-specific properties on chisahgle- crystal surfaces, citing the
example of 1, 2-dimethyl-allene on Pt(643) for whibey predicted the binding
energy was essentially independent of the enantioritntity of the adsorbaté.
Despite the body of theoretical results that hesaaly been amassed, and is still
being contributed t6*>° it has nevertheless not been possible to degluge
simple rules that provide insight into which enanters of an adsorbate will

display enantio-differentiation on a chiral surfaaed to what extent.

The first experimental evidence for the enantioesfjéty of chiral single crystal
surfaces was acquired from the electro-oxidatioglodose®® . Cyclic
voltammetry (CV) is a technique used in electrocisento determine formal
redox potentials, detect chemical reactions antuat@electron transfer kinetics.
The initial potential across a cell is in a regwimere no electrolysis occurs and
hence no current flows. As the voltage is scanndde positive direction, the
reduced compound, in this case glucose is oxidiséle electrode surface,
consequently a current flows and a profile detgitime reaction kinetics is plotted.
When achiral flat and stepped Pt crystals were asdtie electrodes, no enantio-
specificity between D- and L-glucose was evideontyéver when the same
experiment was performed using chiral Pt(68) Pt(531) electrodes, the
voltammetry profiles depended markedly on the aonargric identity of the
glucose. It was estimated that the adsorption éeeaf the two enantiomers on
Pt(643) differed by approximately 0.3 kcal MoThe dissimilarity between the
profiles for D- and L-glucose were larger from ##531) surfaces than from
Pt(643), which was attributed to the higher kinkslgy on the Pt(531) surface.

These experiments were subsequently repeated asargge of sugars with
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comparable resultd. Although the surface reaction mechanisms ofetlsesjars,
which all possess multiple chiral centres, arewelt understood, as a consequence
of CV being particularly sensitive to changes ie kbcal charged state of different

surface region®®*,

the observed peaks could be related directlgnate, step and
kink sites on the electrode surface, and hencsutface locations responsible for
the chiral discrimination could be assigned. A ffipaint worthy of note is that, as
with the UHV adsorption experiments discussed apowetall chiral molecules
exhibit chiral discrimination during CV on chiral 8ectrodes;
dihydrocinchonidine, a species closely relatedheodhiral templates used in the
widely studied heterogeneous enantio-selectivdysisa showed no chiral

discrimination on Pt(643) or Pt(53%

Although the initial TPD adsorption experimentsfpaned by Gellman’s research
group did not reveal any enantio-differentiatiorthe desorption peaks arising from
the interactions of (R)- and (S)-2-butanol on AgB4heir follow up experiments
did ?"*** The TPDs obtained from (R)-3-methylcyclohexan{f-3-MCHO)
and (S)-3-methylcyclohexanone ((S)-3-MCHO) on C@)B4and Cu(643)surfaces
exhibited three distinct desorption peaks that vessociated with three distinct
adsorption sites on the surfééeComparison with TPD spectra from Cu(111),
Cu(221) and Cu(533) surfaces that have only (1drtate structures or (111)
terraces separated by straight step edges, pedrtiteallocation of each of these
peaks to desorption from terrace, step and kimsswith the peak desorption
temperatures increasing in that oréfef> This assignment was confirmed by
titrating the crystal surface with iodift& *> DFT calculations showed that iodine
has a strong energetic preference to adsorb atskie& on a chiral surface.
Following saturation of these, its affinity theadiwith straight step edges, before
finally occupying terrace sites. Thus, atomic i@was used to selectively titrate
the various different sites on the surface priaddsing with the chiral molecule of
interest, and it could be seen clearly which peségsimed from particular surface
sites. On the Cu(643) surface it is the kink siked are enantiomorphic, and as
would be expected, it was in the desorption peaksg from these that the
enantio-specific interactions could be seen. Camiasurement of the peak

desorption temperatures for the desorption of (lR)JESHO from the kink sites on
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each of the mirror image surfaces revealed a diffee 3.5 9.8 K2’. From this
figure, it was estimated that the desorption emsrfpr (R)-3-MCHO on the
Cu(643% and Cu(643)surfaces differed by 0.23 kcal rffolAlthough this energy
difference seems quite small, it corresponds tifferdnce of approximately 30%
in desorption rates at room temperattirend is sufficient to induce significant
effects. To put these figures into perspectiveudysof five organic species
demonstrated that enantiomeric energy differentésse than 0.1 kcal molwere
sufficient to allow effective chiral separationsngsgas chromatography with
permethylg-cyclodextrin as the chiral stationary ph&%eTherefore it should come
as no surprise to learn that the difference in 3HMOates was enough to
substantially enrich an initially racemic mixtutedugh the establishment of an
adsorption/ desorption equilibrium with the gas tuig at temperatures associated

with the enantio-specific peaks in the TPfs

Further proof that naturally chiral metal surfacas have enantio-specific
adsorption properties comes from an experimenthvhged STM to observe
directly the enantio-specific adsorption of cyseeomto kink sited’. Cysteine tends
to form homochiral dimers, and on terraces thesiiesnare rotated Z@ither
counterclockwise (D-cysteine) or clockwise (L-cys& with respect to the [1-10]
direction®®. At an (S)-kink site, on a racemic Au surface edmihg approximately
equal numbers of S and R kinks, a D-cysteine dimenly rotated by 10 while

the extent of rotation experienced by an L-dimenéseased to 3F'. The opposite

Is true at an (R)-kink site. Furthermore, densepdchiral cysteine islands were
found to preferentially grow from kink sites of gesific chirality; islands of D-
cysteine showed a strong tendency to grow fronk{i®s, while islands of L-
cysteine were inclined to grow from (R)-kirtksThus it was speculated that dimers
of a specific chirality are preferentially adsorladheses kinks, and proceed to act
as nucleation sites for the island growth. Whiie thork was concerned with
cysteine dimers, theoretical and angle scannedyXpinatoelectron diffraction
studies have shown that the monomers also exhihitteo-selectivity**. At kink

sites on Au(17 11 §) D- and L- cysteine were found to adopt two distiznd non-

mirror symmetric conformations.
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Recently Gellman et al. published work which reprgsd the first example of
enantio-specificity in the reactions of an adscetmt a naturally chiral surfaé®
(R)-2-bromobutane adsorbed onto Cu can desorb oialig or debrominate to
form (R)-2-butyl groups on the surface. These (Ru®/1 groups then react further,
either byp-hydride elimination to form 1- or 2-butene, orloydrogenation to form
butane. TPD was used to quantify the relative gielithe various reaction
products subsequent to adsorption on Cu(@#3nd Cu(5313*° surfaces. It was
found that the rates of the various competing reagiathways were sensitive to
the handedness of the two chiral surfaces. Furtbernthe selectivity of desorption
versus debromination indicated a higher degre@manhgo-selectivity on the more
densely kinked Cu(531) surfaces than on the Cu(éd8aces, while the enantio-
selectivities of the (R)-2-butyl reactions were i&@mon both. A follow up
experiment repeated this process using (S)-1-brdmmethylbutane on Cu(643y
*0 Both molecules exhibit similar surface chemishgyever their structures differ
such that in (R)-2-bromobutane the chiral carb@matoincides with the
debromination centre, while tifichydride elimination centres are achiral, and for
(S)-1-bromo-2-methylbutane the opposite is truesyite these differences, the
pattern of enantio-selectivities among the produere similar, which suggests
that the surface structure has a greater impaehantio-selectivity than the internal

structures of the adsorbates.
5.2 Enantio-dependent Electron Beam Induced Surface Chemistry

The work that follows probes the thermal and etatinduced surface chemistry of
methyl lactate; the results of which expand thalogue of experimentally obtained
examples of enantio-specific desorption energies) proceed to take chiral
surface chemistry in a novel direction by descglior the first time enantio-
specific surface chemistry initiated by a beamai-chiral low energy electrons.
To assist reading and comprehending what follovasst been divided into three

sections.

Part A describes the characterisation of the thkeamé electron induced chemistry

of methyl lactate on Cu(111). It was establishexd thrrace adsorbates adsorbed
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molecularly, while those at the defect sites hadddfitional dissociation pathway
open to them involving hydroxyl O-H cleavage tonfioan alkoxide and . As the
surface temperature was increased >350 K, the wl&pecies could either
recombine with hydrogen to desorb as MLac, undéigber dehydrogenation to
desorb as methyl pyruvate or completely decompasaddition to thermal
activation, MLac on a Cu substrate is extremelgepsble to electron stimulation
which was found to offer an alternative route tduaing both molecular desorption

and dissociation at the hydroxyl group.

These findings were then used in part B to assigrigatures in the TPD profiles
acquired from the vicinal Cu (643%urface. The peaks arising from molecular
desorption at terrace and step sites occurreceaaime temperature for both
enantiomers, however, those attributed to desarptam the kink sites differed by
13 K, representing an enantio-specific differemcdesorption energies of 0.94 kcal
mol™. Furthermore, we also observed enantio-specifiase reactions. It was
found that there was a greater tendency for thedRgntiomer to undergo both the
alkoxide recombination reaction and further dehgération to methyl pyruvate,

while the (S)-enantiomer had a greater proclivityihdergo total decomposition.

In part C non-thermal enantio-specific surface ciseaminitiated by a beam of non-
chiral low energy electrons is reported. The etetstimulated desorption and
conversion to alkoxide moiety at the chiral kintesiis found to be significantly
more efficient for (R)-MLac than for (S)-MLac, withe chiral adsorption
environment credited with providing the chiral uréhce required for enantio-
selectivity. Furthermore, electron irradiation @&svdesorption more completely
with a monolayer of (R)-MLac than a monolayer of-($ehaviour which leads us
to speculate that non-thermal processes on naturatiurring surfaces could have

contributed to the evolution of biohomochirality.

Prior to describing our results though, we begimptssenting a brief overview of
electron stimulated desorption, for this reactiathgvay forms an integral part of

what follows, and as such the reader requirestaindamiliarity.
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5.3 Electron Simulated Desor ption
5.3.1 Low Energy Electrons as Instigators of Surface Chemistry

In electron stimulated desorption/ dissociationE8lectrons with energies
typically less than 500 eV are used to bombard rbagsblayers of atoms or
molecules and cause electronic excitations in thegace specied™* The excited
adsorbate may then desorb from the surface, ditiosess the surface, fragment or
convert from one binding state to another; or alévely a quenching mechanism,
typically involving the transfer of charged parntisland/or energy between the
adsorbate and the substrate, will bring the adsetteack to the ground state. ESD
is widely encountered in nature and in the laboyatim the solar system and in
interstellar space, the surfaces of materials anstantly exposed to energetic
particles that stimulate desorption processesewhithe laboratory such processes
occur in almost every system involving the impdatmergetic photons or charged

particles on solid surfaces.

ESD is a useful surface science technique becadestons can be used to supply
the energy necessary to surmount activation enagyers in reactions that would
otherwise not occur without having to heat theaefto high temperatures, often
not possible without damaging the surface. Furtloeemcontrol over electrons’
kinetic energy makes it possible to enhance obihkertain chemical reactions and
processes on surfaces. As a consequence of thelsatas electrons have been
used to selectively synthesise catalytically irgéng adsorbed fragmems One
area of application is in electron beam processitggre a beam of electrons is
used to etch or deposit material from or on théaser Of interest to the
microelectronic fabrication industry, electrons ¢enused to break apart
organometallic precursor molecules, leaving belimelectrically conducting
deposit on the surface in the form of nanometredstagh purity metallic wires.
Low energy electrons are also used in polymer cbgymiwhere they can be
employed to initiate cross-linking in fluorocarbpalymer chains® *’.

To initiate desorption, the electrons facilitate tireakage of chemical bonds either

between the adsorbate and the surface, or betwdamdual atoms in the
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adsorbate. The strengths of the bonds determinithienum electron energy
required; thus ESD measured as a function of imtidkectron energy can yield
important information about the initial chemicatst of the emitted species. The
related technique electron stimulated desorptioraiogular distribution (ESDIAD)
is used to garner information about bond anglesratadions in adsorbed
molecules. Subsequent to bombardment, the eje@gohénts are emitted along the
direction of the broken bonds, thus by measurirgdinectional dependence of
these entities as they are emitted from the surtheeorientation of the chemical

bonds that were broken can be deduced.

5.3.2 The Nature of Electron- Adsorbate Collisions

When an adsorbate covered surface is bombardedomitbnergy electrons the
incident electron only directly excites the adséeksubstrate complex in the
minority of cases; indirect and substrate mediatezitation mechanisms tend to be
prevalent. The incoming electrons are inelasticadigttered by the substrate
whereupon they can attach or impart energy to tbkecuale, creating a short lived

ionic or neutral excited transient.

Electron impact may excite an adsorbate electrdgjcabrationally, rotationally or
translationally; and this may proceed in three gangays. Firstly, it can excite one
of the molecule’s electrons to a higher energy ke orbital, which may be an
anti-bonding orbital. Secondly, it can positivebyise the molecule by exciting one
of the adsorbate’s electrons into the continuunirdlyy the incident electron can
temporarily attach itself to the molecule, occugyomne of its unoccupied orbitals.
This last process is called resonant electronelatt@nt and only occurs when the

electron’s energy exactly matches the energy afrexccupied molecular orbital.

5.3.3 Mechanisms for ESD

Although electron induced chemistry on conductindaces is a complex
phenomenon, simple qualitative models have beditigunt to provide
considerable insight into the physics involved. @hehetype of these was

developed in the 1960s by two research groups wgrikidependently from each
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other. The Menzel-Gomer-Redhead (MGR) model, sskihown, is based on the
models for electronic excitation and dissociatibgaseous molecules, and
although the situation is more complicated wheffeses are introduced to the

system, it works exceptionally well.
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Figureb5.1. Potential energy curves for the ground and exatedtronic states
of the surface and the adsorbate.; illustratinghlaén principles behind the

Menzel-Gomer-Redhead (MGR) model.

