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The study of interfacial processes has long bdemterest to scientists. The
properties of a material are generally governedheycharacteristics of its surface, thus
the development of surface specific experimentahous are always of great importance
to the scientific community. This thesis presehtsesults of the spectroelectrochemical
characterization of a cysteine-Ag adsorbate-sutesisgstem. The system was probed

using two spectroelectrochemical methods.

The chiral effect which cysteine has on the etsttr structure of the Ag substrate
was studied by performing situ second harmonic generation optical rotatory disipar
(SHG-ORD) experiments. Rotation angleg ¢btained indicated that the overlayers of
adsorbed cysteine molecules imprinted the elearahiucture of the Ag with their
inherent optical activity. Results also indicatattthere are one or more other processes

which are contributing to the observedalues.

The second half of this thesis discusses the tefffed pH and applied potential

have on the adsorption geometry of L-cysteine olygogstalline Ag as studied by



surface enhanced Raman scattering (SERS). Resitlitned under neutral and acidic
conditions showed that the coadsorption ofgldys an important role in the adsorption
geometry. At more positive potentials” @lill be coadsorbed on the Ag surface with
cysteine. The Clhelps to stabilize the adsorbed cysteina interactions with the
protonated amino group. Consequently, as the pateist changed in the cathodic
direction the Clbecomes desorbed from the surface, resulting anging intensities
observed in the SERS spectra. Tracking of whichkkgeand consequently vibrational
modes, are changing and in which way allowed faualitative determination of the

adsorption geometry as a function of both pH anemal.
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Chapter 1 - Introduction

1.1 Motivation

The surfaces of materials are often responsiblenfany of the properties
which they exhibit. This makes understanding thénabeour of surfaces and
interfaces one of the most important branchessdarch in modern chemistry. Areas
of research such as catalysis, biosensing, andcklld, among many others, rely

heavily on fast and descriptive methods which canded to characterize surfaces.

Second harmonic generation (SHG) and surface eehR@aenan scattering
(SERS) are techniques which can offer a wealtimf@irmation on surface processes.
They are both highly surface sensitive, and wekhpted to the study oh situ
electrode surfaces. They complement each othee wuatl, with SERS providing the
researcher with a look at the vibrational charasties of the adsorbates and how the
metal is interacting with them. Conversely, SHG tdbates information about the
electronic structure of the electrode itself andvhid has been affected by the

adsorbates which are attached to it.

The system being studied consists of cysteine bddoonto a polycrystalline
Ag electrode. This system has several advantagéshvidd to its use in the study
presented in this thesis. The electrons in Ag asl\e perturbed which allows for
both SERS and SHG experiments to be performed wstitbng signal strength.
Despite Ag being the best metal for inducing a SERBancement, it has not been

studied as extensively as Au, due to the factithatidizes in air. The chemistry of



Ag is very similar to that of Au however, thus we @able to use the many studies
performed on Au to model the behaviour of Ag. Tise wf cysteine also provides
many advantages, which are enumerated througheuh#sis. There are three main
reasons cysteine was chosen for these studies kowist, it is an amino acid. This
means that it has several applications such asntbdeling of protein-protein
interactionS. Second, cysteine has multiple functional groufhese varied
functionalities imbue cysteine with a broad andiedrchemistry, allowing it to
interact with many different species. This propentgkes it an ideal linker for
immobilizing analytes of interest, particularly ligical compounds. Finally,
cysteine is a small molecule, which should resulsimplifying the interpretation of

results.

Studies geared towards the fundamental understguodithe processes which
occur at interfaces have been of interest for g tane, however there is still much to
be contributed to the field, and many more advanieshe discovered. This
investigation is aimed principally at increasing ttundamental knowledge base of

metal-adsorbate interactions, and the methods lghwhey can be examined.

1.2 Organization of the Thesis

This thesis is divided into four chapters includittgs first introduction
chapter. In Chapter 1 background knowledge pertiteethe experiments conducted
will be presented to provide the reader with théitglio understand and interpret the

experimental results. The first section is dedddat® the amino acid cysteine, the



molecule which was used to functionalize the Adgaxe studied. The remainder and
bulk of the introduction reviews the fundamentakdty of the experimental
techniqgues used, providing an overview of secondnbaic generation (SHG),
Raman scattering, surface enhanced Raman scatté8B{RS) andab initio
calculations. This chapter equips the reader wWithtbols necessary to comprehend
the interpretations presented in the second and thiapters where the experimental

results are discussed.

Each of the results chapters is a self-containgmbrte consisting of the
sections generally found in a journal article. Antroduction outlining important
theory development specific to the experiments ootetl and summarizing the
knowledge already established within the scienttfianmunity opens each results
chapter. This is meant to build upon the theorguised in Chapter 1 and focus in on
the specific experiments being discussed. ThislisWed by an experimental section
where the experimental set-up and parameters idred& Results are then presented
and discussed, and the insights and conclusiomsedare summarized in a final
section.

A final short chapter discusses the relationshigvben the results obtained in
Chapter 2 and Chapter 3 and how they relate to etheln. References for all chapters

are located directly after Chapter 4.



1.3 Cysteine

Cysteine is one of the 20 natural amino acids usede forming of proteins.
It can further be classified as a “non-essentiatire acid because it is produced in
the human body and does not need to be obtainaddxternal sources such as food.
Its functionality consists of the amino and cardmxwcid groups, common to all
amino acids, with a thiol group side chain (Figutel(a)). Cysteine is easily
dimerized to cystine by oxidization of the thiobgp to form a disulfide bond (Figure
1.1(b)). This process is most likely to occur undeutral or basic conditiohsThese
rigid disulfide bonds are important to maintain tsteucture of proteins such as

keratin in hair.

Cysteine has a chiral centre at thhearbon and thus can exist as either the D

or L enantiomer, though only L-cysteine is foundunally.

2
-
-

H,oN

OH
(@) (b)

Figure 1.1 - Molecular structure of (a) L-cysteare& (b) L-cystine.



1.3.1 Protonation of Cysteine

Cysteine is a small molecule, having a molar méssly 121.16 g/mol and is
highly soluble in watérdue to its high polarity. The three functional gpe of
cysteine all undergo protonation/deprotonation qunemus media, leading to several
forms of cysteine which are ionized to varying desgr as pH changes. Each of these
functional groups has a plassociated with it, 1.91, 8.16 and 10.25 for thaxyl,
amino and thiol groups respectivélysing these values to determine the fraction of
each form of cysteines) at a pH value provides a graphical representatiothe
degree of protonation of cysteine as a functiomldf(Figure 1.2). It is clear from
Figure 1.2 that under neutral conditions (pH=7)teye exists predominantly in its
zwitterionic form with the amine protonated and tagboxylic acid deprotonated. At
low pH cysteine is fully protonated, however thetpnation is not as clear cut at
higher pH values. The acid strength of the thi@ amino groups are about the same,
therefore making it unclear which species is atgudminant until pH>pKs where

cysteine is fully deprotonated.
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Figure 1.2 - Degree of protonation of cysteine &mation of pH

1.3.2 Synthesis of L-Cysteine

There are several chemical synthesis pathwaysoupe L-cysteine, such as
that put forth by Martenst al. in 198%. They have the downside of producing a
racemic mixture which must then be further purifiedseparate the enantiomers from
each other. This is not practical for large scalenafacturing of the compound.
Reduction of L-cystine to L-cysteine is generallypmn accepted as an effective
method of generating the amino acid. This is gdlyedane chemicallyia catalytic
hydrogenation using tin in hydrochloric acid, folimg Equation 1-2.
Equation 1-1

RSSR-2M — H .,y 00 — 2RSH+2M



This process works quite well, however, as it isegally carried out in hydrochloric
acid on tin, large amounts of hazardous waste eated in an industrial setting.
Electroreduction of cystine is therefore the mompyar route for large scale
production of high purity L-cysteine. This procéEsjuation 1-2) normally results in
the creation of the hydrochloride salt, which daentbe converted to the free base
Equation 1-2

RSSR-2H " +2e” 00 - 2RSH

an electrodialysis step. The free base, howevenoie susceptible to oxidation back
to L-cystine, and therefore the produced L-cystemeften transported and sold as
the acid salt, then converted to the free baseitenwsien needed. The L-cystine
required for this process is extracted from acidrblysates of keratins from hair,

horn, hooves, feathers and wbol

1.3.3 Applications of Cysteine

As with all amino acids, only the L form of cysteiis found naturally, as
such it is generally the L form which is attractteeindustry. It has many uses in the
food industry. It is used in the production of dbugr bread and pasta to improve
softness, making the dough easier to work and dsitrg baking time. As well it is
used in the production of seasonings which haveat flavour and as an anti-oxidant

in natural fruit juices

Cysteine has also been shown to have a signifeféettt on skin and hair as it

can break and reform the disulfide linkages intetwahe structure of the proteins



which make up these materials. As a result it sdus the treatment of seborrhea,

acne, dandruff and in less destructive “perms’fomen’s hait.

The pharmaceutical industry has also taken advardgbg-cysteine. There are
several drugs produced from L-cysteine which aié&zedl to break down mucus in
patients with bronchitis and nasal catarrh; otherivétives are used to combat

hepatitis, respiratory disease, and skin disorders

Cysteine monolayers adsorbed on gold have alsodfase as detectors for
Cu(ll) in water samplés Multi-dentate ligands are also commonly used in
chemosensors, however cysteine has the strong tadeaaf avoiding complexation
of interferants from the sample matrix, making ibre attractive for this type of
sensot. L-cysteine adsorbed on gold has also been usledkaat plasma protein and
antisera interactiods Gold slides were modified with either L-cysteime 3-
mercaptopropionic acid (MPA). The slides were theoubated in plasma then
antisera serially. It was determined which antibedwere bound to the different

slides, providing insight into how the antiseraefaicts with plasma in bload

There have also been several investigations peeron cysteine as an
environmentally safe corrosion inhibitor for copperit is well established that many
nitrogen and sulfur containing organic compoundsvigle an inhibitory effect to
copper corrosion, however the most commonly usetiesfe compounds are nitrogen
containing aromatic chemicals, which have been shtwhave carcinogenic and

other side effects Cysteine, however, is well suited to adsorptiariooa copper



surfacevia the thiol group, and is biocompatible. In a stinyyDa Quaret al. it was
discovered that cysteine was a more efficient @doro inhibitor of copper in
hydrochloric acid than benzotriazole, the most camiy used inhibitor used in the
protection of coppér Ismail's study in this area found that cysteinevided
corrosion inhibition efficiency of approximately @4for copper in neutral and acidic
chloride solutions, as a result of adsorption dteye at the active corrosion sites of

the metal.

1.4 Electrochemistry of Cysteine on Ag

Cysteine strongly adsorbs onto silver (Agh a Ag-sulfide linkag®. The
adsorption is so strong that no desorption peatbserved, even at very negative
potentials. The cysteine will remain adsorbed te #hg surface until hydrogen

evolution occurs and the metal itself is damaged

Paik et al. proposed mechanisms for the adsorption of thiold dialkyl
disulfides onto gold and Ag surfatésFrom electrochemical and quartz crystal
microgravimetric measurements it was observedtthat molecules adsorb onto the
Ag surface through a process resulting in an anadglieent whereas dialkyl disulfides
adsorption onto Ag produces a cathodic current. dti&rption mechanisms for a
thiol and for a dialkyl disulfide are shown, Biguation 1-3andEquation 1-4
Equation 1-3

RSH+ Ag —» RS-Ag+H ™ +e (Ag)
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Equation 1-4

RSSR- Ag+e (Ag) M - RS- Ag+RS

It is of note that althougEquation 1-4shows a net one electron transfer, the full
process involves the two electron reduction of dmgkyl disulfide, while a one
electron oxidation of the Ag occurs simultaneoudiie RS produced from this
reaction has two main pathways which it will thefidw. One is adsorption onto the
Ag surface in a reaction very similar to that of thiol Equation 1-5.

Equation 1-5

RS + Aglll -~ RS- Ag+e (AQ)

The unbound RXan also diffuse away from the surface and eiginetonate to the

thiol or oxidize back to the dialkyl disulfitfe

As was discussed in Section 1.1 , cysteine is keadidized to the dimer
cystine in a reversible reaction. Watanabe and ladsserved that L-cystine could
be reduced to L-cysteine in a quasi-reversible xedygcle when L-cystine was
adsorbed on to a polycrystalline Ag electroBquation 1-§'°.