The MGR model utilises a classical one- dimensiomab electronic state concept
to describe the dynamics of ESD. It has as itssitasi Franck- Condon principle,
which states that due to the relative time scaledextronic and nuclear motions,
an electronic transition is most likely to occuthvaut changes in the positions of
the nuclei in the molecular entity and its envir@mt Thus when electron impact
leads to the excitation or ionisation of an adsdrs®m or molecule, the initial
ground state, (S + A), is projected instantaneoastp an excited electronic
surface, (S + A)*, as shown in Figure 5.1. Thisiextspecies may have an energy

curve very different to that of the neutral growtate; it may have a shallow
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attractive potential well or no attractive regidrall. After the excitation process,
the system will relax by moving the excited adstetmvay from the surface, thus
reducing the system’s potential energy and impamiguivalent kinetic energy to
the excited species. If no further processes ietegythen the ion or excited neutral
will proceed to the gas phase with kinetic andrimaéenergies equal to the change
in potential energy. However, the surface opensiapy relaxation channels to the
excited species, thus there is only a finite lifetibefore (S + A)* decays back to (S
+ A). If the adsorbate separates to a criticalagise, g, before this quenching
occurs, it will have acquired enough kinetic eneegyo escape the surface and
desorb. If this critical distance is not reachéé, adsorbate returns to the ground
state and the electronic energy is converted mbstsate excitation, which, under
the assumptions of this model is not consideradftoence the substrate- adsorbate

bonding.

Although grossly simplified, the MGR model has sexted in capturing the
essential physics of ESD, and has laid the fouadatior much of the theoretical
work that has followed. It has accounted for mabgesved trends including: (1)
the dominant desorption products tend to be neyjtwath ions only constituting a
minority of desorbed species; (2) the differentdiomg modes of an adsorbate
exhibit different ESD cross sections; (3) ESD is oloserved for metallic
adsorbates on metal substrates; (4) slow heavemiesphave a lower probability of

desorption than faster, less massive ones.

Nevertheless the MGR is a simplified model, andwash it does have its

limitations. Since it is not possible to depict #ectronic excitations in extensive
detail, the model does not have predictive powercerning either the nature of
the excited states involved or the mode of thetiage A second limitation is that
because electron induced reactions on surfaceswatelimensional, involving not
only the desorption coordinate but also other coates as well, a 1 D model fails
to describe even the qualitative dynamics of massyesns. These shortcomings,
amongst others, have spurred the development af adranced excitation models;
however what nearly all have in common, is thdhair heart they have this general
theory of a Franck- Condon excitation to a rep@diaal state. And as such, the
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MGR model is sufficient for the reader to underdtéire processes encountered in

the work that follows.
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Chapter 5A: The Thermal and Electron | nduced Chemistry
of Methyl L actate on Cu(111)

In the following section we find that MLac adsorbed on a Cu(111) terrace
undergoes reversible molecular desorption, while that adsorbed at defect sites can
also undergo varying degrees of dehydrogenation. We also find that this compound
on a Cu substrate is extremely susceptible to electron induced processes; such that
when excited with a beam of low energy electrons, terrace bound entities have a
tendency to desorb intact, while those at defect sites may undergo electron induced

dehydrogenation at the hydroxyl group.

5A.1 Results
5A.1.1 Thermal Chemistry of Methyl Lactate

As the (S) optical isomer of methyl lactate ((S)-&&l.is the most prevalent, the
work that follows was conducted primarily usingstenantiomer. Key experiments
were then repeated using both the R enantiometrenichcemic mixture to

ascertain any variance in their behaviour; none faasd.

Figure 5A.1 contains nested TPD profiles showirggdbsorption of intact parent
molecules from a Cu(111) surface which had beewseghto successively greater
amounts of (S)-MLac at 103 K. The profiles weleetaby following the most
intense ion fragment in the MLac cracking pattdfamu (GHsO")%. At the
lowest exposure there are three peaks at 222K 277 K () and 360 K ).
Slightly increasing the exposure saturates botlfs #twedy features, while a peak at
209 K (@1) begins to develop and grow concurrently wigh Increasing the dose
further saturateg2, where after it exists as a shoulder to the dantisl. The peak
at 176 K does not saturate and its position movésgher temperature with

mounting exposure, indicating desorption from nhayers.

Figure 5A.2 shows the profiles obtained from theed PD experiments run to
produce the results in figure 5A.1 but with the QM8ed to detect 43 amu
(CoH30"), the most intense fragment in the cracking pattémethyl pyruvate
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Figure5A.1. Displayed are a series of nested TPD 45 amu psdfi¢ained

from a Cu (111) surface which had been exposeddaentially larger doses of
methyl lactate at 103 K. Multilayers and tiik, a2, B andy states have been
labelled. Inset is a plot of coverage (given asatea under the 45 amu TPD
profile, in arbitrary units) as a function of expos (given as the area under the

45 amu dose file, in arbitrary units). The dashed is a guide for the eye.
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Figure5A.2. Displayed are a series of nested TPD 43 amu psdfi¢ained
from a Cu (111) surface which had been exposeddaentially larger doses of
methyl lactate at 103 K. The highest temperatusk pentains contributions
from desorbing methyl lactate and methyl pyruvatdetules. Inset are the

corresponding 2 amu profiles, charting the evolutié H, from the surface.
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Figure5A.3. Displayed are the 43 amu plots and the 45 ams ptbich have
been reduced by a factor relating to the differéndatensities of the two
fragments in the MLac cracking pattern. This clasfthe contributions made
to the high temperature state from desorbing meg¢ttyhte and methyl
pyruvate molecules. The 45 amu plots are coloueddd match the plots in
figure 5A.1 from which they are derived.
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Figure5A.4. Displayed are a series of nested TPD profileshhaée been
derived to illustrate the amounts of methyl pyravatolving from the surface
subsequent to progressively larger doses of méhtdte. The data
manipulation procedure used to obtain this figsrddtailed in the results
section. Inset is a plot of MP peak area (arbittarys) as a function of methyl
lactate exposure (given as the area under the 45dase file, arbitrary units)

for the sub-monolayer experiments.
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(MP), a molecule that is formed when methyl lactases two hydrogen atoms.
This mass is also present as a minor fragmentircrilicking pattern of MLac

which explains why the physisorption peak at 17énd the chemisorption peaks
al, o2 andp can be seen in these as well. Theeak however, is masked by a new,
larger feature at 380 K arising from the desorptbMP. To determine how much
of this feature originates from the desorption®f-§MLac and how much from MP,
the 45 amu plots were reduced by a factor relatrthe difference in intensities of
the two fragments in the MLac cracking pattern #rah subtracted from the
corresponding 43 amu profiles; figure 5A.3 enalle®@mparison of the scaled 45
amu and 43 amu traces, and figure 5A.4 shows ptinelgvolution of methyl
pyruvate from the surface. The inset of which ch#re areas of the MP peaks as a
function of methyl lactate exposure revealing thatlevel of production saturates
concomitantly with th¢y andy peaks in the 45 amu profiles. Included as an irieer
figure 5A.2 are the corresponding 2 amu traces wiegeal that hydrogen evolves
from the surface at two points, represented byak jpé 380 K, comparable to that
of MP, thus verifying that a dehydrogenation reatis taking place, and a
shoulder at 355 K. It would appear that one of tates may befall the molecules
comprising this high temperature state; a minatégorbs as intact (S)-MLac
molecules, while the majority undergo a dehydrogienaeaction to form the-
ketoester. AES collected subsequent to TPD coioplgiave a carbon/ copper
ratio of 0.005 40.002, which indicates that the level of thernmaluiced total
decomposition experienced by MLac on Cu(111) islisue not insubstantial. It
was necessary to make this deduction based onopieeixperience of AES because
it was not possible to obtain a ratio from a corteoleonolayer of adsorbate for
comparative purposes as MLac was found to be wesgeptible to electron induced

desorption, a trait which will be covered in a tatabsection.

These TPD experiments were also performed for (Radvand the racemic
mixture with similar profiles obtained from eacheBe are shown in figure 5A.5
along with that derived from the (S)-enantiomerdomparison. Although the
Cu(111) surface is achiral and consequently it seemty logical that it does not
interact enantio-specifically with either pure (8)-ac or (R)-MLac, that the

racemic mixture was found to have the same desorginetics need not
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Figure 5A.5. Displayed are the scaled 45 amu plots (black)4ghamu plots
(red) and the 2 amu plots (blue) for (S)-MLac, (®)ac and the racemic
mixture. Note the variance in the shapes of thé hkégnperature peaks which

stems from them originating at defect sites, whiaty in quantity and type for
each experiment.
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Figure5A.6. Displayed are TPD (a) 45 amu profiles (b) 43 amofilgs and
(c) methyl pyruvate profiles obtained from botheamealed (black) and a
roughened (red) Cu (111) surface. The data manipalprocedure used to

obtain (c) is detailed in the results section.
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necessarily have been the case. An analogousisiidis with melting and boiling
points, which although are identical for pure er@aners are quite often different
from those of the racemic mixtufeThe fact that the desorption profiles are similar
introduces the possibility that the adsorbed racenikture may separate into

domains of pure (S)-MLac and (R)-MLac.

A roughened surface was created by bombarding tif&1@) surface with Arions
at room temperature for thirty minutes. A monolage(S)-MLac was then
adsorbed and a TPD performed, the results of winiake up figure 5A.6. From
these plots it can be seen that while the peaR8&K and 220 K have shrunk
considerably on the defected surface, the peakg7aK and 360 K have increased
in size, along with the 380 K feature in the 43 apactrum. If a scaled 45 amu
plot is obtained as before, and subtracted fronttmeesponding 43 amu trace, a
plot is left which details purely the level of MRatution that occurs during each
experiment, and it is clear from these that thiseases as the number of defects
does. The AES carbon/ copper ratio obtained afitening this TPD gave a value of
0.029 +0.005 which suggests that the level of thermalieedl complete
decomposition, resulting in residual carbon, undeegby (S)-MLac increased by a
factor of six on the highly defective surface.

5A.1.2 Electron Irradiation of Methyl Lactate
5A.1.2.1 Electron Induced Chemistry

The TPD traces of the parent molecule (S)- MLacgdti) and the
dehydrogenation product methyl pyruvate (43 amukvexamined after exposing a
monolayer covered surface to varying electron ftesmat the seven beam energies
10eV, 25eV, 40eV, 50eV, 65eV, 85eV and 100eV. Fagui(a) to 13(a) contain
nested plots illustrating how each of the 45 amaodgtion profiles vary as the
electron flux is altered at each of these beamgee®rit can be seen that thk, a2
andp features all attenuate, while th@eak increases in size. For low fluxes, this
high temperature feature grows into a peak ceratre®50 K, and as the electron

dose is increased, the peak broadens and thisualigrtecomes a shoulder to a
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Figure5A.7. Displayed are a series of nested TPD (a) 45 anfilgedb)
difference profiles (c) 43 amu profiles and (d) hyefpyruvate profiles
obtained subsequent to irradiating a monolayeSpiMLac with increasingly
greater fluxes of 10 eV electrons at 103 K. Notetetirradiation (black), 2 x
10" & cm? (red), 4 x 1&° & cm? (blue) and 8 x 18 € cm? (green). The data
manipulation procedure used to obtain (b) andgdetailed in the results
section.
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Figure 5A.8. Displayed are a series of nested TPD (a) 45 amfilgedb)
difference profiles (c) 43 amu profiles and (d) hyépyruvate profiles
obtained subsequent to irradiating a monolayeBpiMLac with increasingly
greater fluxes of 25 eV electrons at 103 K. No tetatirradiation (black), 0.6 x
10" e cm? (red), 1.25 x 18 € cm? (blue), 2.5 x 18 e cm? (green), 5 x 15 &
cm? (magenta), 15 x 0e cm? (burgundy), 20 x 18 € cm? (orange).The
data manipulation procedure used to obtain (b)(dhd detailed in the results

section.
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Figure5A.9. Displayed are a series of nested TPD (a) 45 anfilgedb)
difference profiles (c) 43 amu profiles and (d) hyepyruvate profiles
obtained subsequent to irradiating a monolayeSpiMLac with increasingly
greater fluxes of 40 eV electrons at 103 K. No tetetirradiation (black), 0.4 x
10" & cm? (red), 0.8 x 18 e cm? (blue), 1.6 x 18 e cm? (green).The data

manipulation procedure used to obtain (b) andqd)ettailed in the results
section.
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Figure5A.10. Displayed are a series of nested TPD (a) 45 anfilgzgb)
difference profiles (c) 43 amu profiles and (d) hy¢pyruvate profiles
obtained subsequent to irradiating a monolayeSpiMLac with increasingly
greater fluxes of 50 eV electrons at 103 K. No tetatirradiation (black), 0.4 x
10" e cm? (red), 0.6 x 18 e cm? (blue), 1 x 1& e cm? (green), 2 x 18 €
cm? (magenta), 4 x 8 e cm? (burgundy), 10 x 15 € cmi? (orange).The data
manipulation procedure used to obtain (b) andgdetailed in the results
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Figure5A.11. Displayed are a series of nested TPD (a) 45 anfilgggb)
difference profiles (c) 43 amu profiles and (d) hyepyruvate profiles
obtained subsequent to irradiating a monolayeBpMLac with increasingly
greater fluxes of 65 eV electrons at 103 K. No tetatirradiation (black), 0.2 x
10 & cm? (red), 0.4 x 18 e cm? (blue), 0.8 x 18 e cm? (green). The data
manipulation procedure used to obtain (b) andgdletailed in the results

section.
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Figure5A.12. Displayed are a series of nested TPD (a) 45 anfilgzdgb)
difference profiles (c) 43 amu profiles and (d) hyepyruvate profiles
obtained subsequent to irradiating a monolayeBpMLac with increasingly
greater fluxes of 85 eV electrons at 103 K. No tetetirradiation (black), 0.2 x
10" & cm? (red), 0.4 x 18 e cm? (blue), 0.6 x 18 e cm? (green).The data
manipulation procedure used to obtain (b) andgdletailed in the results

section.
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Figure5A.13. Displayed are a series of nested TPD (a) 45 anfilgzdgb)
difference profiles (c) 43 amu profiles and (d) hyefpyruvate profiles
obtained subsequent to irradiating a monolayeSpiMLac with increasingly
greater fluxes of 100 eV electrons at 103 K. Netets irradiation (black), 0.2
x 10"° e cm? (red), 0.4 x 1& € cm? (blue), 0.6 x 18 e cm? (green), 1.6 x
10" e cm? (magenta), 3.2 x 10e cm? (burgundy), 6.4 x 18 € cm? (orange),
22.5 x 168° € cm? (purple).The data manipulation procedure usedtain (b)

and (d) is detailed in the results section.
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peak centred at ~365 K. Furthermorestate seems resilient to electron induced
desorption processes, for it reaches a maximunt, lafter which no attenuation

with increased flux is observed. Figures 5A.7(b%#£013(b) were obtained by
subtracting the trace collected from running a WA no prior electron irradiation
from those 45 amu plots obtained after each instaharadiation. These show
with enhanced clarity the extent to which eachestdithe adsorbed molecule is
affected by the incident electrons. Two componeatsbe seen to form the feature
which results from the depopulation of terracessitbus bottul anda2 are

depleted by the electrons; wid2 appearing the more electron active . Of the two
states originating from defect sit@ss increasing negative excursion is mirrored by

v's growth above the zero line.

Figures 5A.7(c) to 5A.13(c) show the TPD profildganed from the same
experiments run to produce the results in Figufe3 @) to 5A.13(a) but with the
QMS tuned to detect 43 amu. It is clear that tlyh hemperature peak arising from
the desorption of MP undergoes changes as itadiated with electrons, but as
with the experiments performed to investigate tregrhal chemistry of MLac on
Cu(111), it is obscured by the (S)-MLac compridingy state. Thus to determine
what component of this feature originates fromdtssociation product we have
again subtracted the 43 amu trace from the correpg scaled 45 amu plot
(Figures 5A.7(d) to 5A.13(d)). As the adsorbateered surface is excited by
electrons, the MP formed desorbs at an averagé &fldwer than it does when no
ESD processes are present, and concerning theitiggmatolved, there tends to be
a slight increase with the low electron fluxes, then the level of production

diminishes and tends to zero as the flux increases.

We searched for, but found no evidence for anyharrelectron induced
dissociation processes at work to account for #eaging parent ion TPD profile.
Firstly, the 60, 44, 32, 29, 28, 18, 16 and 15 @nuwsignals tracked those of (S)-
MLac and MP as a function of temperature, thuseteetron beam is not generating
the production of any further fragments which aee retained on the surface.
Secondly, a 1 keV electron beam with a flux of ¥ B0'®e” cmi?, i.e. substantially
larger than any given in the aforementioned expeniisy was administered to a
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(S)-MLac; 25 eV Electron Beam (R)-MLac; 25 eV Electron Beam
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Figure 5A.14. Displayed are a series of nested TPD 45 amu psafiteained
subsequent to irradiating monolayers of (S)-MLag éR)-MLac with
increasingly greater fluxes of 25 and 50 eV elewrat 103 K.
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monolayer of (S)-MLac to push any electron stimedigprocesses through to
completion, and a TPD was subsequently run. The édtBon/ copper ratio was
then measured to be 0.00®:002. That this value is the same, within erasrthat
obtained after the application of solely a heatgaf005 +0.002, indicates that the
electron beam does not induce any additional ttgabmposition of adsorbed (S)-
MLac than arises from thermal means, thus it datgenerate any fragments

which are being ejected during irradiation either.

The experiments described above were repeated ti@rather methyl lactate
enantiomer, (R)-MLac and the electron beam ene@&fesV and 50 eV. The results
obtained paralleled those for (S)-MLac which idb&expected, because as with the
thermal chemistry experiments, the achiral Cu(ELtjace should not interact
enantio-specifically with either optical isomergiie 5A.14 compares the 45 amu

traces for both enantiomers at these two electnengges.
5A.1.2.2 Cross Section Measurements and Electron Energy Dependence

As a measure of the susceptibility of MLac on Cd{ltb ESD it was necessary to
determine a cross sectias,based on how the parent TPD peak area decays with

electron exposureThis was calculated from:
In{l; /lg}= -(i/eA)s = -Fec  (Equation 5A.1)

where In{l /lg}is the ratio of the MLac TPD areas before andraftadiation time
t, ieis the electron current to the sample, A is thearsurface area, e is the

electron charge, and. Is the electron flux.

The semi-logarithmic graphs relating to each ofdé&een electron beam energies
we investigated, and for both enantiomers, carobed in the appendix, however

for illustrative purposes, figure 5A.15 shows thmap for a 100 eV electron beam.
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Figure 5A.15. Semi-logarithmic plot of the fractional decreasehaf total area
under the methyl lactate TPD 45 amu profile wittr@asing fluence of 100 eV
electrons. The cross section for this processkestdrom the gradient of the

line formed by the first few points as marked bg thd line.

This plot is typical of electron stimulated proees# that the rate of decay slows,
i.e. the cross section becomes smaller, for ldtgan€es; consequently the cross
section is taken as the initial gradient. Indeed®RD run after irradiating the
adsorbate covered surface with a flux of 4.5 ¥&0cm 1 keV electrons, which
was intended to push any electron stimulated psasethrough to completion,
shows that the cross section will eventually temdero; leaving a fraction of
adsorbate on the terraced (@nda?2), p state completely depleted apdtate
significantly more highly populated than prior teadiation (figure 5A.16). The
cross sections obtained for each of the seven lee@ngies investigated for (S)-
MLac and for the two looked at for (R)-MLac wereiped against the incident
electron energies to give us a graph from whiclcaredraw three significant
conclusions (figure 5A.17). Firstly, the two enantiers exhibited similar cross
sections at each of the beam energies investiggesmhndly, the curved form that it
takes is consistent with secondary electrons beiagominantly responsible for the

phenomena we have been discussing, for as theeimagdectron energy increases,
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Figure 5A.16. Displayed are 45 amu TPD profiles for a monolaydiSy-
MLac before (black) and after (red) irradiationtwit.5 x 16° € cm? 1 keV

electrons. It is expected that this large flux ighhenergy electron was

sufficient to push any electron stimulated procesbeough to completion.

148



Chapter 5A: Thermal and Electron Induced Chemitiyiethyl Lactate on Cu (111)

9.0x10™° 4

6.0x10™° -

Cross Section [cfih

3.0x10™° 4

0.0

0 20 40 60 80 100

Electron Energy [eV]

Figure5A.17. Plot of the electron energy dependence of thesgestions for

the depletion of the area under the 45 amu TPDOleraefs determined for both
(S)-MLac and (R)-MLac. Note the extrapolated thoédtat 1.4 + 0.7 eV
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it generates an exponentially greater number afrsdary electrons from within the
substrate which then proceed to instigate ESD lllyirextrapolating this curve
gives an effective threshold of 1.40+7 eV. This informs us that the electron

stimulated processes require electrons with a mimrenergy of 1.4 0.7 eV.

5A.2 Discussion

5A.2.1 Thermal Chemistry of Methyl Lactate
5A.2.1.1 Adsorption Modes at Terrace Stes

The four chemisorption peaks in the desorptionifgaf methyl lactate reveals that
there are four adsorption modes present. The erpats on a roughened surface
indicated that two of thesel (209 K) anth2 (220 K), are adsorbed at terrace sites,
while B (277 K) andy (360 K), are adsorbed at defect sites. To assigh ef these
we will now consider the results presented abowagivith examples from the

literature.

DFT computation$ have determined that there are four main confaonatof
methyl lactate possible, MLacl — MLac4 (figure 58).1Comformers MLacl and
MLac2 enable the formation of an intramolecularroggn bond between the
hydroxyl group hydrogen and the carbonyl and alkoxygens respectively; while
intramolecular hydrogen bonding is not possibleMdac3 and MLac4. The
relative stability of the various conformationgestermined not just by their ability
to form this intramolecular H-bond but also whidtex oxygen, carbonyl or alkoxy,
participates. In the gas phase and in water antlanet solutions the order of
stability is MLacl > MLac2 > MLac3 > MLac4, althdughere is a remarkable
decrease in the energy differences among the aoefsrin going from gas to water
or methanol, with the strength of the hydrogen iogdecreasing both for MLacl
and MLac2. This is reflected in the populationgalsulated utilising a Boltzmann
distribution at 298.15 K; 95.5, 4.5, 0.0 and 0.0?the gas phase, 62.3, 24.2, 10.4
and 3.1% in the water solution and 65.1, 23.328@2.7% in the methanol
solution. These populations show that althouglhéngas phase MLacl is
predominant and MLac3 - MLac4 are almost absertherwater and methanol

solutions intermolecular hydrogen bonding with shkerounding medium and
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between MLac molecules weakens the intramolecaotaraction, consequently the
populations of conformers lacking the ability torfointramolecular hydrogen

bonds increase.

MLacl MLac 2

MLac3 MLac4

Figure 5A.18. The four most stable conformers of methyl lacté@arbon:

grey, Oxygen: red, Hydrogen: white) Modified frogf.t

These theoretical results correlate with experigemdings in the literature
concerning MLac in various phases. Two independemips, both employing
rotational spectroscopy to study MLac in the gassefi ® could only isolate the
conformation with the hydroxyl group acting as atpn donor to the carboxylic
group oxygen, indicative of its prevalence in ttiste. Borba et al.went further
and observed MLacl and MLac2 using FTIR spectrosaofow temperature (9 K
and 20 K) argon and xenon matrices. Vibrationatspscopy was used to probe
MLac as a pure liquifland bands were identified which stemmed from an
intramolecular H-bond between the hydroxyl and oagth groups and from an

intermolecular H-bond between hydroxyl groups. 4 &arbon tetrachloride
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solution, only the band associated with the intdemdar bond persisted, thus it
could be inferred that in this environment the rimtelecular bonding interactions
overcame the competing intramolecular interactiang, MLac3 and MLac4 were
consequently the dominant species. Finally, MLacdaatural predilection for
intermolecular interactions; experiments involvaupersonic jet expansions of
liquid MLac, both racemic and enantiopure, havesolesd a variety of homo- and

hetero- clusters of dimers, trimers and tetrariets

To summarise, it appears that the relative popnatof the various possible
conformations MLac may exist in depends on therzadetween conditions
conducive to the formation of an intramolecular fogen bond and those
conducive to an intermolecular hydrogen bond, wethis be between groups of

MLac molecules or between MLac molecules and tesading medium.

If the transition from gas to pure liquid or sotutisees an increase in the
populations of MLac3 and MLac4 corresponding toiticeease in density, then the
situation where MLac molecules are densely packed surface should swing the
balance even further towards intermolecular oveamolecular bonding, and it
should be expected that the MLac3 and MLac4 corditions will become even
more significant. Recall that there are two commbsi¢o the terrace site desorption
profile, al anda2, and also note tha desorbs at the slightly higher temperature
and is populated in preferenceotb at the lowest exposures. Thus one adsorption
mode,02, is adopted at low adsorbate coverage, whilsother,al, comes into

play when the coverage increases, or to rephrasen the environment becomes
more favourable to intermolecular H-bonding thamamolecular H-bonding.
However, we have four potential conformers. Yetéflook at them again, and
instead of imagining them in the gas phase or dhgisn phase we consider how
they would interact with a surface, we see thaflirac2 and MLac4 the methyl
groups are trans to each other, thus they willesigteric hindrance regardless of
which face approaches the surface. Furthermorg,@mm@ oxygen lone pair is in a
position to form a bond with the substrate at atikvith MLacl and MLac3, the
methyl groups are on the same side of the molecalesequently they can adsorb
with both oxygen atoms towards the Cu(111), therabyimising the oxygen lone
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pair interactions with unfilled metal orbitals amgnimizing the steric repulsion of
the methyl groups with the surface. Therefore énse rational to entertain the
notion that MLac only binds to the surface in canfations MLacl and MLac3.
MLacl is adopted when the surface coverage isilewvhen the initial exposure is
low or when the majority of coadsorbates have de=bfrom the terrace sites, and
this forms then2 state. MLac3 is adopted when the coverage is énglugh for
intermolecular factors to outweigh those condutiovantramolecular H-bonding,

and this is statel.

Further support for this dismissal of MLac2 and Mdas potential adsorption
geometries lies in the magnitudes of the dipole s of each of the conformers
“7 In the gas phase these have been calculated3@b2.5, 3.4 and 1.9 for MLacl
— MLac4 respectively. A dipole induced dipole iatetion depends quadratically on
the dipole moment, and hence will be consideratsbnger MLacl and MLac3 due
to their much larger dipole moments. Thus substaaisorbate combinations

involving these two conformations would be preféiadty formed.