Equation 1-6

_0od-

RSSRy, +26 /5 2RS4

Conversely, when L-cysteine was adsorbed onto thesl&ctrode, oxidation
to cystine was not observed. This was an intergsgsult which was resolved using
surface enhanced Raman scattering (SERS) measuseB8&RS data indicated that

L-cystine was adsorbed onto the Ag surface in digoration where the disulfide
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bond was tilted away from the surface to a certiegree. When the L-cystine is
reduced to two L-cysteine molecules, the strongSAgend ensures that both new
molecules will be adsorbed onto neighbouring AgretoThe orientation of the L-
cysteine molecules upon adsorption to the Ag sarfacsimilar to their orientation
when formed into L-cystine. Therefore when an aoodirrent applied to the

electrode the L-cysteine molecules are oxidizeform L-cystiné’.

This pathway is not available when L-cysteinedsabed directly onto a Ag
electrode. In this situation the L-cysteine molesulill adsorb onto the Ag in a
configuration which will minimize steric hindrandetween adjacent molecules. In
this configuration it is not favourable for the ksteine molecules adsorbed on
neighbouring Ag atoms. Due to the strong Ag-S bpreventing surface diffusion the
L-cysteine cannot move into a position where thielation of L-cysteine to L-cystine

is possible, thus L-cysteine remains in its monacrferm.
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1.5 Second Har monic Gener ation

Optical second harmonic generation (SHG) is a stooder nonlinear optical
process which can be simply described as “the neati conversion of two photons
of frequencyo to a single photon of frequencyw?®. In general terms the
polarization of radiation produced from a mategah be expressed as a sum of all
the componentsEguation 1-7°).

Equation 1-7

P=xYE +YPE*+ yOE® +...

P is the polarization induced by excitation withaaliation source, Whené”)
is the nth order susceptibility constant and E is the eledield. The n=1 term
describes normal absorptive and reflective proses3ée n=2 term therefore
describes second harmonic generation and will thexebe the main focus of this

discussiofr.

There are several different sources of second ha@iomadiation from metals;
however the simplest description of this effecexplained using the electric dipole
approximation. The polarization of the SH radiatadone can be expressed simply as
shown below
Equation 1-8

P@ 2w = y?PE*(w)
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E(w) is the amplitude of the electric field vector five incident radiation,
thereforeP ®(2w) will vary as a function of'?. »® is a third order tensor with 27
different elements. These terms have the notatddnsw; where X, Y and Z are
Cartesian coordinates with Z being normal to thdase and X and Y being in the
plane of the surface. Symmetry in a material wéitidase the number of nonzero and
independent elements which contributg'f »® can be modeled Hyquation 1-8*.
Equation 1-9

Ne? 1
2m’ (af - o)?(af - 4af)

x@==¢

There are three variables in this expression whifine the magnitude of?
N, oo andl. N is the number of electrons in the system of irgierienplying that for
molecules adsorbed on a surfaféshould increase with surface concentrafioRor
metals,N is related to the density of free electrons at itietal surface. In this
instanceN (andy®) can therefore be considered to be inversely ptmmal to the

work function of the metal.

wo is the plasma frequency of the material being edolandw is the
frequency of the incident radiation. As can be sé®m Equation 1-9 when
w - w,or %, a zero factor is created in the denominator, msireyy® and the
probability of SHG to occur. This is the source tbke resonance enhancement

sometimes observed in SH studfesAn energy level diagram showing the

mechanisms for resonance enhanced SHG is showgureFL.3.
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Figure 1.3 - Jablonski diagram depicting the resoaa@&nhancement for SHG.

1.5.1 Surface Selectivity of SHG

One of the most important characteristics of SH@eurthe electric dipole
approximation is that the medium being investigatest be noncentrosymmetie
the medium must have no inversion symmetry. Thignpimenon is based on the
concept that a reversal of an axis in the planéhefsurface, as would occur in a
medium with inversion symmetry, should result inchange in sign of the

polarization. However, the reversal of that axisoamplies a change in sign of the
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electric field. FromEquation 1-8it is noticed thaE(w) is squared, thus leavir@gf?
unchanged. The only way both of these requiremeats be fulfilled is ify®=0,
resulting in no SH signal being generdtedn Equation 1-9¢ is the anharmonicity
constant, the realization of the symmetry requiremef the electric dipole

approximation.

The symmetry requirement preventing SHG from odegrrin a
centrosymmetric medium is widely exploited for gtady of interfaces. Many media,
such as gases, liquids and face centered cubitatgysre centrosymmetric in the
bulk'®. At an interface however, the symmetry of two begkitrosymmetric materials
will be broken due to the inherently different fescacting upon the molecules or
atoms at the interface. This asymmetry is only okeskefor the top few layers of the

medium, making this technique extremely sensitivsurface processés

e e e e R R
Centrosymmetri el ] srial 1
((#=0) S S e e
Sgigﬁ seeee st st % s Break
In 1(2)750)
Symmetry

Figure 1.4 - Schematic of the source of surfacecsigity in SHG experiments.
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1.5.2 SHG from Interfaces

Under the dipole approximationEquation 1-9 SHG is forbidden in
centrosymmetric media such as the bulk of a facgeced cubic crystal, however
higher order sources of polarization such as teetet quadrupole and magnetic
dipole terms can still occtfr*’. Equation 1-10shows other contributions (beyond the
dipole approximation) from both the surface andibkx.

Equation 1-10
P2, = alE(w)* DE(w)] + FE(w)[0 * E(w)]

+ (Z'T“’jy[ E(@) x B(a)]
+ x25(2) : E(w)E(w)

In this equatiorB(w) is the magnetic field of the incident lasgf? is the
surface nonlinear susceptibility ad(k) is a delta function a=0" *’. The first two
terms can be attributed to the electric quadrupible,third to the magnetic dipole,
and the last term to the electric dipole contritwitl. When the excitation source is
plane polarized however, the first term disappeasin a homogeneous medium the
second term vanishes as well. This allows for tleetec quadrupole terms to be
neglected. In the third term the induced polar@atis along the direction of
propagation of the exciting light, thus only thdgszation is able to radiate from the
surfacé’. From the above relationship the intensity of riiected second harmonic
signal followsEquation 1-11

Equation 1-11

|20 = 32w’ sec b,,

e (w)E? (2w)

lea)+ X%, : e(we(@) 17(w)
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where 6,, is the angle of SH light with respect to the scefanormal,l(w) is the
intensity of the excitation source, aa(Pw) is the polarization at the SH frequency.
The corresponding Fresnel coefficients are included each tensor element. It
should also be noted thgt)s . the effective surface nonlinear susceptibilitytda is

composed of both®; as well as the bulk magnetic dipole contribution

1.5.3SHG from Metals

The characteristic properties of metals originatth whe band structure of the
electrons. The atomic orbitals in metals are scecltogether that the valence
electrons of the metal atoms are delocalized a¢hesentire surface, allowing for the
movement of the electrons throughout the entirstatystructure. This phenomenon
can be thought of as a gas of free electrons. Ligtilent on a metal surface will
result in an oscillating polarization with both tHendamental and harmonic
frequencies of the incident light apparent in thislarizatiot>. The nonlinear
polarizability of the electrons at a metal surface generally quite high and as such
dominate the SHG signal collected from metal s@$4c For this reason adsorption
processes on metal surfaces are usually studiecedtigt in SHG experiments. As
opposed to directly measuring the SHG from the idi#ge, the change in SHG from
the metal surface is monitored. This change is ncosatmonly as a result of a
modification of the surface electronic states oé tmetal upon adsorptith As
mentioned previously above, the dipole contribut@SHG is proportional tdl, the

free electron density of the surface. This meamd tbr systems where electronic
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resonance is not a factor, adsorption of molecole® the metal surface which
increase the free electron surface density with alsrease the surface SHG observed.
Conversely, adsorption of molecules onto the m&sialace which decrease the free

electron surface density will decrease the sur&td& observed.

1.5.4 Second Har monic Generation from a Potential Controlled Surface

Electric field induced second harmonic generatio&lBISH is a phenomenon
where an applied electric field induces a seconanbaic response from a bulk
centrosymmetric medium. This process can occur utfito either molecular
realignment or the polarization of bonds in the gf. EFISH can be described as
adding another nonlinear polarization tef(2w)) to the effective polarization of
the SH light generated.

Equation 1-12
P.? (20) = x¥ : Epc E(W)E(w)
As can be seem frorEquation 1-12 Pe?(2w) is a third order nonlinear optical
process which results in a frequency doubling. Wt@mmbined withEquation 1-8an
effective nonlinear susceptibility dependent ondek potential @, results®.
Equation 1-13
PP (20) = x@ 1 E(W)E(e) + ¥ 1 Epc E(W)E(w)

= Xer () : E(W)E(w)
It is expected that the componenty®.«(®) normal to the surface will vary linearly
with the electric field applied across the integfathus resulting in the parabolic

behaviour of the SH signal as a function of potntor systems where the normal
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component of the nonlinear susceptibility domindteSeparating the potential

dependent parts from the independent ones yididgiation 1-14 where

P (2w)andP® (2w) are the third and second order polarizatiahis, the thickness

of the electric double layer andlis a factor to correct for the fact that the entir
potential drop does not occur at the part of therface that produces SA® is the
potential difference between the applied potentahnd the potential of zero charge,

®pz0 If we then define ase* » P (2w)dd ™ andb as e’ « P® (2w), the parabolic

relationship shown iEquation 1-15esults.

Equation 1-14
PY (2w) = P2 (2w)dd AP + PP (20)
Equation 1-15

IS Cla(@ - )+b]?

pzc
From Equation 1-15it is expected that the potential dependence dof Sjdnerated
from an electrode surface will be parabolic, witmmimum at the pzc. Experiments
performed by Guyot-Sionnest and Tadjeddine on Af(ldnd Au(111) confirmed
that this model was valid when the excitation seun@s not within the interband
transition regime of the metdl When the excitation source is in the interband

transition regime of the metal it was found thag 8FISH contribution to the SH

signal was not as important and had little effectte total SH&.
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1.5.5 Study of Surface Symmetry via Rotational Anisotropy

As mentioned above(® is composed of 27 tensor elements, denotegas

The tensor elements which will contributex® from a surface are dependent on the
average surface symmetry. This property allowsstoface symmetry measurements
to be performedia SHG measuremerifs These measurements are performed using
a setup shown schematically in Figure 1.5. In $leslsematic, the angle of incidence of
the excitation laser and the collection of the Ski® fixed, as are the input and
output polarizations. The sample is rotated abautaaimuthal axis, generally
corresponding to a crystallographic axis of the @amRotational anisotropy patterns
are then obtained with various input and outpupptions, to study the different
contributing X'® tensor elementd A clear example of the ability of these

measurements to provide information regarding serlymmetry was performed by

Input

Poiarization Filter

w

Qutput
Polarization

Surface
L

Azimuthal Angle ¢
Figure 1.5 - Experimental set-up for SHG rotatiorelisotropy measurements.
Reprinted with permission from Corn, R. M.; Higgiis A. Chemical Review$994,

94, 107. Copyright 1994 American Chemical Society.
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Cornet al’ In their study of iodine adsorbed on Pt. singlestal electrodes they
were able to observe the three- and two-fold symnwdtthe surface for a (111) and
(110) surface. This correctly identified that theface symmetry of the single crystal

electrodes were £ and G, respectively.

1.6 Raman Scattering

Raman scattering was first discovered in 1928 byn&aand Krishnar.
They discovered that inelastic scattering of ligidcurred when a sufficiently
powerful light source was used to illuminate a iiwr gaseous sample. Raman
spectroscopy has known great success since thdnhasbecome an integral tool
used in the characterization of chemical systerherd have been several books and
review articles written on this topic which coviettheory and application of Raman

scattering in detdif® Only the fundamentals of these topics will beradded.

Light scattered by molecules can have either #imees higher or lower energy
as the incident light. The majority of light inteteng with molecules does not change
energy when scattered and is known as Rayleighesicef. Raman scattering occurs
when there is a transfer of energy between thelémti radiation and the molecular
scatterer. An example of the energy distributionscéttered radiation is shown in
Figure 1.6. As can be seen from Figure 1.6 Ramattiesmg resulting in a loss of
energy (Stokes shifted) is stronger than that tiesuin a gain of energy (anti-Stokes

shifted). The reason for this can be deduced frioenJablonski diagram shown in
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Figure 1.7. The diagram shows that for an anti-&4oRaman shift to occur the
molecule being studied must be at a vibronicallgitexl state before interacting with
the incident light. The probability of this occung follows a Boltzmann distribution

therefore requiring elevated temperatures to peowadstrong anti-Stokes Raman

signal.
Eayleigh
Vo
)
= Stolkes
=
= VoV
= J Anti-
Stolees
VitV

Frecquency

Figure 1.6 - Energy distribution of scattered radia

Another consequence of the Boltzmann dependenteatsthe anti-Stokes
signal will decrease as the frequency shift inaeeabor these reasons only the Stokes

shifted Raman data is usually collected, and isotdgh as a positive shift by

convention.