With only TPD profiles to go on, it is impossibkeday with complete certainty
what orientation the MLac molecule adopts as itragphes the Cu(111) surface,
and what conformation it exists in when an intecacensues; for this we would
need to use RAIRS at the very least. However, basdte desorption profiles
presented here, and the chain of reasoning detiede, it seems logical to assign
al to MLac3 andx2 to MLacl, and to suggest that the molecules thinoligh
electron donation from the oxygen lone pairs ornltbé hydroxyl and carbonyl
groups (Figure 5A.19). This adsorption mode is degapiand the molecular plane

is perpendicular to the surface.
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Stateal Stateo?2
(MLac 3) (MLac 1)
HsC - O\ <CH3 HsC - O\ <CH3
O O-H O H-0

Figure 5A.19. Schematic diagram of the bonding geometries addpted

methyl lactate on the Cu(111) terraces.

5A.2.1.2 Adsorption Modes at Defect Stes

After having assigned the adsorption geometrietherCu(111) terraces, we turn
our attention to the two peaks that have theirinsign the crystal defect sitgsand

v. Looking at the lowest exposure TPD profiles we that adsorption occurs
preferentially at these sites. This, and the higlesorption temperatures are typical
of an adsorbate’s behaviour at such sites and eatttibuted to the fact that the
substrate atoms comprising the defects, i.e. th&ats, vacancies, steps and kinks,
have lower coordination numbers than those atdirades, and thus are at a higher

energy and have different charge densities.

Hydrocarbon binding energies are often in the vigiaf 20% higher on stepped
surfaces than on smooth plariéshus thep peak is probably due to the desorption
of a2 molecules, but at defect sites as opposed tacesr We say?2 rather tham1,
because when these molecules are desorbing, teswaoverage is low, thus
intramolecular H-bonding interactions will dominated it is more likely that this
adsorption geometry is adopted.

It is also well founded that metal atoms which h#haslowest coordination

numbers to other metal atoms in the solid, suddt defect sites, exhibit enhanced
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catalytic activity; these atoms have different geadensities and therefore different
strengths to break or form chemical barid$his is the case with MLac on
Cu(111), because, as can be gleaned from the 4&act2 amu profiles, the
enhanced activity facilitates the dehydrogenatiba wmumber of these entities, i.e.
those comprising thestate, resulting in the desorption of methyl pwtavand
hydrogen. Therefore, in order to identify thosecsg®e comprising the state, in
addition to the MLac desorption profiles, we musbaconsider the data relating to
the formation of MP and H

The TPD profiles clearly show at all coveragesetelution of MP and kifrom the
Cu(111) surface, signified by the peaks at 380 Khé43 amu plot, and at 355 K
and 380 K in the 2 amu plot. The mechanism fomptteeess is well established,

after having been elucidated by Bowleeal .**

who investigated the behaviour of
primary and secondary alcohols on Cu (110). Theymdathat when these species
were adsorbed onto a clean surface, while more3b&ndesorbed as the molecular
alcohol at ~250 K, the remainder dissociated ttdytiee relatively strongly

adsorbed alkoxy species and adsorbed hydrogeenfxdratures ranging from 300
K to 390 K, the majority of the alkoxy underwentther dehydrogenation to yield
the corresponding aldehyde for a primary alcohdl lketone for a secondary
alcohol, and large amounts of hydrogen, while tHeReecombined with i) to

liberate the parent alcohol into the gas phase.

The reactivity of a surface has a positive corretatith its surface energy; and this
in turn reflects the degree of coordination of éb@ms in the surface. Hence, for fcc
metals the reactivity of the various surface tyipeseases in the order (111) < (100)
< (110), and the Cu(110) surface used in the Bowkperiments is more reactive
than the Cu(111) surface used in ours. This exphaimy we only see molecular
adsorption on the terrace sites, but at the defeet, where there is an increase in
reactivity, our results are similar to those ddsamiin ref. . At statep, MLac is
adsorbed as it is on the terraces, i.e. perperatitoithe surface and through
electron donation from the oxygen lone pairs ornltbée hydroxyl and carbonyl
groups. As the temperature is increased over tiene@50- 300 K, some
adsorbates desorb molecularly while the remainsiodiate to yield the relatively
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Figure 5A.20. Schematic diagram of the mechanism of reactionethgi

lactate with the defect sites on Cu(111)
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strongly adsorbed alkoxy species and adsorbed pgdra fraction of which can be
seen in the 2 amu profile recombining and desorbtr255 K. As the surface is
heated up further, some of the alkoxy recombiné Wit to desorb as MLag,

state, while the majority undergo further dehydragen to desorb as methyl
pyruvate and K This reaction pathway is illustrated in figure.28. The

desorption of MP appears to be reaction limitedjtfes ejected from the surface at
the same temperature as the hydrogen from whitissbciates; and furthermore
our investigations into the behaviour of MP on Qui(jl Chapter 4, found that,
while a minority of the surface bound species desdrat 223 K, the overwhelming
majority desorbed at 264 K, 16 K lower than we Isewe.

5A.2.2 Electron Induced Chemistry of Methyl Lactate

5A.2.2.1 Electron Induced Chemistry

There are two electron induced processes at wodnwmonolayer of MLac on a
Cu(111) surface is irradiated with electrons. Theay of thexl anda2 peaks in

the 45 amu TPD profiles are due to the electronged desorption of the parent
MLac molecules. The difference plots, figures #(b)13(b), show that both terrace
states are desorbed simultaneously, which indi¢catgghe two binding modes
exist alongside each other, and also éf2ais more susceptible to this process than
al, which is consistent with our theory regarding tinigins of the two states. If
intermolecular forces dominate amongstadsorbates, as we have speculated, then
these entities have an additional pathway availebteem with which to
redistribute their excited state energy, for it bandispersed through the other
surface bound molecules with which they interattcdntrast, fon2 molecules,
which possess an intramolecular H bond, this queggbathway will not be as
efficient and hence they display an increased prsipefor ESD.

In addition to the desorption of intact MLac molksufrom the terrace sites it can
be seen from the 45 amu plot that asfiieature diminishes, thepeak is
enhanced with increasing electron flux. We haveiptesly established that tifie
state molecules are those that desorb intact frefect sites. A portion of MLac

molecules do not desorb at this temperature andaddose a hydrogen atom to
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form an alkoxy species; thestate molecules are those that desorb followirg th
recombination of these two entities. Thus the desmen the population of tifie
state and commensurate increase irythate subsequent to electron irradiation
suggests that the second electron induced protesaslais converting some of the

MLac molecularly adsorbed at the defect sites koatles.

VE
O-H stretch

VE Cross Section
[arb units]

lon Current
[arb units]

0 2 4 6 8 10 12 14 16
Electron Energy [eV]

Figure 5A.21. Vibrational excitation cross section for th, 4 stretch (Top)
and DEA spectrum illustrating the yield of fragmengsulting from the loss of
a hydrogen atom (bottom) for ethanol. Modified froeh[*9]

Gas phase investigations into dissociative elecittachment (DEA) to a range of
compounds with one or two hydroxyl groups has Iedoubelieve that this is the
excitation mechanism responsible for the electnoluced chemistry of MLac on
Cu(111). Allanet al.*® observed an electron attachment process in whigh |
energy electrons (< 1eV) caused hydroxyl O-H vibratl excitation, facilitating its
cleavage at a threshold of < 3 eV (figure 5A.210)jck, at 1.63 eV in the case of
formic acid®, was found to correlate with the threshold foritg four quanta of
the O-H stretch vibration. This reaction pathway@und to lead to the loss of a
hydroxyl hydrogen and no further fragmentation. Thportance of this process
with respect to other higher energy resonancegased, and the threshold for
onset decreased, for molecules which containe@atgr number of electronegative

atoms and/ or an intramolecular hydrogen bond, shethfor cis-cyclopentane-1,2-
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diol, it was the most intense band in the DEA spmetand had a threshold of 1.94
eV. This was attributed to the electronegative isestabilising the’, and the
hydrogen bond stabilising the negative charge. Dedpe band in the O-H stretch
vibrational excitation cross section being muchabler than the DEA band, both
processes were attributed to the samg, excitation, because the O-H vibration
was selectively vibrated, and it is well establdsltiegat processes with large auto

detachment widths can result in relatively narromADbands$’ %

The shape of the cross section as a function aleémt electron energy graph
(figure 5A.17) indicates that it is predominantcendary electrons that are
responsible for the electron induced phenomenaave heen discussing,
furthermore, the low energy threshold points towardajor contribution from
dissociative low- energy electron attachment. Asititident electron energy
increases, it generates a greater number of segoeak@getrons from within the
substrate which then proceed to instigate ESD.disteibution will extend from

just above the vacuum level and fall away expomaéigtiowards the maximum
dictated by the energy of the incident electronstthese secondary electrons will
tend to be dominated by low energy species and@&slew energy processes such
as that described above should prevail. Thus we\ethat low energy electrons (<
1 eV) temporarily attach to adsorbed MLac, excitimg O-H stretch and facilitating
its cleavage. The low threshold we have measurddt Q.7 eV, can be rationalised
when we consider that adsorption serves to lowramn barriers. Furthermore,
extrapolating the trends surmised by Alkiral.'>, because MLac contains three
oxygen atoms and an intramolecular H-bastddissociative electron attachment
should be the dominant process, and its threslaldr than for any of the
molecules they investigated. Additional evidenaetifits being the observed
excitement mechanism lies in the fact that both eétesults indicate the electron
induced loss of a hydroxyl hydrogen and no furfh@gmentations, however we do
also see electron induced desorption of the panefdcule, which is obviously not
applicable to gas phase studies. When a molecuibrigtionally excited it attempts
to relax by redistributing the energy from the laszad reaction coordinate to
throughout the molecule, and subsequently the atadienergy that accumulates

in each particular coordinate is governed by Bodtmmstatistics. The dispersed
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energy is evidently not sufficient to overcome #otivation barriers for further
fragmentation, however, the adsorbate/ substratd isoweaker than any
intramolecular bonds and as such this threshddrisiounted and desorption
occurs. The smooth rise exhibited by figure 5A.aggests the presence of only
one excitation pathway, and in addition, we camés impact ionisation as a
potential mechanism because the cross section menelatively large below the
first ionisation threshold, assuming that the iatien potential of MLac is similar
to that of ethyl pyruvate, which was determine®&cl0.7 eV with respect to the

vacuum leveét.

As the electron beam promotes dissociation at yeoxyl group, a greater number
of alkoxides are generated on the surface, an@spondingly the recombination
feature,y state, increases in size, initially taking theniasf a single peak centred at
~350 K, then as the flux is increased further twmponents are observable, at
~350 K and ~365 K. This is possibly due to theed#ht ways in which the alkoxy
moiety and hydrogen can recombine. The hydrogenbirad/in a position
favourable to intramolecular H-bonding, or it mayig away from the carbonyl
oxygen. In addition, the surface bound alkoxy m&pldy internal rotation around
the C-C bond, in which case an H-bond can insteafdimed with the ester alkoxy
oxygen. The different stabilities of each of th@fommations in which MLac can be
produced may determine the temperatures at whahdbsorb, leading to the
multicomponent feature in the 45 amu TPD profildsat they state does not
attenuate even at the largest electron fluxes atelscthat the alkoxy species are not
susceptible to ESD, which is consistent with tinelings of Whiteet al. concerning
the electron induced chemistry of ethene on Ag#1The cross section for ESD
depends on the strength of the adsorbate-subbwate and with the alkoxy moiety
being more strongly bound than MLac, its couplinghe substrate is
correspondingly more effective and quenching ocoura faster timescale, which
consequently lowers the cross section for furtloerddoreaking, whether this

involves internal bonds or those between the adserdnd the substrate.

There are two fates that may befall the alkoxy gsethat form at the defect sites,
they may desorb as MLac, which is signified byitierease in the peak in the 45
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amu profile that we have observed, and they magngadfurther dehydrogenation
to enter the gas phase as methyl pyruvate. Loakitige post irradiation 43 amu
profiles, we notice two things. Firstly, there istaft to lower temperatures for the
onset of desorption, which is a well establishedecage dependent effect when a
TPD feature spans several distinct binding ifeshich in this case are likely to
include, amongst others, steps, kinks, adatomyacahcies. Secondly, at low
electron flux there is an increase in the amoumiiBfevolved, but then as the flux
is increased MP production is reduced and eventtetids to zero. If the number
of alkoxy species on the surface is increasedetasr a greater number available to
undergo the dehydrogenation reaction to form MBs thmakes sense that after a
small electron flux, which serves to increase theber of alkoxy species, a
corresponding increase in MP is observed. Howd@wkeret al. remarked that

the dissociative adsorption probably required se\&tes on the surface, necessary
for the alkoxy species and the adsorbed hydrogehitet if these sites weren’t
available the reaction was blocked. Applying thasion to our system, as the
number of alkoxy species on the surface is incikasen further there are less
available sites to accommodate the hydrogen theds® be extracted from the
alkoxy if it is to undergo further dehydrogenatitim)s the reaction will be impeded
and the amount of MP produced will decrease; aisdghwhat we see happening.

5A.2.2.2 Cross Sections for ESD

It is generally accepted that cross sections obtder of magnitude 18 — 10*°

cn? are indicators of a system that is very susceptiblelectron irradiation; thus
we can say that MLac on Cu(111) can be describesd@s With respect to the
cross section measured for the decay of the p@rDtprofile subsequent to 50 eV
electron fluxes, 3.0 8.4 x 10" cn, this is comparable to methane on Pt($11)
3.0 x 10 cnt; is significantly larger than cyclopropane on R()}*, 8.2 x 10"
cn?, and biacetyl on Ag(1131 %’ 8.0 x 10'" cn?; and is an order of magnitude
larger than for metharfd] 7.8 x 10" cn?, and methyl formafé 3.9 x 10" cn?, on
Ag(111).

It was initially thought that the additional chatsy®r quenching electronically

excited states offered by a substrate would enbatehe gas phase cross sections,
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which tend to be of the order 10— 10"® cn?, would be consistently higher than
those for a surface bound species. However itwgwell established that this need
not be the case, and that electron driven bondkhbrga@and desorption processes
occur for many adsorbed molecules with higher csessions than in the gas phase.
Our findings that MLac adsorbed on Cu(111) is eslgovulnerable to electron
stimulated processes have led us to speculatdlasw$o The probability than an
adsorbate will undergo ESD depends on the lifetifrthe excited species, which
depends on how effective the substrate is at pioyid relaxation channel for a
neutral species, or at tunnelling electrons ta@mfit if it is ionic. Cu(111) is an
extremely unreactive surface, and when dissociatcmurs on the sub-picosecond
time scale, it might not be able to provide quenghmechanisms effectively on the
same time scale, and thus without these, desoftissociation is the most likely
outcome. Secondly, the electron induced chemidtilac on Cu(111) is
dominated by desorption of the parent molecules Timy again be a result of the
unreactive nature of the substrate, but this issmmmmon reaction mechanism and
no further examples of it occurring to such an eitan be found in the literature.
Obviously, this is not a pathway available to glecically excited molecules in the
gas phase and will certainly raise its cross secggtative to this.

5A.3 Conclusions and Further Work

* The mechanism of the reaction of methyl lactat€a(l11) can be written

as follows:

Terraces: MLac) S MLac)
MLac - MLacg,

Defects, <300 K:  MLacy) 5 MLac)
MLac) S Alkoxideg) + Ha
MLac) = MLac)

Defects; >300K:  Alkoxidem - MP@ + Ha

162



Chapter 5A: Thermal and Electron Induced Chemitiyiethyl Lactate on Cu (111)

MP(a) - MPg
M Lac(a) N M Lac(g)

Ha + Ha - H2 (g)
Alkoxidem - Residue

Methyl Lactate adopts one of two adsorption modethe terraces of a
Cu(111) crystal, which desorb molecularly at 20ar¢ 220 K. We have
reasoned that in both modes, the molecule bindsigir electron donation
from the oxygen lone pairs on both the hydroxyl aacbonyl groups and
that the difference lies in the position of the topdyl hydrogen relative to
the ester carbonyl oxygen. At low coverage, whéermolecular
interactions are at a minimum, it is directed taygathe oxygen and an
intramolecular hydrogen bond exists. As the coweragreases and
intermolecular interactions prevail over intramaliae forces, this H-bond is

severed and the hydrogen aims away from the oxygen.

Over the temperature range 250 — 300 K, a fraafanolecules desorb
from the defect sites intact, while the majoritgéca hydrogen atom to form
the more strongly bound alkoxy species on the sarf@f these, some
recombine with the hydrogen and proceed to desoMlaac at 360 K,

while a larger proportion are dehydrogenated furémel methyl pyruvate

and hydrogen are ejected from the surface at 380 K.

When a monolayer of MLac is irradiated with a lomesgy electron beam,
the molecules at the terrace sites are electrdyieatited and desorb as
intact molecules, while those at the defect sitetengo electron induced
hydroxyl O-H bond cleavage. Subsequent to eledtmmbardment there is
consequently a decrease in molecularly adsorbedcMbd an increase in
the number of strongly bound alkoxy species orstiréace, entities which

are not susceptible to ESD.
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* The increase in alkoxy population has the effeaeyileting the number of
free sites available to accommodate the hydrogem atleased in the
second stage of dehydrogenation. Therefore, aftaritial increase in the
amount of methyl pyruvate produced, this quantéglishes and tends to

zero as the electron flux is increased further.

* We believe the ESD excitation mechanism is dissoei@lectron
attachment. Low energy electrons of <1 eV are peenan the secondary
electron background and can excite the hydroxyl €iEtch, facilitating its
cleavage at a threshold of 1.D+# eV.

» The cross sections for the electron induced preseae high, 3.0 6.4 x

10 cn for 50eV electronghus MLac is extremely susceptible to electron

stimulated desorption.

« The next stage was to repeat these experimentsearhiral Cu(643)
surface to investigate how the thermal and eledtrdaced chemistry of
methyl lactate is affected by the introduction ahéral substrate into the

system. The results of these are presented iroeedB and 5C.
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Chapter 5B: The Thermal Chemistry of M ethyl L actate on
Cu(643)%

In the following section we compare the TPD profiles from (S)- and (R)-methyl
lactate on a chiral Cu(643)" surface with those obtained from the achiral Cu(111)
surface; this enables us to assign peaks to desor ption from terraces, steps and
kinks. We find no enantio-specificity in desorption from the achiral stepsand
terraces, but thereisa 13 K difference in desor ption temper atur es between the two
enantiomers at the chiral kinks. In addition to enantio-specific desorption, we also
observed enantio-specific surface reactions; it was found that there was a greater
tendency for the (R)- enantiomer to undergo both the alkoxide recombination
reaction and further dehydrogenation to methyl pyruvate, while the (S)-enantiomer

had a greater proclivity to undergo total decomposition.

5B.1 Results
5B.1.1 Molecular Desorption

The enantio-specific adsorption of both the (S@ €éR)- enantiomers of methyl
lactate on the chiral Cu(64%urface has been investigated.

Figure 5B.1 contains nested TPD profiles showirggdsorption of intact parent
molecules from a Cu(6433urface which had been exposed to successivelyegrea
amounts of (S)-MLac at 103 K. The profiles weleetaby following the most
intense ion fragment in the MLac cracking pattdfamu (GHsO")%. At the

lowest exposure, two peaks at ~290 K and ~380 Kbeaseen. As the level of
exposure is increased, a new feature begins tdajeviestly as a shoulder to that
at ~290 K, and then as a peak in its own right2z&5-K. As the peak at ~380 K
grows, it broadens into a region of lower tempematAs the exposure is increased
further still, a broad feature centred at ~220 Kedeps, and this is joined finally by
a peak at 176 K. This peak at 176 K does not datarad its position moves to
higher temperature with mounting exposure, indngatiesorption from multilayers.
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Figure5B.1. Displayed are a series of nested TPD 45 amu psdditeained

from a Cu(643] surface exposed to sequentially larger doses)aighy!

lactate at 103 K. Inset is a plot of coverage (giae the area under the 45 amu

TPD profile, in arbitrary units) as a function ofp@sure (given as the area

under the 45 amu dose file, in arbitrary units)e Tashed line is a guide for the

eye.
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Figure5B.2. Displayed are TPD 45 amu profiles obtained fronoauisg a
monolayer of (a) (S)-methyl lactate and (b) (R)Imyétactate on a Cu(64%3)
surface at 180 K. Gaussian functions have beedftti the desorption features
arising from molecularly adsorbed MLac. Multilayensd thenl, a2, Bs fx and

vy states have been labelled.
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The remaining features all saturated with increasxposure and are due to
desorption from the monolayer adsorbed directlyhenCu(643]} surface.

Our work concerning MLac on Cu(111), chapter 5Aggests that the high
temperature feature, best described as a pealé6@tk-adjoined by a shoulder at
~355 K, stems from the recombination of alkoxy miegwith hydrogen, while the
lower temperature features arise from moleculaidlyoabed (S)-MLac. In order to
distinguish between the various adsorption stalepted by intact parent
molecules, we adsorbed a complete monolayer aK18@d resolved the lower
temperature region with the aid of Gaussian fumstidigure 5B.2(a)). The results
of these fits are contained in table 5B.1, wheoait be seen that we have fitted
four Gaussian distributions, centred at 208 K (al), 230 +2 K (0.2), 256 +2 K
(Bs) and 286 2 K (Bk); they have been labelled for reasons that wiltd»eered in
the discussion.

TPD profiles acquired for (R)-MLac on Cu(6%3Jigure 5B.3) under the same
conditions as for (S)-MLac were qualitatively siariio those described above. The
only significant difference was that rather thgoeak at 286 K, a peak can be seen
at 273 K, which grows into a feature obscured bylbse proximity to the peak at
255 K. For reasons such as this, resolution offtPB profiles was again facilitated
by fitting Gaussian functions to a monolayer tréagure 5B.2(b) and table 5B.1).
Peaks can be seen at 182 K, 27 K (al1), 228 +2 K (02), 255 +2 K (Bs) and 273
+ 2 K (Bk); the lowest temperature peak is a remnant ofrthiilayers, and those
arising from molecular adsorption directly onto substrate have been labelled
analogously to their (S)-MLac counterparts.

Comparison of the data presented in table 5B.lalevbat of the five features
arising from chemisorbed molecules, four of thewehthe same desorption
temperature within error for the two enantiomeds,a2, Bs, andy, while the states
labelledpk differ by 13 K. Furthermore, the peak areas deteeahifor each
enantiomer indicate thatl, a2, Bs andfk adsorption states are populated to a
similar degree, while the state is 52% larger for the (R)-enantiomer than(8).
Thus there are at least two enantio-specific diffiees in the desorption profiles of
(S)- and (R)-MLac on Cu(64%3)
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(S)-Methyl Lactate

Peak Area (2.5 +0.3) x 10°

Peak Area (3.0 +0.3) x 10°

Peak Area (3.0 +0.3) x 10°

Peak Area (4.7 +0.4) x 10°

Peak Area (2.36.3) x10 | (3.5+0.3) x 10

Table 5B.1. The position and peak area components of the Gaufisictions
used to fit the molecular adsorption features é4b amu TPD profiles in
figures 5B.3(a) and (b).*The data relating to {tstate recombination feature
in the table is taken directly from the TPD prddile
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Figure5B.4. Displayed are TPD 45 amu profiles obtained subsgdoe
exposing a Cu(648)surface to (S)-methyl lactate (red) and (R)-metaglate
(black) at 250 K, thus ensuring that only flxeandy states are adsorbed.
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Figure5B.5. Displayed is the TPD 45 amu profile obtained subsatto
exposing a Cu(648)surface to racemic methyl lactate at 250 K. Gamssi

functions have been fitted to tRgdesorption feature.
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In order to test the accuracy of the Gaussian fonstderived for th@x peaks by
showing that the difference in desorption tempeestwas real, and also to
establish a true figure for the difference withthe peaks being obscured or
affected by the desorption of more weakly boundanwles, TPDs were run after
adsorbing each enantiomer at 250 K. At this tentpeganoal, a2 orBssState
molecules adsorb, only those comprisingfikendy states will bind to the
substrate. The 45 amu profiles obtained for bodmgamers are plotted on the
same axes (Figure 5B.4), and several things aresarately apparent. Crucially,
the difference in desorption temperatures is (EEMLac desorbs at 273 K and
(S)-MLac desorbs at 286 K; and as with the full wlager plots, these adsorption
states are occupied to a similar extent by botimtoraers. Furthermore, not only
do they state features retain the form of a peak adjobned shoulder, but this high

temperature feature remains larger for the (R)-eoier, by 12%.

We followed these single enantiomer experimentsxposing Cu(643)to a
racemic mixture of MLac at 250 K, and it can bensigem figure 5B.5 that the
molecular adsorption peak occurs at 280 K, rouphaljway between those of each
of the pure enantiomers. Furthermore, fitting Geusdistributions to this feature
reveals that under these conditions it is compo$ediual amounts of (R)- and (S)-
MLac, with the total amount of desorption beingntieal to that observed for the
pure enantiomers. The area of the alkoxide recoatioim peaky, was

approximately midway between those measured fdr ehthe pure enantiomers.
5B.1.2 Thermal Dissociation

The investigations into the thermal chemistry otimgklactate on Cu(111) (Chapter
5A) found that while the state stemmed from the recombination at defees sit
alkoxy moieties with hydrogen, the dominant reattioechanism at these locations
was the further dehydrogenation of the alkoxidetan methyl pyruvate.

Therefore, during the TPD experiments performedbtain the results in figures
5B.1 and 5B.3, profiles were simultaneously acqluirenitoring the 43 amu
(C,H30") (figures 5B.6(a) and 5B.7(a)) and the 2 amu (&gL6B.6(b) and

5B.7(b)) ions, the most intense fragments in tlaeking patterns of methyl
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Figure5B.6. Displayed are a series of nested TPD (a) 43 am2 @mu and
(c) methyl pyruvate profiles obtained from a Cu(f4&urface exposed to
sequentially larger doses of (S)-methyl lactat®0& K. The data manipulation

procedure used to obtain (c) is detailed in thaltesection.
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Figure5B.7. Displayed are a series of nested TPD (a) 43 am2 ému and
(c) methyl pyruvate profiles obtained from a Cu(B4&urface exposed to
sequentially larger doses of (R)-methyl lactat&G8 K. The data manipulation

procedure used to obtain (c) is detailed in thaltesection.
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Figure5B.8. Displayed are (a) 43 amu (b) 2 amu and (c) methsdyate TPD
profiles obtained subsequent to exposing a Cu6d@face to (S)-methyl
lactate (black), (R)-methyl lactate (red) and raicemethyl lacate (blue) at 250
K, thus ensuring that only ti andy states are adsorbed. The data

manipulation procedure used to obtain (c) is dediaith the results section.