Figure 1.7 shows the energy level diagrams of ¢cbexmon vibrational

spectroscopy techniques. Upon examination of igatd, there are several important
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features which should be noted. The most impoxthatacteristic of Figure 1.7 is the
energy of the vibrational mode of the molecale. It is evident that thAE for the
Stokes and anti-Stokes processes have the samatumddeghut opposite sign, thus
collection of only the Stokes shifted data doesrestlt in the loss of any vibrational
bands. Similarly it is evident th&lE for Raman and infrared (IR) are the same. It is
for this reason that these two methods are coresidey be complementary. The
vibrational mode of a molecule will result in a Ramband at the same frequency as
in an IR spectrum. These two methods do not résudtentical spectra however, due
to the different selection rules for IR and Rampeactroscopy. In IR spectroscopy the
selection rules dictate that a vibration will omlg IR active if a change in the dipole
moment of the molecule occurs as a result of theation of the molecule. However,
in Raman spectroscopy the selection rules allow dovibrational mode to be
observable only when the vibration results in angeain the polarizability of the
molecule. Thus, although some bands may exist ih Baman and IR spectra, they
will generally have a different strength. In adulitithere will be some vibrational
modes which are either exclusively Raman or IRvac¢tihereby allowing for a more
complete vibrational profile to be generated by bonmg the data from both

methods.

Also of note in Figure 1.7 is that for Raman preessthe molecule is excited
to a virtual state. Excitation to a real state walult in a resonance enhancement of

the Raman signal, further discussed in sectior21.6.
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Figure 1.7 - Jablonski diagram showing IR absorptiRayleigh scattering and

Raman scattering

1.6.1 Classical Description of Raman Scattering
The classical explanation of Raman scattéfiigrelies on the idea that the
oscillating electric field of the incident lightteracts with the molecular electronic

cloud creating an induced dipole. This dipole thadiates light which may or may
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not have exchanged energy with the internal vibrati modes of the molecule. The
induced polarizationR) is related to the polarizability of the bond) (and the
incident electric fieldE) in Equation 1-16

Equation 1-16

P=aE

A useful description of light scattering from a malle starts with the definition &
where, is the frequency of the incident light.

Equation 1-17

E = E,cos2rw t

Molecular vibrations can be described as constigutif 3N-6 (for a non-linear
molecule with N atoms) normal mod&€y, Q; is related tay, the harmonic frequency
of thejth mode, as ifquation 1-18

Equation 1-18

Q, =Q/ cos2mw t

The nuclear displacements caused by the vibratfoa molecule will modify the
polarizability of the electrons in the molecule,igfhcan be described by a Taylor
series inEquation 1-19(of which only the two most important contributsiare
shown).

Equation 1-19

—a + % | o
a=a, +(d3j JOQ] +...
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SubstitutingEquation 1-18into Equation 1-19and then substituting this result and
Equation 1-17into Equation 1-16 a more detailed description of the polarizatién o

thejth band results.

P, = a,E, co27w,t)+ EOQ'{%J cod27w,t)cod2mv J.t)
iJo

Employing the trigonometric identitycos()cos(y) = %[cos(x +y)+cosik— y)]

result in

Equation 1-20

P = a,E, cod2mv,t) + - JEQ ( J cod2rly, +v, )t]+ E,Q ( ] codery, -v )]

J i

This relationship is very useful as it depicts mothe characteristics of scattered
light. The first term predicts Rayleigh scatteriagl, while the second and third
terms describe Raman anti-Stokes and Stokes sogttat wp+y and V-
respectively. Most importantly, this expressiomstrates the result of the selection
rules for Raman scattering; that a vibrational mauest result in a change in the
polarizability with the vibration to be Raman aetivt is obvious irEquation 1-20
that if there is no change in the polarizabilityridg a particular vibrational

mode,(aa/an )0 =0, then the mode will not contribute to a Raman spet.

1.6.2 Resonance Raman Scattering

One important aspect of Raman scattering which aabe accounted for by

the classical model described in Section 1.6.thasesonance enhancement observed
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when the molecule is excited to a real state instéa virtual state. Typically only 1
in 10'° photons are Raman scattered, thus a significdatteivhich can increase a
Raman signal by a1 times is very important to understand. To obthmproof of
this phenomenon a more complex quantum mecharpgabach is required. A more
detailed description of the quantum mechanical mémteRaman scattering can be
found elsewhefé?’. Provided without derivation is the result of taculation of the
transition dipole moment between two vibrationakasvia a virtual state required to
guantum mechanically model Raman scattering.

Equation 1-21

A A LAY ALAT LAY
VET i Evi_EO_irv Evf+E0+irv

Equation 1-21shows the polarizability of the molecule,g); as the sum of the
components of the polarizability between the ihit@and final states. The
wavefunctions of the final, virtual and initial 8ta areg, (, and ¢ respectively and
Pis the electric dipole operatdg,; is the energy difference between the virtual and
initial state Es is the energy between the virtual and final stagE, is the energy of
the incident light. The final termj/, is a damping term, employed to ensure that

division by zero does not occur under resonanceditions.

It is clear that whek,;=E the denominator of the first term Bfjuation 1-21
will be dependent only on/,. If E,;=E, results in excitation to a real electronic state,
the lifetime of the state will be greatly increasmmpared to that of a virtual state.

Since-i/y is inversely proportional to lifetime, this sceioawill result in a very large
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first term. This is the source of the resonanceamobment observed for certain
systems being studied by Raman spectroscopy. $lasiseful tool in bioimaging, as
the need for biolabels is eliminated due to thecéipgy of resonance Raman for a

particular chromophore.

1.7 Surface Enhanced Raman Scattering

The phenomenon of surface enhanced Raman scat¢SERBS) was first
observed in 1974 by Fleischmamt al. for pyridine adsorbed on a rough silver
surfacé®. However the enhancement was incorrectly solefgbated to a larger
surface area of the rough surface, resulting inensaatterers being present. In 1977 it
was independently recognized by Jeanmaire and Viayné&® and Albrecht and
Creightori° that increased surface area alone could not atdouthe large Raman
enhancement observed and that the adsorption aindgte molecules onto the metal

surface must play a part in the phenomenon.

SERS typically exhibits an enhancement of fouritoosders of magnitude
relative to a normal Raman signal. The discoverySHRS created a greatly
rejuvenated interest in Raman spectroscopy asstneav possible to address one of
the largest issues regarding Raman spectroscopypth efficiency of the process.
SERS is now a well established technique with mapglications in analytical and

biochemical settings
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The actual mechanisms responsible were in disputedme time. Originally
Jeanmaire and Van Duyne proposed a mechanism wheaab electric field
enhancement at the surface was responsible foplieaomenofi. Albrecht and
Creighton however were of the opinion that the eskanent was due to a resonance
Raman effect observed due to the broadening oélaetronic molecular orbitals of
the molecule upon adsorption onto the surfacEhese two theories developed into
the main theory accepted to be responsible foretitencement now. They are the
electromagnetic (EM), and the chemical or chargadier (CT) mechanisms. It is
now widely accepted that the EM mechanism is lgrgeiminant in SERS, generally
contributing a 16-10° enhancement, with the CT mechanism being respentib

the remaining 10-F0enhancemeft

1.7.1 The Electromagnetic Enhancement M echanism of SERS

The electromagnetic enhancement (EM) mechanism ERSS shows the
enhancement to be related almost entirely to tbpepties of the substrate. The only
aspect of the adsorbate that comes into play irEfdfemechanism is distance from
the surface. Empirical results indicate that theageement is evident only for sub-

wavelength scale features on specific metals (ip#adp, Au and Cu).

The principle underlying the EM mechanism is theg bocal electromagnetic
field is increased in the vicinity of the studiedagyte. This is accomplished through
the excitation of surface plasmons. Surface plasmanme oscillations of the free

electrons of a metal surface. On a smooth surfaeetrface plasmons are confined
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and cannot couple with the incident photon due tmamnentum mismatéf®® A
rough or nanostructured surface however will prevadiditional momentum to the
incident photon, allowing for coupling between theface plasmon and the photon.
This process results in the redistribution of timergy of the electromagnetic field
into so-called “hot spots”. This implies that analynolecules which are adsorbed at
these hot spots will be favoured since they willdhan enhanced Raman signal. This

mechanism is depicted in Figure 1.8.

Analyte
molecule

Enhanced field
from surface
plasmon

Surface feature

Excitec
plasmon

Figure 1.8 - Schematic showing the principle of thkctromagnetic (EM)

enhancement mechanism for SERS.
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A simple and useful way to understand the propemif the EM enhancement
mechanism is to approximate a SERS active subsimatemetal sphere smaller than
the wavelength of excitatiot{* This approach provides us with several important
trends when considering SERS. The first is thaimaller sphere has a stronger
maximum enhancement than a bigger sphere. Thisdaeed enhancement comes at
the price of a decreased range of exciting wavétesngcross which it is effective.
Kerker et al. showed that a 50 nm silver sphere will create mmecement of 10
over several hundred nanometers in the visibleaangpereas a 5 nm sphere of the
same type generates an enhancement greater thahdi@yh only over a few tens of

nanometer¥.

The small metal sphere model also provides aioalstip between the optical
dielectric constant and the local electromagnéid {Equation 1-2°.
Equation 1-22

Esphere & (C()) - &, (C())
E & (W) +2¢,(w)

normal

&(a) is the optical dielectric constant of the surrangdmedium ands(a) is the
complex optical dielectric function of the metafided in Equation 1-23

Equation 1-23

& (w) = Relg (w)] +iIm[&, (w)]

Examination ofEquation 1-22andEquation 1-23reveals that a major enhancement
will be observed ifRele, (w)] = —2¢,(w )and Im[&,(w)] is small. This relationship
provides the basis for why SERS works for only adfal of metals using visible

excitation. The optical dielectric constant of thetal will affect the frequency of the
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surface plasmons, and therefore dictates which Isnetall provide a SERS

enhancement in the visible range.

More complicated models take into account thaterban one surface feature
will contribute to the observed enhancement. Thotgd was accomplished using
several different models all of the results indécathe same basic trefid® The
interaction of the surface features significantigreases the EM enhancement with

the maxima occurring at points of contact or vdddsveen the features.

1.7.2 The Charge Transfer Enhancement Mechanism of SERS

In 2000 Xuet al. performed calculations looking at the effect afesishape
and spacing on the EM enhancement observed fromlemcolloid§’. This study
concluded that the maximum enhancement factor wtachbe obtained from the EM
mechanism is on the order of'{OHowever several different groups have reported
enhancements as high as'4@n independent studi&s* This leads to a new
guestion, how are these enormous enhancementdattamed? The answer is that a
second enhancement mechanism, the charge-tran§f€) (nechanism, also

contributes to the observed SERS enhancement.

The basis of the CT mechanism is that a compléxrmed between the metal
surface of the SERS substrate and the analyte olelesdsorbed on its surface
(Figure 1.9). The HOMO and LUMO of the analyte noolle are close to the Fermi

level of the metal substrate in such a complexwatig for charge transfer between
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the HOMO or LUMO and the Fermi levéf**® |f the difference in energy between
the HOMO or LUMO and Fermi level is close to thedquency of the incident light
an enhancement is observed similar to the resonBaoean process described in
Section 1.6.2. Potential applied to the metal serfaill alter the Fermi level of the
metal and thus the energy gap between the Fermii éd the frontier orbitals of the
adsorbate indicating that the CT mechanism is pialerdependent. The CT
enhancement mechanism relies strongly on the claéméture of the adsorbate and

is therefore sometimes also referred to as the idaémechanism.

METAL MOLECULE METAL MOLECULE
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Figure 1.9 - Orbital diagram showing charge transfieghancement mechanism for
SERS. Electron transfer from the Fermi level of thetal to the LUMO of the
adsorbed molecule and back (a), or from the HOM@efadsorbed molecule to the
Fermi level of the metal and back (b) can be immasce with the incident photdiw.

Erermi Changes with applied potential.
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Although the CT mechanism can contribute signiftbato SERS spectra, it is
considered only in specialized cases. The EM measimenjoys a much stronger
enhancement and applies to many surface technigndstherefore is often the only
enhancement mechanism considered in SERS expesmaeniess it is likely that a

CT process will contribute in a meaningful way lte tesults.