179



Chapter 5B: The Thermal Chemistry of Methyl LactateCu(643]}

pyruvate and hydrogen respectively. As beforedthamu ion is also present as a
minor fragment in the cracking pattern of MLac, efhexplains why the
physisorption peak at 176 K and the chemisorpteaikpal, a2, Bs andpx can be
seen in figures 5B.6(a) and 5B.7(a) as well. ¥ipeak however, is masked by a
new, larger feature at 389 K arising from the dpson of MP. To determine how
much of this feature originates from solely theatpson of MP, the 45 amu plots
were reduced by a factor relating to the differeincatensities of the two
fragments in the MLac cracking pattern, and thebtraigted from the corresponding
43 amu trace (figure 5B.6(c) and 5B.7(c)). It damstbe seen that for both
enantiomers, MP desorption occurs at 389 K, isasgnted by a single peak, and
increases with the coverage of MLac up until theoapition of a complete
monolayer. An enantio-specific difference appearsetin the extent of

dissociation though, for, similar to the populataf they state, the amount of MP
forming is 44% greater for the (R)- enantiomer than (S)-enantiomer. Although
MP desorbs at a single temperature, there are éaksin the corresponding 2 amu
plots, indicating that hydrogen forms and desotli#a points, 339 K and 389 K.
TPDs run monitoring the 60, 44, 32, 29, 28, 18até 15 amu ion signals tracked
those of MLac and MP as a function of temperatiimes the only species desorbing
from the substrate during the application of a maatp are methyl lactate, methyl
pyruvate and hydrogen. As a measure of the themdated total decomposition
experienced by each enantiomer on Cu(B4RES were collected subsequent to
completion of a TPD (table 5B.2). (S)-MLac gaveagbon/ copper ratio of 0.14 +
0.02, while that for (R)-MLac was 0.080t02. This indicates that although more
(R)-MLac enters the gas phase as either MLac oditihg the course of a TPD,
(S)-MLac undergoes approximately twice as much ttigaomposition, as signified

by the levels of residual carbon that remain adsidrb
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Adsorption at 250 K 0.12 8.02| 0.08 +0.02| 0.07_+0.02

Table5B.2. Post-TPD AES carbon/ copper ratios subsequerntdgorhing
MLac onto Cu(643jat 103 K and 250 K.

For comparative purposes, the amount of MP thatvessubsequent to the thermal
activation of a complete monolayer of (R)- and K&)ac is 4 and 3 times greater
respectively on Cu(643than on Cu(111). Furthermore, the carbon/ copgtés r

for MLac on Cu(111) was 0.0050:002, implying that each enantiomer is either 16
or 28 times more susceptible to total decomposiiothe chiral surface than on the
flat.

The peaks relating to the evolution of methyl pyt@vand hydrogen in the TPD
profiles obtained subsequent to dosing at 250 gufé 5B.8) are qualitatively
similar to those taken after dosing at 103 K,methyl pyruvate desorbs in a single
step at 389 K, while Hdesorbs at two points, 339 K and 389 K. The enantio
specific difference in the extent of dissociatisragain apparent, with 19% more
MP forming when thermal energy is supplied to adedr(R)- MLac as opposed to
adsorbed (S)-MLac, whilst (S)-MLac exhibits theagex post-TPD AES carbon/
copper ratio, 0.12 ©.02, compared to 0.080:02 (table 5B.2). Adsorption of the
racemic mixture leads to the formation of interna¢ggliamounts MP, relative to the

pure enantiomers, and an AES carbon/ copper r&8d0@ +0.02.
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5B.2 Discussion

The TPD profiles taken following increasing exp@&suof (S)- and (R)-methyl
lactate to the Cu(648)surface reveal that there are four chemisorptiates that
can be fitted with Gaussian functiond, a2, Bs andpk ,and a high temperature
state that is best described as a peak at 368HKanshoulder at 355 K. Enantio-
specific differences between the two adsorbates baen found manifested in a
number of ways. The molecules comprisingfikstate desorb at significantly
different temperatures depending on which enantiasn@volved, 286 K for (S)-
MLac and 273 K for (R)-MLac. In addition, both thepulation of the state and
the amount of methyl pyruvate that is formed aesatgr for (R)-MLac than (S)-
MLac, however the AES carbon/ copper ratio as nreaspost-TPD is
approximately twice the magnitude for (S)-MLac than(R)-MLac. We will now
follow a procedure pioneered by Horvattal.>* which involvesusing our prior
results from the Cu(111) substrate to aid the assent of the various features in
the TPD profiles to the different adsorption sidéfered by the Cu(648)surface.
We shall then discuss the origins of the enanteesic behaviour and its

implications.
5B.2.1 Molecular Desorption

At a crude level, it can be envisioned that theeethree types of adsorption site on
a Cu(643Y surface; three atom wide (111) oriented terrawesatom long (100)
step edges and single atom kinks possessing (Irl@jwge. As was covered at
length in section 2.5 of the Experimental Detallamter, a real, thermally
roughened Cu(643)surface will display an array of terrace widtteparated by
steps which no longer consist of single atom kiakd two atom long step edges.
However, it has been determined that there is grfgiant generation of kinks that
are of the opposite handedness to those on thegpewhrelaxed surface, and the
terraces, steps and kinks largely retain their (,2('D0) and (110) orientations
respectively. Thus it is reasonable to assign dsoiption peaks in the TPD profiles

on the basis of the three aforementioned adsorpties.
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The Cu(111) surface used for the experiments imp@h®A, has the same structure
as the terraces of the Cu(633)rface used here. The Cu(111) surface is of eours
not ideal and as such any defects present areafdture of, amongst other things,
steps and kinks. Thus comparison with the TPD le®fobtained for the achiral
substrate can provide insight into the adsorptitas ©n the chiral one. For this
purpose, a plot containing a scaled 45 amu, a 4Baard a 2 amu TPD profile from
methyl lactate on Cu(111) is reproduced as figid® 5Specifically the plots

shown are taken from the desorption of (S)-MLaaeyéner as the surface is achiral
and both enantiomers exhibit similar behaviour,glog can be taken as simply
methyl lactate.

The feature attributed to multilayers in all thesolgption spectra, i.e. (R)-MLac and
(S)-MLac on Cu(643), and MLac on Cu(111), consistently appears atkL7bhis
should be unsurprising as it results from physigonpinteractions between MLac
molecules with negligible, if any, contribution fnothe underlying substrate. The
dominant feature in figure 5B.9 was found to steomf adsorption at the terrace
sites that comprised the overwhelming majoritywface sites on this crystal. It
was found that this feature was composed of twopmrants, a major one at 209 K
(al) and a minor one at 220 K4), which we reasoned arose from two bonding
geometries, the adoption of which depended onethe bof adsorbate coverage. In
both modes, we believe, the MLac binds throughtedaalonation from the oxygen
lone pairs on both the hydroxyl and carbonyl groampd that the difference lies in
the position of the hydroxyl hydrogen relative he ester carbonyl oxygen. At low
coverage, when intermolecular interactions areratremum, it is directed towards
the oxygen and an intramolecular hydrogen bond®xs the coverage increases
and intermolecular interactions prevail over intad@aular forces, this H-bond is
severed and the hydrogen aims away from the oxyg@rboth (S)-MLac and (R)-
MLac on Cu(643jJ, the broad feature centred at ~220 K was resdhtedwo
Gaussian peaks, each of a similar size; for (S)-Mbase were at 2062K (al)

and 230 2 K (a2), and for (R)-MLac these were at 202 K (al) and 228 2 K
(a2). The proximity of each of these two peaks fréwa ¢hiral surface to those from
the (111) terraces on the Cu(111) crystal sugpesthey arise from desorption
from the (111) terraces on the Cu(648irface (figure 5B.10). That the relative
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Figure5B.9. Displayed are the scaled 45 amu plot (red), thama plot
(black) and the 2 amu plot (blue) for methyl laetatisorbed on Cu(111).
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Figure5B.10. Schematic diagram of the bonding geometries addpted
methyl lactate on the terraces of Cu(643)

intensities of the two peaks differ suggests a ghan packing arrangements across
the two substrate types. Although the area undecdmplete monolayer 45 amu
TPD profiles are larger for the (643urface than for the (111), (1.70+2) x 1¢°

arb. units / (1.8 ©.2) x 1% arb. units ((S)-MLac/ (R)-MLac) compared to (1.2 +
0.2) x 10% arb. units, which indicates a higher packing dgrfs the chiral surface
as a whole, with the terraces disrupted by regtkgps on the Cu(643¥urface,

there are likely to be adsorption sites where mtdecular forces are less

significant than on a continuously flat plane, &émel ratio of surface conformations

reflects this.

Unlike theal ando2 peaks, analogues of the Cu(648) andpk states are not
explicitly obvious in the Cu(111) desorption presl As opposed to significant and
resolved peaks at comparable temperatures, thelCukdsults exhibited a broad
peak of low intensity, labellegl that spanned the region over which these two
reside. If you recall, this peak was found to afieen molecular desorption at
defect sites, sites which would have included s&epkkinks among their number.
Therefore, it is likely that the desorption featitabelled3sandfk are due to
molecular desorption of (S)-MLac and (R)-MLac adisal at the kinked steps on
the Cu(643] surface.
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In order to assign the adsorption states of (R)eBaylcyclohexanone on Cu (643)
and (643Ysurfaces, Horvatkt al.>* compared their results from these substrates,
not only to results from Cu(111) as we have donéalso to Cu(221) and Cu(533)
which expose straight (100) and (110) step edggserdively, separated by four
atoms wide (111) terraces. This enabled them & which peak was due to
desorption from the straight portions of step edgad which was due to the chiral
kinks. We do not have data from such surfaces, liemeased on what we do have,

we can make similar deductions.

The surface unit cell of the (643) surface con$tstoms with coordination
numbers ranging between six and ele¥eFhe lowest coordination number is six,
as exhibited by the “outside” kink atoms; theseehthwree nearest neighbours in the
surface layer of terrace atoms which terminat@aistep, and three in the layer
immediately below. The straight step edges haweoadmation number of seven,
while those comprising the terraces may have nereor eleven depending on
where they are in relation to the kinked stepshvditower coordination number, it
is likely that not only does adsorption occur prefdially at the kink sites, but that
they also display the greater desorption tempezatteps would then be the next to
be populated, displaying a correspondingly lowesodgtion temperature, and then
the terraces would follow suit. We have alreadwalelsthed that the lowest
temperature peaks are attributed to molecular gésarfrom terraces, so by
extension it would seem logical to continue thielof argument and assign the
peak 255 +2 K to molecular desorption from steps, and traise86 +2 K and 273

+ 2 K in the (S)- and (R)-MLac profiles respectivedymolecular desorption from
kinks. This is supported by the fact that the pidakvarthet al.*>* assigned to
desorption from kink sites, also happened to bewiéch was preferentially
populated and exhibited the higher desorption teatpee. This assignment is
further strengthened when it is considered that die chiral sites being the kink
sites, it should be expected that it will be asththat the enantio-specificity we
have detected will arise. Thus, with the lower tenagure peaks occurring at the
same temperature, within error, for both opticamers, and there being an enantio-
specific difference of 13 K in the position of thigher temperature peak; it seems

logical to assign them as proposed, and label {heamdfx.
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5B.2.2 Thermal Dissociation

It was found that thel, a2, Bs andpk states observed in the (S)-MLac and (R)-
MLac Cu(643} 45 amu desorption profiles all had direct analesguehe profiles

acquired from the Cu(111) surface; and this is #iseccase for the state.

On Cu(111), MLac exhibited a broad peak centreeB&0 K, that was barely
discernible on the annealed surface but could émrlgi identified when purposely
roughened. It was therefore determined that, ds thé peak, this peak originated
from defect sites, which would have been comprifedmongst other entities,
steps and kinks, also in a similar fashion toftpeak. Furthermore, examination of
the 43 amu and 2 amu TPD traces, showed that mgyhylate and hydrogen were
evolving at ~380 K. Consideration of the work ofi@r et al.° led us to propose
that as the temperature of the system was increasetk of the adsorbates at the
defect sites desorbed molecularly, forming figeak, while the remainder
dissociated to yield the relatively strongly adsatalkoxy species and adsorbed
hydrogen. As the surface was heated up furtheresafrthe alkoxy recombined
with Hy) to desorb as MLag, state, while the majority underwent further
dehydrogenation to desorb as methyl pyruvate and H

In a similar fashion to the observations from Cu(11n the 45 amu plots for both
the (S)- and (R)- enantiomers on the Cu(B48)face, we see the evolution of a
broad peak centred at ~368 K with a shoulder dmlbler at 355 K. We also see the
evolution of methyl pyruvate, at 389 K and hydrogatn339 K and 389 K, in the 43
amu and 2 amu profiles respectively. We therefeteete that we are witnessing
the same reaction pathway as observed at the defieston Cu(111), but as a
consequence of the presence of a greater numisebsfrate atoms with reduced
coordination numbers, and hence increased reagtivis occurring to a greater
degree. Thus, at 255 K some of the MLac moleculssrbed at the step sites
desorb intact while the others lose a hydrogen atoform the relatively stronger
bound alkoxy species on the surface. Then a simpi@sess occurs at 273 K in the
case of (R)-MLac, or 286 K for (S)-MLac, involvirigose molecules adsorbed at
kink sites (figure 5B.11(a)). As with Cu(111), thetate feature stems from
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(@) HeC - O CHs
O - H-0O

Figure 5B.11. Schematic diagram illustrating the thermal reacfiathways
undergone by methyl lactate at the steps and kihiau(643¥. (a) At 255 +2

K (steps), 273 2 K ((R)- at the kinks) and 2862-K ((S)- at the kinks) MLac
either desorbs intact or undergoes dehydrogenttitorm an alkoxide and &
(b) At >350 K the alkoxides at steps and kinkseitiecombine with i and
desorb as MLac or undergo further dehydrogenatidarin methyl pyruvate.
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alkoxides which have recombined with hydrogen amdgeded to desorb as the
parent species, while the methyl pyruvate and ryelngeaks mark the further
dehydrogenation of the alkoxy species and theiejecf the aforementioned
entities (figure 5B.11(b)).

In a similar situation to thg state, which appeared as a broad peak of low iyens
in the Cu(111) TPDs, but was resolved into separa#ds on Cu(643)due to the
increase in molecules occupying the adsorptiorst@bm which it was comprised;
they state, which also appeared as a broad peak ahtewsity in the Cu(111)
TPDs, can be seen to be composed of more thanmaeglying part. There is a low
temperature shoulder at 355 K to the main pealB@8K, and as such it must be
considered that, analogously to fhstates, the low temperature feature may be
attributable to recombination at steps and the teghperature one at kinks.
However, when we irradiated a monolayer of MLadcGu§111) with a high
electron flux we saw the same two component featuig unlikely that the (111)
surface contains a similar proportion of steps kinkls as the (648)surface, and as
such it seems that this form is adopted when tisesecertain concentration of
alkoxides present. Consequently, as with the (t4dylts we shall assign it to the
different ways in which the alkoxy moiety and hygeo can recombine, with the
different stabilities of each of the conformationsvhich MLac can be produced
possibly determining the temperatures at which thesorb. That molecularly
adsorbed MLac desorbs enantio-specifically, butwiach evolves as the product
of the recombination reaction does not, suggesisthte latter’'s desorption is
reaction limited, which, as we have previously destl) is also the case for methyl
pyruvate formation. The two peaks in the piofiles could be seen as a broad
feature in those acquired from the (111) surfacéwith the extent of hydrogen
evolution greater from this chiral surface, theydndeveloped into peaks in their
own right. Consequently, with the dehydrogenatieim a stepwise process, we
shall attribute the peak at 339 K to the combimatbH,, following the initial
alkoxide formation, and the peak at 389 K to thealbmation of Hy) following the

formation of MP.
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As was shown in figure 5B.4, by adsorbing at 250 Mias possible to selectively
isolate thek peak. At this temperature, the molecular enttias comprise states
al, a2 andBs were not adsorbed, and the enantio-specific diffee in the
desorption temperatures of the (S)- and (R)-MLagegwdes adsorbed at the chiral
surface sites could be measured with greater ceméiel Unfortunately, adsorbing
at this elevated temperature did not allow us #meeslevel of unambiguousness
with regards to the origins of the alkoxy speci&swe have discussed, our
comparisons with the Cu(111) surface have led lelieve that it is molecules
adsorbed at the steps and kinks that undergo dedpgdation to form alkoxides,
however, when we adsorb at 250 K the size of/thiate is not significantly smaller
than when we adsorb at 103 K, which suggests thithedawo temperatures there is
a contribution from both. This is consistent witle findings of Bowkeet al.® and
leads us to believe that MLac adsorbs in a precwtste, diffusing to the step and
kink sites where after it remains molecularly atigor until such temperature is
reached that it either desorbs or dissociates. Wdbsimg takes place at
temperatures higher than this, although the pageties will not adsorb, the
alkoxide will; as is the case at the step sitézb@tK. Therefore this method of
preparation does not enable us to isolate the ibotisn from kink site alkoxides to
the recombination or methyl pyruvate peaks; howewéh the kinks being the
centres of chirality, we may assume that the eaasgecific dissociation originates

at these.
5B.2.3 Enantio-specific Desorption Energies

The enantio-specificity observed in the desorpkimetics of (R)-MLac and (S)-
MLac on the Cu(643)surface arises from enantio-specific differencethe
desorption energies associated with each of theetvamtiomers. By inserting the
peak desorption temperatures from the TPD datanio the Redhead relation for
first- order desorption kinetics (Equation 5B’1ik is possible to estimate the
desorption energiedE4es Of each of the two enantiomers from the kinkssitnd
hence deduce the difference between theskys The Redhead relation can be

expressed as:
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AEdes

A
- —— exXp(AEged RTp) (Equation 5B.1)
R T B

Where R= 8.314 J moIK™?, B is the heating rate applied to the system (0.5K s
and the pre-exponential factor, A, is assumed tofllke same order of magnitude
as the molecular vibrational frequency and is gelhetaken as 18§ s*. In

principle, the pre-exponents can be enantio-smedtibwever any such error arising
from not taking this into account is unlikely totidest significantly from the

calculated differences in desorption energies betvibe two enantiomeraAEges

The desorption energy of (R)-MLac from the kinlesiof a Cu(643)surface has
been calculated to be 74.05 kJ thakhile that for (S)-MLac has been determined
as 77.97 kJ mdl ThereforeAAEges 3.92 kJ mot (0.94 kcal mot). For
comparative purposes, this figure is consideralgidr than that determined by
Horvathet al.2, AAEge= 0.23 kcal mot, in their seminal work detailing the first
experimental evidence of enantiomeric dependertitgnenergies on a naturally
chiral metal surface. However, when consideratsopaid to such theoretical work
as that which has predicted enantiomeric shiftsenfveen 0.02 kcal mdito 2.71
kcal mol*in the binding energies of chiral hydrocarbons binat Pt surface’ that
displayed by MLac on Cu(6433ppears to be of an intermediate magnitude.

To date, insufficient data has been accumulatethépurface science community

to enable the formulation of any simple rules taty provide insight into which
enantiomers will display enantio-differentiation achiral surface, and to what
extent. It is reasonable to assume that the enapgoific interaction of a chiral
molecule with a chiral kink must be attributablettie orientation of the molecule

on the surface; or to be more specific, the orteama adopted by (R)-MLac and
(S)-MLac at the R kinks on Cu(6433hould be different, and as a consequence one
will “fit” better than the other at these sites.fdrunately, TPD experiments do not

establish the molecular orientation or the natdirth® interaction with the substrate;
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for these ends we would need to use infrared atiearpvhich is one of the most
sensitive probes of molecular orientation on a hseteace.

It has been proposed that the enantio-specifiewdiffces in the desorption energies
of a chiral species may be enhanced if the moleaiulgerest is larger than the
terrace width, and thus interacts with multiplekkgites simultaneouglyThis,
however, is unlikely with MLac on (64%)especially given that this species covers
less area than (R)-3-methylcyclohexangnehich was found to display afmEges

of just 0.23 kcal mot. Another theory that has been considered is krasvile

three point contact modelThree contact points are deemed important bedaaye
represent the smallest number of contact points tabdliscriminate between two
different enantiomers, and it proposes that enaspexific behaviour stems from a
disparity in the ability of each species to maxienadl three. It may be the case that
for one enantiomer, an optimised bond to the sarfaay be formed, and then the
other two bonds can subsequently be formed witharezble strength. However, for
its enantiomorph, once one bond has been optimisert may be a spatial
mismatch between functional groups and active #itaiswill obstruct the

formation of the remaining bonds. Hence, one epargr is able to bind more
favourably than the other. It has been furtherydastd that only when the surface-
molecule bonds are significantly dissimilar is emaspecific adsorption behaviour
detected. This theory is plausible when attemptingxplain our observations, for it
was found that using DFT calculations, (S)- and (R)-2-amino-3-
(dimethylphosphino)-1-propanethiol (APPT), a moleawith thiolate, phosphino
and amino groups all capable of forming substratedb, exhibited enantio-specific
binding differences of 2.1 kcal mibbn Au(17 11 9). However, it also predicted
that the functional groups in cysteine were nofisightly different to engender
detectable enantio-specific behaviour; findingg there subsequently contested by
Greberet al.*° who utilised angle scanned x-ray photoelectrorratition, supported
by their own DFT computations. They determined traf\u(17 11 9), L- and D-
cysteine adsorbed in two distinct and non-mirransyetric conformations,
although common to both, a thiolate and an aminaheere formed with the gold
surface, while the carboxyl group was oriented afsam the substrate. The

observed enantio-specificity was attributed tolBheysteine amino group binding
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to the kink atom and the thiol group to the stepilevthe opposite was true for L-
cysteine; and the resulting value fokEqeswas exceptionally high at 3.23 kcal mol
! Thus with this being such a relatively new fiefdresearch, there have not been
enough investigations so far to build up a bodgath for comparative purposes
and to aid in the elucidation of the underlyingpiples, and consequently disputes
such as that detailed above are typical.

Regardless of the exact origins of the enantioifipatifferences in the desorption
energies associated with (S)- and (R)-MLac, wheéndbnsidered that enantiomeric
energy differences of less than 0.1 kcal iwdve been found to be sufficient to
enable effective chiral separations using gas chtography’, a Cu(643] surface

would be ideal for inducing a separation of racemMi@ac.

Fundamentally, there are two types of adsorpti@edaeparations: an equilibrium
separation and a kinetic separafidn the case of an equilibrium separation, a
surface is exposed to the racemic mixture of aatkwmpound for a time sufficient
to allow equilibrium to be reached between the dubsth phase and the gas phase.
The relative coverages of the two enantiomersgiten temperature and pressure
will be governed by both their adsorption isotheand their individual heats of
adsorption. Thus, once equilibrium conditions hiagen attained, the surface
coverage of the enantiomer with the higher heatesbrption will be greater than
the other. Consequently, rapid removal of the dese results in a net purification
of the racemic mixture by leaving an excess of @mentiomer adsorbed on the

surface.

In a kinetic separation, the racemic mixture isilsirty adsorbed from the gas
phase, however this time, the gas phase is rema@dto reaching equilibrium.
The adsorbates will subsequently proceed to destwlihe gas phase, but because
the two enantiomers possess different adsorptienges, the rates of desorption
will differ, and the one with the lower heat of dgstion will desorb more rapidly.
Consequently, after a set period of time, the me&tun the surface will no longer
be racemic, and is enriched in the enantiomer thighhigher adsorption energy;

and the converse is true for the composition ofgéee phase.
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The latter of these processes was successfully nEmaded by Horvatht al. using
(R)-3-methylcyclohexanofiewhich if you recall exhibited AAEges0f just 0.23

kcal mol'. Thus, given that the molecular desorption pealacémic MLac lies
midway between the desorption temperatures of tine @nantiomers, which
suggests that there are no specific interactiotwsdsn adsorbed (R)-MLac and (S)-
MLac that stabilise (R)-(S) complexes on the sw@faee suggest that it is

worthwhile attempting both these processes usingdviind the Cu(643) surface.
5B.2.4 Enantio-specific Aspectsto the Thermal Dissociation Processes

The work presented thus far indicates that thezdvan aspects to the thermally
induced enantio-specific behaviour of (S)- and (R)-ac on Cu(643]. Firstly we
have seen that molecular desorption from the ckirdis that interrupt otherwise
straight step edges is enantio-specific; the (fBagomer desorbs from these sites
at 286 K, 13 K higher than the (R)-enantiomer whdoles so at 273 K. As was
discussed in section 5B.2.3, this represents ardifice in desorption energies of
0.94 kcal mof, which is an intermediate value when comparedhercsystems
found in the literature; however enantio-specigsarption is a comparatively well
studied phenomenon. In contrast, the second asp#w thermally induced
enantio-specific behaviour is less commonplace thatlis the observation of

enantio-selectivity in surface reactions.

Both the population of the MLacstate and the amount of methyl pyruvate evolved
from the surface are greater for (R)-MLac thanN&ac, however, the AES

carbon/ copper ratio as measured subsequent tonguam PD is approximately

twice the magnitude for (S)-MLac than for (R)-MLauglicating that (S)-MLac is
twice as susceptible to total decomposition. Thaaaenagnitudes of the

differences depended on whether dosing was perfban£03 K or 250 K,

variations which may be attributed to inherent exyror they may be due to
dissimilar adsorption mechanics at the two tempeeat however, crucially, the

sense of the differences were constant acrosseaéixperiments.

We have already established that it is the MLaodm] at steps and kinks that

have a propensity towards dehydrogenation and glfannation. However, we
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have also reasoned that with the kink sites bé&ieghiral adsorption sites on the
surface, it is safe to assume that it is at thiesethe enantio-specificity arises; thus
to understand the reasons for the two enantionesgssing different affinities for
each of the reaction mechanisms, we must condiéesituation where the only
molecular species present on the surface occupkinkesites (figures 5B.4 and
5B.8). We can see that the areas offihstates are the same for both enantiomers,
therefore when thermal energy is applied to an dxdde covered surface, the same
quantity of MLac molecules desorb from the kinlesitegardless of their identity.
However, as the surface is heated further, thexrersasurably significantly more
alkoxy species present for the (R)- enantiomer tbathe (S)-, as indicated by the
greater number of alkoxy moieties recombining viayldrogen and desorbing as
MLac, y state, and the greater number of alkoxy moietietergoing further

dehydrogenation and desorbing as MP.

Ignoring fluctuations due to thermal roughening ttumber of substrate kink sites
should remain constant, and consequently presezititer enantiomer, an equal
number of binding sites. If we now consider theg same number of (S)- and (R)-
entities molecularly desorb from kink sites, yet #PDs show less (S)-MLac
derived alkoxides than (R); we therefore have asnmabalance. However the
“missing” (S)-MLac species can be accounted fovefuse the knowledge that
more of these entities were found to completelyodgmose than their enantiomeric

counterparts.

At the level of an individual adsorbate, when hesatpplied to a system the energy
is dispersed throughout all the molecule’s coorgisgand the probability that
sufficient energy will accumulate in a particullagalised reaction coordinate, such
as the bond with the surface or the hydroxyl O-lHdas governed by Boltzmann
statistics. Consequently, although increasing e¢hgperature increases the
probability that, at any given instant, the reqdiemergy will momentarily
accumulate in a certain reaction coordinate, @ aisreases the energy distributed

throughout all the bonds upon which the adsorlsat®mposed.