1.8 Abinitio Calculations of Vibrational M odes

Ab initio calculations of the frequency of molecular viboas are a useful
tool in the assignment of band frequencies to $petiolecular vibrations. A more
complete description of these calculations can dtend from several different

source8’ 490

All ab initio calculations rely on attempting to solve the Schnger equation
for a molecular system. A significant drawbackatw initio calculations is the large
time and computational power which would be requite perform the calculations
without simplifications. There are therefore, magiynplifications that have been

developed with the goal of reducing these requirdme

One of the most prevalent ways of increasing tfieiefcy of the calculations
is to simplify how the electrons in the system iat¢ with each other. By allowing
each electron to interact with the mean potentfahlb other electrons combined
together as a single field, instead of in a pasevmanner greatly simplifies the

calculation. This method, known as the Hartree-F@dk) method, was first put
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forward by Hartre® and later generalized by FGékA means for generating test
wavefunctions is also needed to perform the calicaThe HF method allows for
the wavefunctions to be approximated using lineanlminations of atomic orbitals,
though a basis set is required for a starting gointhe atomic orbitals. Gaussian type

orbitals (GTOY® are the most widely used approximation.

To accurately describe a wavefunction using the méthod requires 4
parameters per electron in the system. Unfortupaiel Hamiltionian operator in the
Schrodinger equation only deals with interactioesween two particles at a time.
This issue is overcome using density functionabitit€DFT). According to DFT any
system of electrons can be described by an elediosity function. This changes the
solution of the Schrodinger equation from many pelelent values to one
functio’®>> The DFT method does not; however, have procedoregenerating an
initial test function, therefore a HF calculati@anormally used to produce this initial
guess. As with most calculations of the properiea molecule, DFT uses iteratively
self-consistent fields (SCF). This allows for thegression of the calculation by

using the solution of one iteration as the starginmt for the next.

DFT calculations have found great use in many giffe areas of research,
including vibrational spectroscopy. These calcolati estimate the vibrational
frequency of the different vibrational modes of alecule. The calculated
frequencies consequently serve as a good starbing for the assignment of the

vibrational bands associated with experimental Raspeectra.
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Chapter 2- In situ Second Harmonic Generation Optical Rotatory
Dispersion

This chapter presents the resultsrositu SHG-ORD experiments performed
to characterize the effect of a chiral adsorbatéhenelectronic structure of a metal.
Cysteine in all its enantiomeric forms as well asn&captoethylamine (MEA)
adsorbed on a polycrystalline Ag electrode wereal useprobe this relationship. An
introduction highlighting the theory specific toete types of SHG experiments
begins the chapter. Also included in the introduttis a review of the progress
already made on the study of this system, as regom the literature. The
introduction is followed by a description of the terdals and equipment used to
perform thein situ SHG-ORD experiments. This is followed by the reswf the
experiments performed by our laboratory. The reswere interpreted with the
objective of determining whether the optical adsivof the adsorbate would be
evident in the electronic structure of the metéisttate. The final section summarizes

the conclusions developed in the previous sections.

2.1 Introduction

Chiral molecules are extremely important in manydera fields of research.
They are integral in the structure of all life fapand are thus of great interest in
many chemical, biological and medicinal applica#nThis importance is due in

great part to the chirality of amino acids and ptee sites which exhibit chiral
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selectivity. Methodologies which can probe the pmtips of chiral surfaces are

therefore extremely useful in furthering our undemging of these processes.

Traditionally, optical activity has been studiedings various linear
spectroscopies. The most common techniques usedlirear optical rotatory
dispersion (ORD) and circular dichroism (CD). Clhdas advantage of the fact that
the absorption of left and right circularly polasd light is different for different
enantiomers. This method probes the imaginaryqgddtte refractive index. There are
two main constraints of doing CD experiments. BiySED is a resonant technique,
thus limiting the wavelength of light used as abgroMore importantly, however, is
that the difference of the absorption betweendatt right circularly polarized light is

small, typically being approximately 0.1% of thegnéude of the absorptih

ORD is a non-resonant process which relies on ifferehce between the real
parts of the indices of refraction of left vs. iglircularly polarized light on a sample.
It is generally measured as the rotation of lineadlarized light as the light passes
through the chiral medium. This effect is concerdradependent and, as with most

linear spectroscopies, not surface sensitive.

To gain new insight into the optical activity dfial surfaces, ORD and CD
have been coupled with second harmonic generatieating SHG-ORD and SHG-
CD respectively. SHG-CD consists of comparing th&sSntensity of left and right
hand circularly polarized fundamental beams. SHG-@hefits from a stronger

spectroscopic effect than its linear counterpattisTis due in large part to the
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dominant role that the electric dipole plays in Skperiments, overriding the
comparatively weak magnetic and electric quadrupai@s responsible for the linear
effect’. SHG-CD does still suffer from a reduced rangerobe wavelengths which
can be used. For this effect to be observed thecutds being studied must be in
resonance with the exciting laser light, eithemabr 2n. The financial cost for a
tuneable laser system which would provide the paweuired for SHG is high, thus

limiting the range of molecules which can be stddie

SHG-ORD experiments are conducted by exciting Bi© Signal using a
fundamental beam with fixed linear polarizatipn.The rotation of the SHG signal is
then determined and can be related to the chirafithe sample. Similarly to SHG-
CD, SHG-ORD is surface sensitive and chiral selectbut additionally can be
performed under off resonance conditions. Anothlreagadvantage of SHG-ORD is
that the rotation angle of the generated lightjs dependent on the enantiomeric
excess of the chiral molecule, but not the conegiotm of molecule¥. This is useful
because it means that very small quantities ofialcmaterial, such as a monolayer,

will result in a measureable shift.

There are many examples of how SHG-ORD has babredtto study the
optical activity of molecules at various surfacastsas Langmuir-Blodgett films, the
air/water interface, the air/quartz interface ahe tvater/CCl interfacé”>°. The
optical activity observed in SHG-ORD experimenta b& described by considering

the nonzero, independerit’ elements for an isotropic surfdéeln this situation, the
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27 elements ofy® can be reduced to four nonzero independent terms,

X1 X2» X3, @and )y, shown below.

X1~ Xozz

X2 = Xow = Xayy

X3 = Xoax = Xyzy = Xz = Xyyz
and

Xo =Xz =™ "Xye = Xy = " Xyax

When the surface is isotropic and achiral therenaireor planes perpendicular to the
surface, and thusy, vanishes. When the surface is chiral the mirrcanes
perpendicular to the surface do not exist and #tisur tensor elements are required

to describe the nonlinear behaviour of the surfagg, x,, and y, are thus
designated as the achiral elementgBfwhile x, is known as the chiral eleméht

The rotation anglepof the generated second harmonic signal is theuatrtwy which
the SHG signal is rotated with respect to any retataused by a racemic mixture of
enantiomersgis defined by thes andp components of the electric field of the SHG
signal.

Equation 2-1

p= tan‘l(E—zlf’]
EZw

Expansion ofEquation 2-land use op polarized fundamental light to simplify the
terms results in Equation 272
Equation 2-2

- X, cosf

=tan™
4 x,sin?8+(x, —2x,)cos 8
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Where @ is the angle of incidence of the fundamental béamis dependent on the
chirality of the system, which in turn is communeé through the sign and
magnitude of y,, the chiral tensor element. The sign pf reverses for opposite
enantiomers, while the achiral terms remain uncednthus it is evident that the sign
of gwill change when the handedness of the enantidmieig studied is switched
This trend is clearly represented in Figure 2.1 mH&yerset al. studied R- and S-
2,2’-dihydroxy-1,1'binaphthyl, R- and S-BN, at tla& water interface. The SHG-
ORD data collected was fit to a cosine squared tionc and the position of the
maximum providedg In this exampleg of the racemic mixture was set @s 0°.

The R- and S- BN were shown to hages 17° andp= -17° respectivefy.

Perhaps one of the more interesting applicationsSBIG-ORD is the
characterization of molecules adsorbed at metdhses. Understanding this system
has major implications for the study of the chpabperties of surface reactions such

as in heterogeneous catalysis as well as the esafgttivity of surfacés
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Figure 2.1 — Polarization analyzed SHG signal frainwater interface for saturated
aqueous solutions. The samples RiBN (a) SBN (b) and a 50:50 racemic mixture
of R- andS-BN (c) Reprinted with permission from [Byers, J; Dee, H. |.; Hicks, J.

M. The Journal of Chemical Physi&994, 101, 6233.].Copyright [1994], American

Institute of Physics.

The most notable studies conducted in this fiedslehbeen carried out by
Kadodwalaet al®®®% They conducted experiments where molecules weserbed
on metal surfacesex situ As previously discussed (Section 1.5.3), SHG frostals
is generated due to the large polarizability of fitee and bound electrons found at
the metal surface. This provides an extremely gti®HG signal from metal surfaces

which will dominate the SHG signal which might bengrated from any adsorbates
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on the metal surface. Upon first inspection thisldde seen as completely masking
the signal from the analyte of interest. Howevevas suggested that chiral molecules
adsorbed on the metal surface could imprint thieiirat signature onto the electronic
structure of the metal. SHG-ORD could then be usethe characterization of the

optical activity of the metal instilled by the adsaté®®

In the experiments performed by Kadodwedal, an asymmetry was indeed
observed in the SHG-ORD plots collected howevesgis not in the form of a cosine
squared function as predicted by ByetsaP’. As seen in Figure 2.2 the asymmetry
takes the form of a deformation of the plots, skethe data to the right and left for
R- and S-1-(1-naphthyl)ethylamine (NEA) respectivélhe bare metal showed no
deformatiofi®. The expected fit could not be performed on thigdso to quantify the
asymmetry 45/l 45 and 1.45/145 values were calculated. This is done by takingt r
of the SHG intensity at +45° and -45°, where 0hé maximum of the SHG-ORD
plot. If chiral perturbation is presents/l .45 for one enantiomer will be equal to
| .45/l 45 for the opposite enantiomer. Within the experimakatror, the 45/l .45 ratio for
one enantiomer was equal to thgsfllys ratio for the other. This phenomenon was
therefore attributed to the optical activity of tNEA imprinting onto the electronic

structure of the Cu(111) metal
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Figure 2.2 — SHG-ORD profiles for obtained aftesalption of NEA layer (squares)
and layers of R- (up-triangle) and S- (down-tri@gNEA are displayed. An R-S
difference profile (circles) is also displayed ajomith the best-fit sifib curve. The
polarizer angle has been defined such that 0° igomyg p-polarization. The data in
the R and S profiles display a greater noise lghan that collected for the
postdesorption profile. Reprinted with permissiaonf Mulligan, A.; Lane, |;
Rousseau, G. B. D.; Johnston, S. M.; Lennon, Ddddavala, M.Journal of Physical

Chemistry B2006, 110, 1083. Copyright 2006 American Chemical Society
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Although an effect was observed for NEA, not dliral adsorbates were
observed to instil chirality onto the electronicusture of the metal. The reason for
this discrepancy was that adsorption geometry edsdributes to the imprinting of
optical activity onto the metdl From this study it was believed that an adsorptio
geometry where a minimum of three chiral groupsrextt with the metal surface is
required for the optical activity to be presentlie electronic structure of the metal.
This so called “chiral footprint” theory was furthexpanded when Kadodwads al.
studied cysteine adsorbed on gold sfilea chiral signal was still observed, despite
cysteine not interacting with the gold surfada three chiral groups. Further analysis
revealed that the symmetry properties of the a@gsbrbolecular overlayers facilitate
chiral perturbation in the electronic structure tbe metal. In this way chiral
adsorbates without an individual chiral footprimincstill implant a chiral signature
into the SHG signal observed from a metal substiadethe structure of the

overlayer§?.

The SHG-ORD plots obtained for cysteine adsorbedgold slides by
Kadodwalaet al. did not show the same skewed asymmetry of the IKE&/11)
system previously studi&d% As can be seen from Figure 2.3, the plots present
trends more in keeping with those predicted by Byra’. SHG-ORD rotation
angles @ were not presented by Kadodwalaal. The chirality was again measured
by lss/l 45 and | 45/lss values. These results demonstrated that a slightlc

perturbation was present in the SHG signal coltecte
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Figure 2.3 — SHG-ORD profiles for cysteine adsorleedAu slides under acidic
conditions. Angle is defined as being relative t-going p-polarization. Solid lines
inserted at £+45°. Adapted with permission from Bpie; McMillan, N.; Gadegaard,
N.; Kadodwala, M.The Journal of Physical Chemistry 8007, 111, 10005..

Copyright 2007 American Chemical Society.