Although there is a significant difference in teeperatures at which (R)- and (S)-
MLac molecularly desorb, given that the strengtithefadsorbate/ substrate bond is
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weaker than any of the intramolecular bonds, utnkkely that the enantio-specific
total decomposition occurs over these regions. @meaitial dehydrogenation
step has taken place, the resulting alkoxide isemstrongly bound to the surface,
and the temperature must be raised a further 1@0a€hieve complete desorption.
Despite there being no measurable enantio-spdyifitithe temperatures at which
the recombination or the methyl pyruvate peaks Qdou, as we have already
determined they are reaction limited, and therefmtea measure of how strongly
bound each alkoxy enantio-morph is to the substtiase molecular (S)-MLac is
more strongly bound than (R)-MLac, suggests theesartrue for the (S)-alkoxide.
If it is then considered that surface interactitmvger activation energies, with the
(S)-alkoxide experiencing a stronger interactiomiil have a lower activation
barrier for dissociation. So, although both speeigzerience the same heat ramp,
the (S) enantiomer is more likely to fragment andargo total decomposition,
which is what we have seen in the AES carbon/ cogi®s. We cannot say at
exactly what point this occurs, however, with tB¢-&alkoxide undergoing the
greater degree of decomposition, there are legtsesrdvailable to recombine with
H() or undergo further dehydrogenation, which is @eidlent in our observation
that the TPD features derived from both processetagger for the (R)-enantiomer.

5B.3 Conclusons and Future Wor k

* By comparing the 45 amu TPD profiles of (S)- anjHfkethyl lactate on a
chiral Cu(6437 surface with those obtained from the achiral Clij11

surface, we could assign peaks to desorption fevrades, steps and kinks.

« The mechanism of the reactions of methyl lactat€o(643¥% can be

written as follows:

Terraces;, Tmax=207 + 2K and 229 + 2 K:
MLac) - MLac)

Steps; Tmax= 255 + 2 K:

M Lac(a) - M Lac(g)
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MLac) N Alkoxideg) + Ha
Kinks; Tmax=273+ 2K (SMLac)/ 286 + 2 K (R-M L ac):

MLac N MLacg,

MLac) N Alkoxideg) + Ha
Stepsand Kinks; T> 300 K:

Alkoxidem - MPam + Ha

MPia) - MPg

Alkoxidea + Ha - MLac)

MLac - MLacg,

Ha) + Ha - Hz

Alkoxidem Residue

e All the features attributed to molecular desorpfmssessed similar peak

areas, and were thus populated by both enanticdimarsimilar extent.

* The peaks arising from molecular desorption abtsrrand step sites
occurred at the same temperature for both enantgrhewever, those
attributed to desorption from the kink sites digerby 13 K; indicative of

enantio-specific desorption energies.

« The difference in the desorption energies assatiatd each of the two
enantiomers was calculated to be 0.94 kcal'mehich is significantly
larger than the values observed in previous expriat work, although
consistent with theoretical studies. This behavieumost likely to arise
from (S)- and (R)-MLac adopting different orientats at the kinks sites,
but unfortunately our data does not provide suébrmation. Based on the
magnitude of the difference though, we have suggeasiat this system
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should be used to test the use of naturally chiethl surfaces as a means of

separating racemic mixtures.

* In a similar manner to the dissociation pathwayaslatsle to MLac adsorbed
at the defects on Cu(111), the species at the atep&inks on (643)could
undergo dehydrogenation to an alkoxy species, laenl &s the temperature
was raised further, they could either recombinda Wty and desorb as

MLac, or they could lose another hydrogen to forethgl pyruvate.

* In addition to enantio-specific desorption, we adbserved enantio-specific
surface reactions. It was found that there wasatgr tendency for the (R)-
enantiomer to undergo both the alkoxide recomnateaction and further
dehydrogenation to methyl pyruvate, while the (8xdiomer had a greater
proclivity to undergo total decomposition. This vedsibuted to the (S)-
alkoxide being more tightly bound at the kink sjtiémis the activation
barriers to breaking its internal bonds would bedothan for the (R)-. As a
heat ramp was applied, it consequently decompasadjteater extent,

removing alkoxides that could otherwise react feirth

» After having characterised the thermal induced bigha of (S)- and (R)-
methyl lactate on a Cu(64%hiral surface, the next step was to characterise
the electron induced behaviour, and this is coveresction 5C.
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Chapter 5C: The Electron Induced Chemistry of M ethyl
L actate on Cu(643)°

In the following section we demonstrate, to the best of our knowledge, the first
examples of enantio-specific electron stimulated surface chemistry. When irradiated
with 50 eV electrons, (R)-MLac adsorbed at chiral kink sites is more receptive than
(S-MLac to both electron induced desor ption of the parent molecule and electron
induced cleavage of the hydroxyl O-H bond. In contrast, the electron stimulated
chemistry involving adsor bates at the achiral steps and terraces does not exhibit

any enantio-difference.

5C.1 Reaults
5C.1.1 Electron Irradiation of the Kink Ste Adsorbates
5C.1.1.1 Electron Induced Chemistry

To simplify the electron stimulated chemistry oftmg lactate on Cu(643) we
shone 50 eV electrons at a surface formed by d@di@§0 K. As discussed in
relation to the thermal chemistry of this systelnms has the effect of depositing
molecularly adsorbed entities at solely the chimak sites; consequently tifig-
peaks are unambiguous and can be seen at 273(R)fdiLac, 286 K for (S)-

MLac and 280 K for the racemic mixture. In additibugh, the desorption of
MLac is also observed following the recombinatidnh@ alkoxy moiety and
adsorbed hydrogen at both steps and kinks, reguttia peak with J,,= 368 K.
However, as the step bound entities undergo hyd®xy bond cleavage upon
adsorption at this elevated temperature, whiledlaighe kinks adsorb molecularly,
any variance in the size of thdeature as a result of electron induced dissamati
can be attributed to MLac adsorbed at the kinlssit&erefore, by adsorbing at 250
K, we get unequivocdlk-peaks and simplifieg-features from which to extract

data and trends.

Figures 5C.1, 5C.2 and 5C.3 show nested TPD 45paofies tracing the
evolution of MLac molecules, subsequent to expo§ln(43¥ to (S)- MLac, (R)-
MLac and the racemic mixture respectively at 25@ukqg irradiating the resulting
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lon Signal (45 amu)

Bk
State

1.0x10™° 1

— 1 1T 1T ' T " T T 1
150 200 250 300 350 400 450

Temperature [K]

Figure5C.1. Displayed are a series of nested TPD 45 amu psdfi¢ained
subsequent to adsorbing (S)-MLac onto Cu(B48)250 K, and irradiating the
surface with increasingly greater fluences of 50e#dttrons. No electron
irradiation (black), 0.5 x 18 cm? (red), 1 x 18° € cm? (blue), 2 x 16 e cm'
2 (green), 4 x 18 € cm? (magenta), 8 x 8 e cm? (burgundy)
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Electron Flux [ x 10 15¢m?)

0 0.5 1 2 4 8
Molecular Desorption [fx |
(x 10 ?arb. units) 348+017|324+0.16|262+0.13|1.78+0.09|1.28+006 | 0.67+0.03
Alkoxy Recombination [y]
(x 10 ?arb. units) 288+012(3.05+012|349+0.14 |3.77+0.15|3.75+0.15|3.74+0.15
Total Area
(x 10 arb. units) 6.36+032]1629+0316.11+031|555+028]5.03+025|4.35+022

Table 5C.1. The areas of the molecular desorption peak, hexae recombination peak and for (S)-MLac desorpfrom the

surface as a whole, as taken from each of the &l profiles in figure 5C.1, and thus pertairtmghe irradiation of (S)-

MLac on Cu(643] with increasingly greater fluences of 50 eV eless; after adsorbing at 250 K.
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Bk
State

1.0x10™° 1

8.0x10™ -

6.0x10™" 1

lon Signal (45 amu)

0.0

' | ' | ' | ' | ' | ' |
150 200 250 300 350 400 450

Temperature [K]

Figure5C.2. Displayed are a series of nested TPD 45 amu psdfi¢ained
subsequent to adsorbing (R)-MLac onto Cu(648)250 K, and irradiating the
surface with increasingly greater fluences of 50e#dttrons. No electron
irradiation (black), 0.5 x 18 cm? (red), 1 x 1&° € cm? (blue), 2 x 16 e cm'
2 (green), 4 x 18 € cm? (magenta), 8 x 8 e cm? (burgundy)
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Electron Flux [ x 10 ¥ cm?]

0 0.5 1 2 4 8
Molecular Adsorption [Py ]
(x 10 ? arb. units) 346 +0.17]1229+0.11 | 1.69+0.18 | 1.40 £ 0.07 | 0.93 + 0.05 | 0.47 + 0.02
Alkoxy Recombination [y]
(x 10 * arb. units) 3.18+0.13 | 3.78+0.15|420+0.17(421 +£0.17| 4.15+0.17 | 423 +0.17
Total Area
(x 10 ? arb. units) 6.64+0.32]6.07+0.30| 589+0.29| 561 +0.28|5.08+0.25|4.61 +0.23

Table 5C.2. The areas of the molecular desorption peak, ftex@e recombination peak and for (R)-MLac desanpfirom

the surface as a whole, as taken from each of B2 45 amu profiles in figure 5C.2, and thus peitgjrio the irradiation of

(R)-MLac on Cu(643) with increasingly greater fluences of 50 eV elecs, after adsorbing at 250 K.
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1.0x10™ A

150 200 250 300 350 400 450

Temperature [K]

Figure 5C.3. Displayed are a series of nested TPD 45 amu psdfi¢ained
subsequent to adsorbing racemic-MLac onto Cu(648p50 K, and irradiating
the surface with increasingly greater fluences®&Y¥ electrons. No electron
irradiation (black), 0.5 x 0 e cm? (red), 1 x 1& € cmi? (blue), 2 x 16° e cm

2 (green), 4 x 18 € cm? (magenta)
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lon Signal [45 amu]

(b)

9.0x10™
6.0x10™" 4

3.0x10™ 4

0.0

9.0x10™ 4 (C) (d)

6.0x10™ 4
3.0x10™ 4

0.0

r T T T T T 1
150 200 250 300 350 400 450

ooty (€) Temperature [K]

6.0x10™ 4

3.0x10™ 4

0.0

150 200 250 300 350 400 450

Temperature [K]

Figure 5C.4. The molecular adsorption peak from each plotgaré 5C.3 has
been resolved with Gaussian distributions to idgtiie contribution made by
the (R)- and (S)- enantiomers (gold and blue peasectively ). (a) No
electron irradiation (b) 0.5 x $0e' cm? (c) 1 x 13° e cm? (d) 2 x 13° € cm?

(e) 4 x16°e cm?
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Electron Flux [ x 10 cm]

(R)-MLac 27242 | 27242 | 27442

(S)-MLac

Alkoxy
Recombinatio

n [y]*

Table 5C.3. The position, peak area and width componentseofXhussian
functions used to fit the molecular adsorptiondieas in the racemic MLac 45
amu TPD profiles in figures 5C.4(a)-(e).*The datkating to they-state
recombination feature in the table is taken digethm the TPD profiles.
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surface with varying fluences of 50 eV electromgahn be seen that both the pure
enantiomers and the racemic mixture behave in btaixely similar manner, in
that the electron beam induces a decrease in fidgiemn of MLac molecularly
adsorbed at the kinkBg, and an increase in the number of alkoxy moieties
recombining with kk, y. At each flux, the decrease in molecularly adsoi@ecies
is greater than the increase in alkoxides recombiwiith hydrogen, thus,
analogously to the situation with the Cu(111) stefdhe electrons are inducing
both molecular desorption and hydroxyl O-H bondesge of the MLac adsorbed
at the kink sites on Cu(643)For the profiles acquired from the irradiatiortiod
pure enantiomers, the areagefy and the entire TPD profile subsequent to each
flux were calculated, and can be seen in table &6d 5C.2, corresponding to (S)-
and (R)-MLac respectively. For the racemic datafitted Gaussian functions to
the molecular adsorption peak in each profile ffaqare 5C.3 in order to determine
the contribution from each of the pure optical isosn Each profile resolved in this
manner can be seen in figure 5C.4, while the resileach of the fits, along with
the areas of the recombination peak are to be foutable 5C.3. We shall return to
this data later when we come to calculating cressiens for the various ESD
mechanisms at work and for comparing the behawbtire two enantiomers.

Figures 5C.5, 5C.6, and 5C.7 detail the evolutiomethyl pyruvate and hydrogen
in the experiments from which the traces in figus€s1, 5C.2 and 5C.3 were
obtained, and it can be seen that there is nofgignt change in the amount of MP

formed with increasing electron flux.

We searched for, but as was the case with MLacuqta11), found no evidence for
any further electron induced dissociation proceas@grk to account for the
decaying parent ion TPD profile. Firstly, the 6@, 82, 29, 28, 18, 16 and 15 amu
ion signals tracked those of (S)-MLac/ (R)-MLac &MB as a function of
temperature, thus the electron beam was not gemgthe production of any

further fragments which were being retained onstiiéace. Secondly, a 1 keV
electron beam with a flux of 4.5 x @& cm?, i.e. substantially larger than any
given in the aforementioned experiments, was adi@red subsequent to adsorbing
at 250 K , then following the application of a heanp, the AES carbon/ copper
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Peak contains
contributions from

MLac Statey and H, Desorption
Methyl Pyruvate (b)

(@)

1.2x10™ 1

8.0x10™ 1

4.0x10™ 4

A 5%2?
(THT

©
c
Sy 0.0-hawe W
(9p)]
C T T T 1
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Temperature [K]
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8.0x10™ 1
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Figure5C.5. Displayed are a series of nested TPD (a) 43 anfilggdb) 2

amu profiles and (c) methyl pyruvate profiles obtai subsequ