The studies conducted by Kadodwalaal. are useful as a demonstration that
optical activity of a chiral adsorbate can be imfgd onto the electronic structure of
a metal substrate and subsequently charactevize8BHG-ORD experiments. There
are still additional studies which could providduable results towards furthering the
understanding of these processes though. One stitegeprospect would be to
perform SHG-ORD experiments situ under electrochemical control. As the
electronic structure of the metal is what is digecesponsible for the SH signal

generated, further control over this aspect ofetkgerimental system could provide a
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worthwhile new avenue of research. Along with thesv direction, further studies
would benefit from data collection over a more ctetgset of rotation angles of the
output polarizer. This would allow for a better dit the data, and for optical activity

to be expressed as the more identifiable SHG-OR&liom angle ¢

2.2 Experimental

2.2.1 In Situ Second Harmonic Generation Optical Rotatory Dispersion (SHG-

ORD) Instrumentation

In situ SHG-ORD experiments were performed using the erpmrial set-up
represented schematically in Figure 1. An Innov@ A@ ion laser producing a 13.1
W beam was used to pump a mode-locked Coherent BD@& F Ti/sapphire
oscillator. The mode-locked Ti/sapphire produced6aMHz pulse train which was
then trimmed to ca. 5 MHz by a pulse picker. Theulitng beam had a working
wavelength of 820 nm, nominal pulse duration of 20@nd pulse energy of 10-20
nJ. This laser light was then guided through a nm#a (P1) adjusted for the
transmission of p-polarized light. The laser ligh&s focused onto the electrode
surface with focusing lens L1. The second harmaignal generated and the
reflected laser light were collimated through dexilng lens (L2) of the same type as
L1. The collimated beam was incident on a polar{fB®) mounted in a holder (Oriel)
which rotates perpendicular to the direction ofpagation of the beam. The beam
then enters a dark box and passes first througpeatr®scopic cell containing a
CuSQ solution (F1) and then a 410 nm narrow-band paesference filter made by

CVI Laser Corporation (F2). Filters F1 and F2 & 820 nm original laser light out
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of the beam, leaving only the 410 nm SH signal. $Hesignal is then focused onto a
PMT with another focusing lens (L3). The PMT is bed in a thermoelectric cooling
chamber (Princeton Applied Research, PAR) operatinga. -20°C. The model
1140A quantum photometer (PAR) was operated by thge of an
amplifier/discriminator and a high-speed ratemetteg, ratemeter also providing the
voltage required by the PMT. The analog photon tingrsignal was collected via a
National Instruments PCl 6024E data acquisitionréhoeonnected to a desktop
computer. The signal was then digitized by a DAGrdo Custom software built
using LabView was used to control the rotation o2 RBnd recorded the
electrochemical data for each experiment. The svéwollected 5 measurements for
each degree of rotation of P2. The data for eatdtiom angle was then averaged
during data processing. Experiments conducted wiher&HG signal was monitored
as a function of applied potential were performethwotating polarizer P2 fixed to

allow for the transmission of p-polarized light.
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Figure 2.4 - Block diagram showing the experimestt up used fon situ SHG-

ORD experiments

2.2.2 Electrochemical cell, equipment and electrodes

A 0.2 M solution of 99% KCI (EM Science) servedths base electrolyte in
all spectroelectrochemical experiments. 99+% Laipst (Acros Organics), 99%
D,L-Cysteine (Aldrich) 0=98% 2-mercaptoethylamine (MEA) (Fluka BioChemika)
were then added to the cell when conducting expariea Experiments conducted
with MEA were performed under pH control using agphate buffer system (PBS)
adjusted to pH: 6.5. 18.2 M)-cm ultrapure water used to make all electrolytebia
the cleaning of the cell and glassware was obtafrea a Barnstead NANOpure

Diamond water purification system. All glasswaresweleaned in an acid bath
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consisting primarily of concentrated sulphuric acidth a small amount of
concentrated nitric acid. The electrochemical agdled forin situ SHG-ORD
measurements is shown schematically in Figure Th®. body consists of a 25 mm
threaded ACE glass fitting with two 7 mm glass aattached to the sides, allowing
for both a Luggin capillary and a compartment vatrous frit to be inserted into the
cell in close proximity to the working electrode.Ag|AgCl|Cl(saturated) electrode
mounted at the end of the Luggin capillary was used reference electrode, while a
0.3 mm platinum wire (Alfa Aesar) set in the porduscompartment was used as a
counter electrode. The working electrode was caottd from a 99.99% silver rod
(Premion, Alfa Aesar) with a diameter of approxietgt6.35 mm. The rod was cut
into a disk and a small threaded hole was drilted the face opposing the working
surface. Electrical contact was mada a stainless steel rod threaded into this hole.
Prior to mounting in a Teflon holder the electradas immersed in concentrated
nitric acid to oxidize it, then polished using 6@00 and 4000 grit emery paper,
followed by Jum, 0.3um and 0.0fm alumina suspensions and rinsed with copious
amounts of ultrapure water. The potential of thekivay electrode was controlled
with a Hokuto Denko potentiostat/galvanostat (HAREL during experiments. The
prepared cell was purged with pre-purified Yas for 20 minutes prior to data
collection, with a small stream of;Nbeing bubbled through the cell throughout the

entire experiment.
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Figure 2.5 - Schematic diagram of the spectroedebmical cell used fon situ

SHG-ORD experiments.

2.2.3 Data Processing

After being properly formatted in MicrosSftExcel, SHG-ORD data was
processed using Vernier Software’s Graphical Anslie Windows1. This program
was used to fit the collected intensity of the Ssi@hal to a sine squared function as
related to the angle of rotation of P2 away frpmpolarized,Q (Equation 2-3°" . A
rotation of 90° will indicate a beam composed etyirof p-polarized light, while 0°
corresponds to a beam of purelgolarized light.

Equation 2-3

0 = AB+sin*(Q - ¢)]
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Q is fixed for each angle of rotation of P2, whiletother variables are
adjusted to provide the best least-squares fit. idiee of greatest interest in these
studies isg the SHG-ORD rotation angle, describing the magidtand direction by
which the polarization curve has been shifted. Writle dipole approximation of
SHG ¢ should be equal but opposite for L vs. D enantisnaad zero for a racemic

mixture of chiral molecul&s.

2.3 Results

In situ SHG ORD experiments were performed on a polycriysealAg
electrode with cysteine of differing chirality adsed onto the optical surface in
agueous solutions. This was done towards the goabserving a difference in the

SHG-ORD rotation angleg between the L and D form of the molecule.

All g values presented in this thesis have been noradalidth respect to a
polycrystalline Ag electrode with no cysteine adisal. The experimental setup itself
appears to exhibit @on its own without a chiral adsorbate introducéhis ¢is a
result of minor misalignments in the set-up and adtue rotation of polarization.
Therefore it was necessary to repeat the blank ®Xgerments initially, before
introducing the cysteine into the system each dg@gements were being performed.
These initial values were then used as a referfarameasuringp due to adsorption

of L-cys onto the Ag electrode.
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As an indication to ensure that the Ag electrods alean at the beginning of
the experiment, the SHG signal was monitored wafpect to the applied potential

with the variable polarizer, P2, set to transminptetelyp-polarized light. The
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Figure 2.6 - Potential dependence of SHG signdéciad from a polycrystalline Ag
electrode in 0.2 M KCI. Potential scanned between\0and -900 mV, starting and

ending at OmV.

resulting signal was examined to determine that 3k signal had a parabolic
shape, with the minimum occurring approximatelytta# potential of zero charge

(pzc). The pzc for polycrystalline Ag occurs atRaV vs. Ag|AgCl|Clsaturated).
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Any unwanted adsorbate on the silver which wilkatfthe electronic structure of the
metal will change the shape of the SHG potentialt, pthus indicating that a
contaminant is present and must be removed. An pbeaaf a clean SHG potential
plot is shown above in Figure 2.6. Once this stegs veompleted SHG-ORD
experiments were performed on the bare Ag electaidihe potentials of interest

several times, obtaining an averagi®r each potential.

Once all the bare Agn situ SHG-ORD reference data was collected, the
output polarizer was again set to complefelyolarized and the addition of cysteine
into the spectroelectrochemical cell was recordest time. This was done to ensure
that the adsorption of cysteine onto the electreddace had reached equilibrium
before measurements were performed. A sample plowiag the addition of L-
cysteine at a constant applied potential of -700 is¢hown in Figure 2.7. In this
figure the addition of L-cysteine is clearly visbby a steep spike in SHG signal
followed by a more gradual decrease until levellof§ and remaining relatively

constant.

In situ SHG-ORD plots were then obtained by fixing the &gppotential and
measuring the intensity SHG signal as polarizemi2 rotated. As can be seen in
Figure 2.8 the resulting SHG-ORD plots contain st\samount of data (5 data points
per degree of rotation) and fit the sine squaregpstpredicted by Byeet al>’ Both
the original collected data (Figure 2.8) and theulting fitted data (Figure 2.9) are

shown for comparison purposes.
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Figure 2.7 - Adsorption of L-Cys onto a polycryste Ag electrode at -700 mV vs.

Ag|AgCI|CI(saturated) as monitored by SHG.

Upon visual inspection of Figure 2.8 and FigureiRi9 clear that the maxima
of the SHG-ORD plots are shifted away from theituna position at 90°. That the
bare Ag exhibits a rotation angle highlights the €xperimental setup used has some
minor misalignments. All shifts reported in this nkowere therefore measured
relative to the bare Ag electrode. It is also emtdbat adsorption of cysteine onto the

Ag electrode surface results in a changewith respect to the bare Ag electrode.
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Figure 2.8 -n situ SHG-ORD plots obtained from the surface of a polyiline Ag
electrode at -700mV vs. Ag|AgCl[Gaturated). The experiments were run in the

presenced) and absencaj of L-Cys adsorbed on the surface.

In situ SHG-ORD experiments were performed for L- and Dieipe as well
as the racemate at -100 mV potential intervalgistpat -700 mV. These experiments
were performed in 0.2 M KCI solutions, therefore fhotentials were selected such
that the coadsorption of Tbn the Ag electrode is minimized. G$ expected to

desorb from a polycrystalline Ag electrode aroudsio-m\A*.
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Figure 2.9 — Theoretical fit for the experimentaltal in Figure 2.8 in the absence

(—) and presence (------ ) of L-Cys.

All in situ SHG-ORD data collected for each enantiomer at paténtial was
combined together and has been presented in Fgl@e The error bars presented in
the plot represent a 95% confidence interval. Thare several important
characteristics to be noticed and discussed inr&igu0. Firstly is that all forms of
cysteine studied exhibited negatigealues. This was somewhat unexpected from the
theory proposed by Byerst al. and seems to be in discord with the results of

Kadodwalaet al in their study of cysteine on gold.
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It was expected that similar results to Kadodvedlal would be obtained, due
to the similarity of the properties of Ag and Audathat the analyte molecule was the
same. Upon first examination, this does not apfieée the case. All of thgvalues
had the same sign and different magnitudes. Itexaected that the magnitudesgof
for the L- and D-cysteine enantiomers would be gdhme, while the sign would be

opposite between the two. The racemate was exptextdibit agof 0°.

The other characteristic of note in Figure 2.1@hist generally thep of the
racemate fell between those of the two enantionweits, the L-cysteine shifting to
more negative values @dthan D-cysteine. This behaviour espouses the tiugaa
chiral signal is possibly being observed alongsidatributions from one or more
other sources. There are several possibilitiesoofces which could be contributing
to the rotation angle observed in these studies. €léctronic and magnetic structure
of free-electron metals leads to several sourceSH& from metal surfaces, as
discussed in Sectionl1.5.2. It is likely that thecglic dipole term is not solely
responsible for the SHG signal generated from thesérface. The additional electric
guadrupole and magnetic dipole terms could theeefoe contributing to the

consistently negativepvalues observed for cysteine.

The uniformity of the sign of th@values obtained for cysteine could also be
related to a resonance effect. Although cysteiresdwt have an absorption peak at

either 820 nm or 410 nm, the Ag substrate does aawabsorption band in the
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Figure 2.10 -n situ SHG-ORD rotation anglegfor MEA, L-Cys, D-Cys and D,L-

Cys adsorbed on polycrystalline Ag.

vicinity of the 410 nm SHG wavelength. The refleit}i of a polished Ag surface
drops to a minimum at approximately 330 nm, witle tthecrease beginning at
approximately 490 nfi. As SHG can be resonance enhanced, this absotiosh
could be resulting in an effect @gn The experiments performed however do not allow
for the distinction between which of these mechasior which combination of

mechanisms would result in the effects observed.
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In an effort to gain further insight into the pesses at playn situ SHG-ORD
experiments were performed on 2-mercaptoethylar(itieA). MEA has the same
chemical structure as cysteine except that is alciue to the lack of the carboxylic
acid group. It was hoped that a similar moleculéhwio chirality would clarify the
results obtained from cysteine. Unfortunately imstent repairs and delays as well as
alignment problems hindered the collection of SHRBDplots for MEA on Ag, and

as a result data from only one day were used.

The results from these experiments are represémtéigure 2.10 by the open
diamond markers. The MEA was observed to have dl gositive rotational angle.
This shift does not provide any new insight int@ tlhnk between thep values
observed for cysteine and the chirality of cysteibeloes however further highlight

the belief that more than the optical activity g§teine is contributing tg

The last attribute of Figure 2.10 of note is tet order of thepvalues for the
cysteine enantiomers at each potential seem tonteguore clearly chiral as the
potential is made more negative. At -700 mV therétile to no difference between
the rotational angles of the SHG-ORD plots for tiiwee forms of cysteine, however
at -900 mV, there is little overlap between theeéhdata sets and the racemate is very
nearly centred between the L- and D-enantiomeris §éems to support the idea that
the coadsorbed Tis likely contributing to the effects observed.tNarprisingly it is
therefore evident that as more and mored@korbs from the Ag electrode surface,

the expected chiral distribution becomes more bletefined.
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2.4 Summary and Conclusions

The imprinting of the chiral signature of an adstebonto the electronic
structure of a metal substrate has been previasgrved. However the adaptation

of this method to am situ electrochemical interface is shown here for thst fime.

A method where the electronic structure of a metal be probed is quite
useful for several different applications, mostamby for heterogeneous catalysis.
The development of this technique is therefore tieiaétowards the fundamental

understanding of enantiospecific processes oc@iatimetal interfaces.

This study determined that a chiral moiety adsorded metal surface can
imprint its optical activity onto the electronic rstture of the substrate, as
demonstrated with a cysteine/Ag system. Howeveis ltkely that other processes
which are occurring concurrently with the chiraltpebation are also contributing to

the collected signal.

Therefore further studies would be recommended adoenfully develop the
origins of the SHG signal which was observedinnsitu SHG-ORD experiments
which were performed. It would be particularly udeb repeat thén situ SHG-ORD
experiments with MEA on polycrystalline Ag, as wa#l adding 3-mercaptopropionic
acid (MPA) to the cell, to ensure that the MEA tesare not merely coincidental.
Performingin situ SHG-ORD experiments under pH control as well cquidvide

further insight into this process, as it is likely affect the composition of the
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overlayer structure, and would possibly result icheange in the rotational angle

observed from the system.
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Chapter 3- In Situ SERS of L-Cysteine on Polycrystalline Ag

This chapter presents the resultsirokitu SERS experiments characterizing
L-cysteine adsorbed on polycrystalline Ag at basieutral and acidic pHs. An
introduction highlighting the relevant studies penfied using both solution Raman
and SERS opens the chapter. It is then divided twto separate sections, the first
describing the materials, methods and results loftisa Raman experiments amath
initio calculations performed, while the second descrilties in situ SERS
experiments conducted. The results from the fiestisn are used as a basis for the
interpretation of results obtained in the second. pa situ SERS experiments were
used to propose an adsorption geometry for L-cysAgnunder different pH and

potential conditions. The results for both sectiaresssummarized in the final section.

3.1 Introduction

The vibrational spectrum of a molecule can be vwegful in the elucidation
of chemical and structural properties. Raman spsctipy has therefore found great

success in the study of chemical systems, as diedus Sections 1.6 and 1.7 .

The study of amino acids is of great interest fangndifferent reasons, from
modeling of proteins to exploitation of their furmctality. As such they have been

extensively studied, and L-cysteine is no exception

The normal Raman spectrum of crystalline L-cysteam&l L-cysteine in

agueous media has been repeatedly studied both riregpeally and
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computationall§*®’. Part of the original appeal for the studies cated with L-
cysteine is that it is a small molecule with sel/éuactionalities. This makes L-
cysteine adaptable to many different systems, aopefally a more tractable
assignment of bands from the vibrational spectrbmpractice, however, the small
size and lack of symmetry make vibrational analgsifsicult. Many of the vibrations
are coupled together making the correct assignmeribrational bands to specific
functional groups challenging. Deuterium exchangeeements have also been used
to gain insight into the vibrational fingerprint bfcystein&®. Surprisingly there are
no studies showing the effect of pH, and thus pration, on the vibrational
spectrum. This approach should be able to provadieable data towards refining the

vibrational profile of L-cysteine.

Perhaps of greater importance is the charactesizati adsorbed L-cysteine.
L-cysteine readily attaches to certain metallidaees, such as Ag, which can be used
in many different applications. Fundamental stugiexbing the manner in which the
molecule adheres to the surface are therefore e&tginterest to the scientific
community. As such, several studies have been av@dun the pursuit of this end
via SERS experiments®®® |t is agreed that there are three main confoonatin
which L-cysteine can adsorb onto a metal surfasajepicted in Figure 3.1. These
conformations show the strong Ag-sulfide bond beling constant linkage to the
surface, with the amine and carboxyl groups intergowith the surface to varying

degrees.
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Figure 3.1 - Newman projections showing the posstioinformations of adsorbed L-

cysteine, reproduced fram

Jing and Fang conducted SERS experiments lookinlgeaadsorption of L-
cysteine on gold and silver nanoparti€feghey determined that L-cysteine adsorbs
on gold nanoparticles in the gauche configuratiorthe case of silver nanoparticles
they observed the formation of L-cystine dimersoabled to the surface, as well as L-
cysteine molecules adsorbed in the gauche andlactinfiguration. This result was
only observed when chloride was added to the stedioid, causing agglomeration

of the nanoparticles and an enhancement of the SER&,

Although these results are interesting, it is maseful from an applicability
perspective to study a simple metal surface undéenpial control. Brolo et al.
conducted potential dependent SERS experimentsaysteine adsorption on to a

polycrystalline electrode at neutral pH in a KCéatolytd®. This study analyzed
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only the low frequency region of the Raman specthamveen 500 cthand 950 cm

! This study provided valuable insight into the figuration of the L-cysteine
adsorbed at the silver surface and its subsequeahimal induced re-orientation. It
was proposed that at potentials more positive t6&80 mV an anti (II) conformation
dominates, with the carboxyl group pointing awagnirthe surface and the amine
interacting with the surface stabilized by adsorlmbdbride. At potentials more
negative than -650 mV chloride desorption occursl an re-orientation of the

adsorbed molecule to an anti (I) configuration whaserved".

While the study by Broleet al. was important, the narrow frequency range
studied allowed only for the examination of the ratibns associated with the
carboxylate group and the C-S stretch. Graff anétoBisk&® performed a study
examining both lower and higher frequency Ramardbalm addition, they varied the
pH of the electrolyte, thus controlling the protboa of the L-cysteine molecule.
This could provide additional valuable data contegnthe configuration of the
molecule adsorbed at the Ag surface, as electiostaeractions would be expected
to play a significant role in the adsorption geametHowever, this study was
directed towards the determination of chiral efecn the SERS spectrum of
enantiomeric and racemic cysteine. This study didicate that at acidic pH at
potentials more positive than -800 mV or -700 mbf (fH=2 or pH=3 respectively)
L-cysteine adsorbed primarily in the gauche comfigjon, and that an anti (II)
configuration is favoured at more negative potdsfiaThis study was important in

understanding the details of L-cysteine adsorptmm Ag surfaces; however
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experiments providing details on the effect of pidl applied potential on adsorption

geometry would still be beneficial in the undersliag of the system as a whole.

3.2 Solution Raman of L-cysteinein aqueous media at various pH

3.2.1Experimental

I nstrumentation

Solution Raman spectra were collected using a RawisinVia Raman
microscope system with a Renishaw 632.8nm HeNe Esexcitation source. The
laser was focused into the solution with a 63x &elcater immersion microscope
objective (NA=0.90). The Raman microscope functionback-scattering mode with
the same objective used for excitation and cobkectThe laser was focused into the

sample solution by immersing the microscope objedtito the solution.

Optical Cell and Solutions

All water used in the preparation and cleaning Raman experiments was
18.2 MQ-cm ultrapure water from a Barnstead NANOpure Diathowater
purification system. All glassware used was cleanedan acid bath consisting
primarily of concentrated sulphuric acid with a dn@mount of concentrated nitric
acid. The cell used was a simple block of Teflothvein approximately 3/4” diameter
hole bored through it. The bottom of the cell wagsled with a 1"x1” gold slide
pressed up against a rubber O-ring inset into #we bgold side down. The cell was
cleaned in a piranha solution composed of 3 pameentrated sulphuric acid and 1

part 30% hydrogen peroxide when solutions were gban
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All solution Raman spectra were collected from dutsan of 1.0 M L-
cysteine (99+%, Acros organics). Neutral conditiaith pH of 6 were generated by
making up the cysteine solution in 0.1M KCI (999 Ecience). Acidic conditions
with pH of 2 were generated by making up the cysteolution in 0.1M KCI (99%,
EM Science) acidified with sulphuric acid. The pH the acidified KCl was
determined using an Orion Model 420 pH meter. Besiditions with pH of 13 were

generated by making up the cysteine solution iMONBOH &97%, ACP).

3.2.2 Results

To aid in the determination of the Raman bands mwbksein SERS spectra of
L-cysteine (L-Cys) adsorbed on silver at variousspttie solution Raman spectrum

for L-Cys at various pHs was collected.

The assignment of the Raman peaks in these speagraompleted with the
aid of a DFT calculation of the L-cysteine zwitterj where the amino group is
protonated and the carboxyl group is deprotonaléds calculation was performed
using Gaussian 03fVat the B3LYP level using a 6-311G(d) basis set asidg the
IEFPCM water solvation model. The vibrational freguies and their proposed band
assignments are listed in Table 1. These assigsnaeatbased on observation of the
vibrations in GaussView and previous band assigmritem the literature. It should
be noted thatab initio calculations generally result in values with a 1B3%

difference compared to experimental values.
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Table 1 also contains experimental data collectgdsblutions of L-Cys at
different pHs. The full Raman spectra for each pE shown in Figure 3.2. The
change in pH results in a change in the protonaifdn:Cys, as shown in Figure 1.2.
In more symmetrical molecules a change in protonasitate can lead to changes in
the overall molecular symmetry. This might resuita relaxation of the selection
rules for Raman scattering and drastic changesenvtbrational bands. Cysteine
however, is not a symmetrical molecule, and thuggmation will not result in the
complete loss of a band or a clear generation redva peak. Smaller changes in the
spectrum can be observed though. The mass chasigéng from the gain or loss of
a proton can cause a frequency shift for certaimdbaConsidering the classical
model, it is expected that the addition of a prowi produce a frequency shift
towards lower energy, as the bond will vibrate &iveer frequency, while the loss of
a proton will increase the energy of the vibratsord the band will be observed at a

higher frequency.
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Table 1 - Theoretical and experimental frequenaiésL-cysteine at different

protonation and their assignment based on litez2ft°*and calculations.

Theoretical Calculations Experimental Results
L-Cysteine Band Assignment  Acidic Neutral Basic
zwitterion L-Cysteine | L-Cysteine | L-Cysteine

482 CCN bend 473 476 464

Artefact 497
S-S stretch 532 528 531

662 CS stretch 683 684 684

768 CH2 rock 779 778 782

799 C-SH bend 816 816 817

849 C+COO- stretch* 874 875 874

HCN bend + 936 936 936

899 HCH bend

NCH bend + 981 995 995
985 HCH bend
1062 HCH rock + 1063 1066 1065
NCH bend
1236 CO stretch + 1214 1213 1213
HCN bend
1298 CCH bend 1310 1310 1310
1320 CH, twist + 1350 1350 1350
HNH bend
C.Cp stretch +
1383 CH bend + 1400 1400 1401
COQO symm.
stretch
1451 CH2 bend 1428 1429 1428

* C-Co-Cp-S
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The pH conditions used in the solution Raman erpenis were designed to result in
full protonation of the molecule for acidic conditis (pH = 2), partial protonation for
neutral conditions (pk 6) and full deprotonation for basic conditions (pH3). The
true states of L-Cys in these solutions is notlyike be quite as clear cut as this
model, though the trend does apply. The acidic pBis fairly close to the pkof

the carboxyl group, and therefore is most likel{ygrartially protonated. The neutral
conditions are close to the pKf the amino group, though there is a large enough
difference that the majority of the amino groupsigtl be protonated. The basic
conditions, on the other hand seem to be extrermegimto fully deprotonate all three

groups.

Comparison of certain bands associated with e&thecfunctional groups in
L-Cysteine support this analysis. It should firstrimted that the strong low frequency
band found at 497 chunder basic conditions in Figure 3.2 is an artefaxd does

not represent a vibrational mode of L-cys.

The NCH bending + HCH bending mode shows a goodelation to this
trend. The frequency of the band varies from 981 emder acidic conditions to 995
cm’ under basic conditions. Since under basic comitie amino group will be
deprotonated it is expected that it will vibratelwa higher frequency. A similar trend
is also evident in the $&Cg stretch + CH bend + CO@ymmetric stretch observed

around 1400 cfand the C-SH bend observed around 818.cm
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There are also several bands which might be eggeaotshow a similar trend,
but did not. However, from careful considerationtioé processes at work it can be
seen that the proposed model still remains trueei@é of the bands which did not
follow the expected pattern were found at 936cand 1063 cim and 1214 cr.
Visual observation of the vibrations shows that tleeipling of vibrations from
different functional groups of the molecule coul@gk the expected trends in these
cases. The other notable exception to the trend th&ads-COO stretching band
around 875 ci. It could be expected that the protonation st&tée carboxyl group
would result in a shift in the frequency of thismbdahowever no change is observed
as pH varies. This phenomenon can be explaineddiirig at the proximity of the
proton in question to the actual bond which is abtarized by the vibration. It is
evident that the proton is not directly attacheeitber end of the C-C stretching, and

thus would likely not have a large impact on tregjfrency of the vibration.

The band assignment proposed for the solution Rapeactra collected seems
to agree well with the expected effect protonatwould have on the vibrational
profile of L-Cys. This assignment will provide aagbfoundation, allowing for the

interpretation of SERS spectra of L-Cys adsorbed éig electrode.
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Figure 3.2 - Solution Raman spectrum of L-cystémacidic (pH=2), neutral (pH6)

and basic (pH=13) conditions.
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3.31In situ Surface Enhanced Raman Scattering (SERS) of L-cysteine adsor bed

at polycrystalline Ag at various pH

3.3.1 Experimental

Spectroelectrochemical cell

A side-view of the spectroelectrochemical cell uded in situ SERS
experiments is shown in Figure 3.3. The main bddyhe cell consists of two Teflon
pieces sandwiched together with two screws, withlder O-ring between them to
prevents leaks. The top piece has a 3/4” hole btwealgh its centre, while the
bottom has a smaller hole designed for the pasehdiee Teflon rod holding the
electrode. The electrode was a disk of approxim&@e5 mm diameter with a small
threaded hole in the end opposite the working fBtectrical contact was madéa a
stainless steel rod threaded into this hole. Tketelde and stainless steel rod were
mounted in a Teflon rod so as to electrically isolthe electrode, excluding the
working face, from the electrolyte. Electrolyteedswvere as prepared for the solution
Raman experiment with the exception that the camagon of the L-cysteine
solutions were 0.1 M, not 0.3 M. A platinum wires@t into the circumference of the
large hole acted as a counter electrode, while |[AdGQ wire acted as a reference.
The reference electrode was normalized by measutsngpotential relative to a
Ag|AgCI|CI(saturated) reference electrode in each solutioth ¥inal potentials

being adjusted accordingly.
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Figure 3.3 - Side-view of spectroelectrochemic#llesed forin situ SERS

experiments.

Electrode Activation

The polycrystalline Ag electrode used as the wuagkelectrode in SERS
experiments was the same as that used for SHGimgres which were described in
Chapter 2. The electrode was roughened electrocladlyni by running
oxidation/reduction cycles to create a SERS activdace. The first step of the
procedure was to oxidize the working surface ofaleetrode with concentrated nitric
acid and then polish it. This was done with 6000®4nd 4000 grit sandpaper,
followed by polishing with tm and 0.3um alumina suspensions. The electrode was
then mounted into the cell as depicted in Figur@ Bith 0.1 M KCI added as
electrolyte. The «cell was connected to an AutolabGSPAT 30
potentiostat/galvanostat. The potential was themrsed from -300 mV to +125 mV,

25 times at a 20 mV/s scan rate, to oxidize andiaedhe silver, creating a rough
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surface. Measurements were then performed by tieglabe KCI solution with a

solution containing L-Cysteine.

I nstrumentation

In situ SERS experiments were collected from a custom bRdiman
microscope. A He-Ne laser (Melles Griot) was usedptoduce the 632.8 nm
excitation source. An Olympus BHT microscope otgélt with an Olympus long
working distance 50x objective (NA=0.55) was useddcus on the surface of the
working electrode. The system operated in backeagafy mode, thus the objective
used for excitation was also used for collectione Bcattered light was then filtered
with a Kaiser super notch filter to remove the Ragt scattered light. The remaining
light was then directed through a Kaiser Holosp&afspectrograph coupled with an
Andor CCD detector (model DV-401-BV) where the Ranspectrum was detected.
A schematic depicting the experimental set-up @wshin Figure 3.4. The electrode
potential duringin situ measurements was controllada a Princeton Applied

Research Model 173 potentiostat/galvanostat.

Cyclic voltammetry (CV) experiments were performeth the
spectroelectrochemical cell using the same sesupreelectrode activation. The CVs
were collected from a smooth Ag surface in the sateetrolytes as for solution
Raman and SERS experiments with 0.1 M L-Cys presenhe electrolyte. The

potential was scanned from 0 mV to -1500 mV wititan rate of 40 mV.
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Figure 3.4 - Schematic of Raman microscope in lsaeittering mode.

3.3.2 Results

SERS is a powerful tool in the qualitative deteration of the adsorption
geometry of molecules on a substrate. Understanti@g@nhancement mechanisms
and the surface selection rules can provide theraxenter with valuable insight into
the interaction of the adsorbate with the substfBitese principles will be utilized in
this chapter to offer an explanation for intengibhanges observed when the applied
potential is varied duringn situ SERS measurements of L-cys adsorbed at a

polycrystalline Ag surface.

Both the EM and CT mechanisms could lead to intgrm$ianges in the SERS
spectrum of a molecule as the applied potentialhisnged. Changing the applied

potential will change the Fermi level of the metabstrate, thus possibly moving the
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Fermi level into or out of resonance with the a@rgtlaser, effectively turning the CT
enhancement on and off. In the system studiedisnvibrk it is also possible that the
adsorbed Clanion affects whether or not a CT mechanism iefesl. The data
collected is not sufficient to determine whethernot a CT mechanism is present

however.

Further experiments where the coadsorbed ion isediacould aid in
determining whether or not a CT enhancement mesirais present. For example, if
the coadsorbed Clis leading to a CT enhancement, conducting the SSER
measurements in KBr and Kl electrolytes would attex CT mechanism. Another
way to determine whether a CT mechanism is ocayiriould be to change the
excitation wavelength. If a CT mechanism is presea enhancement will be related
to the energy of the complex formed between the/dtaine and the Ag. Changing
the wavelength of the excitation laser will therefdisrupt the resonance between the
CT complex and the laser, and consequently a deersaSERS intensity will be

observed.

The spectra collected in this study were intergtetssuming that the more
prevalent and stronger EM mechanism is the sourdbenobserved enhancement.
There are two main principles used to elucidateogud®n geometry from SERS
intensity changes under the EM model. First of iallthat SERS enhancement
decreases as distance from the surface increasgmple approximation shows that
the SERS enhancement for a molecule distadnaeay from a spherical surface with

radiusr scales according to G Equation 3-1°,



78

Equation 3-1
10
G=|—
(r+d)

More detailed descriptions of this relationshipingkinto account dielectric

constants and wavelength of incident light werespnéed by Moskovif$’2 The
results all imply the same relationship howeveaf the observed SERS enhancement

decreases rapidly the further the analyte molesui®m the SERS active surface.

The second principle in determining the orientatidd adsorbed molecules on
a SERS substrate is related to the induced digdleeovibration. The SERS effect is
observed to enhance only vibrations which haverapoment of the induced dipole
perpendicular to the surfdé¢é? Thus a change in the SERS intensity is observed f
a vibrational band when a molecular re-orientatiesults in an induced dipole
switching from either a parallel or slanted geomé&dra perpendicular geometry with

respect to the surface.

Neutral Conditions

In this study SERS spectra were collected fronolsiqoystalline Ag electrode
with L-cys adsorbed at the surface in electrolytél acidic, neutral or basic pH. For
each set of pH conditions spectra were collectenh @ to -1000 mV vs. a Ag|AgCI

reference electrode at 100 mV intervals. Resubis fexperiments performed in



79

0.5
Neutral pH
0.0

-0.5 4

-1.0

I /mA cm?

-1.54

-2.0

-2.5

304+ ¥¥r—7—7+—
-1600 -1400 -1200 -1000 -800 -600 -400 ~-200 O 200

E /mV

Figure 3.5 - Cyclic voltammogram of polycrystallidg in 0.1M L-Cys and 0.1M
KCI, pH =6 as measured against a Ag|AgCl reference. SweeprédOmV/s, 0.3mV

steps in staircase potential ramp.

neutral electrolyte (pH: 6) will be presented first, followed by resultsleoted in
acidic electrolyte (pH = 2). The data collectedcbasic electrolyte (pH 12) are not
discussed in this work due to difficulties in thesignment of the observed peaks, the

data collected is included in Appendix A.

To determine what effect the applied potential badthe analyte molecule,

cyclic voltammograms (CVs) were collected over fiaential range of interest.
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Figure 3.5 shows that L-cys is stable from -20601tb00 mV, with no desorption or
reductive destruction of L-cys occurring in thistgxdtial range. The features in this
CV can be attributed to the oxidation of the Agface at potentials more positive
than -200 mV and the cathodic damaging of the Adase at potentials more
negative than -1100 mV. This indicates that changeSERS intensity over the
potential range studied should be attributable b@anges in orientation of the

molecule and not to electrochemical (faradaic) esses.

The complete set ah situ SERS spectra collected are plotted in Figure 3.6.
There are a couple of key aspects of the systemglstiudied which are likely to

contribute to the adsorption geometry of L-cys lom ¢lectrode surface.

Firstly, it is known that Cladsorbs onto Ag. The presence or absence
of coadsorbed Clons at the electrode surface will affect the apison geometry of
the L-cys molecules. It has been observed thad€orption from a Ag electrode

begins to occur at approximately -650 Mt

Also of importance is the point of zero charge JpZte pzc of a metal is the
potential at which the charge density of the metateroi.e. the surface is neither
positively nor negatively charged. The pzc of poygtalline Ag occurs at -900 mV
vs. Ag|AgCl|Cl(saturated). This is significant since it indicatémt at applied

potentials more positive than -900 mV the electradebe positively charged.
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Figure 3.6 -n situ SERS spectra of L-Cys adsorbed at a polycrystafigelectrode

in 0.1M KCI, pH=6. All applied potentials are negative vs. Ag|AgCI.

Analysis ofin situ SERS spectra collected indicates two differenbgatson
geometries of L-cys which are potential dependént.more positive potentials,
greater than -600 mV a Gauche conformation withatiméno groups stabilized by the
Cl" ions is expected. At potentials more negative #6689 mV, Cl desorption occurs
and a conformational change to L-cys adsorbed inAati(ll) configuration is

observed as shown in Figure 3.7.
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Figure 3.7 - Newman projections showing the adsampgeometry of L-cys on Ag in

0.1M KClI, pH= 6.

There are four Raman peaks which were found to beuse in the
determination of adsorption geometry of L-cys inutnal KCl electrolyte. Of these
four peaks two were in the low frequency range ketw600 cm and 1000 ci
(Figure 3.8) and two were in the higher frequeranyge between 1300 ¢hand 1500

cm™ (Figure 3.9).
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Figure 3.8 — CS and/&COQ0 stretching bands of SERS spectra of L-Cys adsaabed
a polycrystalline Ag electrode at selected poténtiess in 0.1M KCI, pH=6. All

applied potentials are negative vs. Ag|AgCI.

One of the most relevant peaks in this analysihésCS stretching mode
observed at 675 ch This peak is important for two reasons. Firsabfthe peak is
shifted to a lower frequency compared to the sotufRaman spectrum, indicating
that the L-cys is adsorbed on the Ag surface. Phenomenon is expected from the
literature and can be attributed to the withdraofaklectron density from the C-S
bond as a result of the Ag-S linkffigSecondly the CS stretching band shows a large

increase in intensity at potentials wherédg&sorption occurs (E<-650 mV), while the
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intensity remains constant at potentials where<Cstrongly adsorbed to the surface
(E>-650 mV). This trend can be explained by takingp consideration the CI
stabilized amino group. The bulky @n pushes up on the L-cys molecule, skewing
the transition dipole moment of the CS stretchirmpenaway from a direction which
is normal to the surface, thus decreasing the sitierof the SERS band. Upon
desorption of the Cthe L-cys molecule will adopt a geometry whereiy €-S bond

is normal to the surface and thus produces a ISB&S intensity.

Also of interest are the two peaks associated with carboxyl group, the
C,-COO stretch at 898 cth(Figure 3.8) and the COGtretch at 1396 cth(Figure
3.9). The intensity of the SCOO peak follows a similar trend to the CS stretch,
remaining constant when G¢ adsorbed, increasing in intensity oncé d&sorption
occurs. The higher frequency COGhows a more complicated relationship to
potential. At more positive potentials the inteysif the peak still remains constant,
however as the applied potential becomes more ivegtitere is a sharp drop in
intensity after Cldesorption begins to occur. The intensity thenrsetp climb once

again.

When interpreting the trend of the 898 tipeak it is reasonable to assume
that the proximity to the surface will not play bgy a role in the enhancement
mechanism as the orientation of the transition ldipeoment. Because this vibration
is associated with the,&C stretching, whether the carboxyl group is poigtup or
down will not greatly affect the distance from thaface, and thus the enhancement

of the Raman band. The observed increase in itygsgherefore more likely to be
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Figure 3.9 — HNH bending and CO6@tretching bands of SERS spectra of L-Cys
adsorbed at a polycrystalline Ag electrode at setepotentials in 0.1M KCI, pi6.

All applied potentials are negative vs. Ag|AgCI.

attributed to the re-alignment of the transitiopale moment, becoming constantly

more normal to the surface as the potential is nmaole negative.

The COOstretching band at 1396 émhowever, appears to be affected by
both proximity to the surface and the alignmenttioé transition dipole moment.

Indeed it appears that they are at odds with eftedr @s the potential is made more
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negative. The initial drop in intensity of the barah be related to the carboxyl group
moving away from the surface. The subsequent iser@athe intensity of the band
can then be attributed to the transition dipole momof the vibration (which is
similar to that of the 896 chmband) becoming more normal to the surface as-it re

orients to the Anti(ll) configuration.

The only Raman band which provided any informatielated to the amino
group was the HNH bend observed at 1338"cithis band was observed to remain
constant for more positive potentials wheré ddsorption did not occur. There is a
slight drop in SERS intensity around where @ésorption begins to occur, most
likely due to the Clstabilized amino complex being destabilized. TERS intensity
however does increase significantly after thisiahilrop as the potential is made
more negative. This is consistent with the aminmugrinteracting directly with the
surface and not through the  @n. It is possible that this configurational cgens
also resulting in a more favourable orientatiorthaf transition dipole moment, thus

accounting for the large increase in the SERS sittgiobserved from this peak.

The driving forces of the proposed model are samplconcept, and can be
understood from an electrostatic perspective. Agblpotentials were varied from
more positive to more negative. As previously statke pzc for polycrystalline Ag is
-900 mV, thus, initially the electrode surface wibble more positively charged. The
negatively charged deprotonated carboxyl group imiiéract favourably with the
positive surface, thus allowing the carboxylateugrdo be pointing down to the

surface initially. The layer of adsorbed @lill also allow for the positively charged
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protonated amino group to be in close proximitythe surface. As the applied
potential is made more negative, the surface vatidme more negatively charged,
and the carboxyl group will be repelled from theface. The Clions will desorb

from the surface and the positively charged amirmmug will be able to interact

strongly with the increasingly negatively chargedface, despite the loss of the Cl
stabilization. Additionally, without the layer oflGons present at the surface the
amino group will be able to get closer to the etstd surface, thus increasing the

SERS enhancement of the HNH bending mode at 1338 cm

Also, since the amino group is no longer stabilibgdthe Clions the L-cys
molecule is able to adopt a configuration where@h® transition dipole moment is
more normal to the surface. These mechanisms aasuacfor all of the observed
trends in the peak intensities of tive situ SERS spectra collected for L-cys on

polycrystalline Ag under neutral pH conditions.

Acidic Conditions
In situ SERS spectra were also collected for L-cys adsbabeolycrystalline
Ag under acidic conditions. This change should htnee effect of protonating the

carboxyl group, thus removing the zwitterionic bébar exhibited by the adsorbate.

A CV for L-cys adsorbed at polycrystalline Ag at pH2 was collected
(Figure 3.10). The CV shows good correlation wilfatt obtained under neutral
conditions with the oxidation and cathodic damagighe Ag surface occurring at

potentials more positive than -200 mV and more tiegathan -1100 mV
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respectively. There is an additional feature uradddic conditions however not found
in neutral conditions. A cathodic peak is observied the reverse scan at
approximately -1000 mV. Due to the strong Ag-S digk formed between L-cysteine
and Ag, and the lack of a complementary anodic peéakunlikely that this feature is
attributable to the desorption of L-cys from theottode surface. The charge transfer
associated with this peak is quite large comparetdt attributed to the desorption of
.a monolayer of L-cysteine from a Au(111) surfdcédt is quite clear from these
results that this could not simply be due to desonpof a monolayer of L-cys from
the Ag surface as the charge transfer is approeime80 times larger than that
expected. More likely is that electrochemical deposition of the L-cys molecules at

the surface occurs.

This theory is further supported by tive situ SERS spectra collected. At
potentials more negative than -700 mV an abruphgban emerging trends in peak
intensity is observed, most notably in the shaigrekese in the peak height of the C-S
stretching band at 672émThis is evident from the plot of SERS spectrdeméd
from acidic media shown in Figure 3.11. The potdmtange for which L-cys is stable
when adsorbed on polycrystalline Ag is thereforerowser in acidic media than
neutral media. The analysisiafsitu SERS spectra collected in this study is therefore
limited to applied potentials ranging from -200 d/-700 mV. Despite the reduced
potential range which can be studied under acidinditions, some interesting

conclusions can be made regarding the system.
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Figure 3.10 - Cyclic voltammogram of polycrystadlig in 0.1M L-Cys and 0.1M
KCI acidified to pH = 2 as measured against a A@JAgeference. Sweep rate =

40mV/s, 0.3mV steps in staircase potential ramp.
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Figure 3.11 -In situ SERS spectra of L-Cys adsorbed at a polycrystalfge
electrode in 0.1M KCI, acidified to pH =2.All appt potentials are negative vs.

Ag|AgCI.

Most of the potential range analyzed in acidicttdyte is more positive than
the potential at which we expect to see the onk€ll'odesorption. For this reason
there is not much variation in peak intensity as plotential is made more negative.
The proposed adsorption geometry of L-cys on pghktatline Ag under acidic
conditions is shown in neutral conditions, at mpositive potentials the protonated

amino group is stabilized by coadsorbed ClI
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Figure 3.12 - Newman projections showing the adsmrpgeometry of L-cys on Ag

in 0.1M KClI, acidified to pH = 2.

This again causes the C-S bond of the adsorbed Irrojecules to be skewed
away from normal to the surface. The main diffeeehetween the neutral and acidic
conditions is the carboxylic group, which has rmorsg interaction with the electrode
surface when protonated in acidic media. It is éfege not expected that applied

potential will have a major influence on orientatiaf the carboxylic group.

An increase in the peak height of the C-S stragginode is observed starting
from -400 mV until the electrochemical decompositiof the adsorbate begins to
occur at -800 mV (Figure 3.13). In neutral media ifcrease in intensity of the C-S

stretching mode coincided with the desorption of f@m the electrode surface,
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prompting a re-orientation of the L-cys. A similargument can be made with the
acidic system. This increase is observed at patisnthore positive than where Cl
desorption is expected to occur however. This cauotticate two different things.
First of all it is possible that Cllesorption would occur at a more positive potéiia
acidic media, and thus the intensity increases rebdeare consistent with ClI
desorption from the electrode surface. Thereforeghasapplied potential is made
more negative the Cldesorbs and the L-cys molecules consequently adopt
geometry whereby the transition dipole moment lfar €-S stretching mode is more
normal to the electrode surface. The desorptiorClofoccurring at more positive
potentials in acidic media compared to neutral Wdog most likely to occur as a
result of a combination of two factors. Firstly sepdo-reference electrode was used,
and thus has a non-standardized response. Theediff in pH and concentration of
the electrolytes would almost certainly result idiscrepancy between the measured
and actual potential of the cell. Secondly, it sgible that the pzc of the Ag
electrode would have shifted to a more positiveepél in acidic media, due to the
increased positive charge near the surface dueythohium ions. The other
possibility is that, because the carboxyl groupaslonger strongly interacting with
the electrode surface it is easier for the adsotbegs molecules to re-orient, despite

the CI stabilized amino group interaction.

Further analysis of the entire frequency rangehef SERS spectra collected
supports the former hypothesis. The additional pe#kinterest are the  8&0O0H
stretching mode at 894 c¢inthe COOH stretching mode at 1398 tamd the HNH

bending mode at 1338 ¢m
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As discussed above, the enhancement of th€ QOH stretching mode can
be mainly attributed to the orientation of the #ition dipole moment of the
vibration. The desorption of the coadsorbeddbbuld result in the straightening of
the entire L-cys molecule. This would translate ttamsition dipole moment of the
Cy-COOH vibration from skewed to more normal to theface, thus increasing the

SERS enhancement observed by this vibrational mode.

There is no meaningful change in the intensityhef COOH stretching mode
at 1398 crit. This is not surprising, as there is no major geaim the orientation of
the carboxyl group as the potential is varied. @dsorbed L-cys molecules will go
from a skewed orientation to one more normal tostiméace, while the rotamer is the
same regardless of potential. There are only minthuences on this band which
would be in effect. As the potential is scannechadically a slight increase in the
SERS enhancement could be expected from the neradigt of the transition dipole
moment. However the straightening of the L-cys mualle would also result in the
carboxylic group moving further away from the sodaThe data shown in Figure
3.14 shows that these opposing forces effectivatycel each other out, resulting in
no overall improvement in the SERS enhancemeni@fQOOH stretching mode as

the potential is made more negative.
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Figure 3.13 — CS and,&COOH stretching bands of SERS spectra of L-cysrids]
at a polycrystalline Ag electrode at selected pmdésnin 0.1M KCI acidified to pH=2.

All applied potentials are negative vs. Ag|AgCl.

The HNH bending mode at 1338 ¢ralso supports the adsorption geometry
depicted in Figure 3.12. At potentials more negathan -300 mV the peak becomes
larger and more well-defined. Gldsorbed on the electrode surface at more positive
potentials will shield the amino group from the db@lectromagnetic field. The
stabilization of the amino group by the coadsor8&dons will also keep the amino
group from interacting directly with the surfacend@ the Clstarts to desorb from the

surface we would therefore expect to see an inergathe SERS enhancement of the
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HNH bending mode due to the closer proximity of éineino group to the surface and

the reduced shielding by the coadsorbedddk.

The adsorption geometry proposed for L-cys on gqugstalline Ag surface
under acidic conditions can be explained usingsdmae principles as for neutral pH
conditions. The protonated amino group is posiivetharged, thereby interacting
with the coadsorbed Clions. As the applied potentials negatively chatbe
electrode surface the dbns are desorbed, allowing the positively chargedno
group to interact with the increasingly negativadflarged metal surface. The
carboxylic group in its protonated form is not e, and therefore is not directly
affected by the change in charge density of thetrelde. Therefore as the applied

potential is made more negative no conversion batwetamers of L-cys occurs.
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Figure 3.14 — HNH bending and COOH stretching basfdSERS spectra of L-Cys
adsorbed at a polycrystalline Ag electrode at setegotentials in 0.1M KCI

acidified to pH=2. All applied potentials are nagatvs. Ag|AgCI.

3.4 Summary and Conclusions

The aim of the experiments discussed in this clhapés to gain insight into
the adsorption of L-cys on a polycrystalline Ag ottede under different pH
conditions as a function of applied potential. sshent of Raman bands for L-cys
in aqueous media at acidic, neutral and basic pl wampleted using DFT

calculations and comparison to literature sourééss resulted in the assignment of
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all major peaks in the Raman spectrum of L-cys.sTaiso confirmed that the
protonation state of the L-cys molecule has a srhall measureable effect on certain

vibrational modes in the solution Raman spectrum.

In situ SERS experiments were then performed on a polilye Ag
electrode with L-cys adsorbed under different pHhditons. To ensure that the
adsorbed L-cys was not being damaged electrochbBynmeer the potential range
studied in SERS experiments CV experiments wer @dsformed. Using the band
assignment the vibrational modes which showed atilie increases and decreases in
peak intensities with the applied potential wererelated with certain functional
groups in the L-cysteine molecule and their adsomptyeometry. From these
observations it was determined that in neutral tedgte L-cys switches from a
Gauche configuration with the amino group stabilizey coadsorbed Cht more
positive applied potentials. The Gkabilization also causes the L-cys to adsorb in a
skewed manner, whereby the C-S bond is deviateg &wm an angle normal to the
surface. As the applied potential is made more thegahe Cl desorbs from the
surface and the adsorbed L-cys is converted toAthi(ll) rotamer while also

straightening out into an adsorption geometry nmanenal to the electrode surface.
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Figure 3.15 — Schematic illustrating the skewingtloé C-S bond in L-cysteine

adsorbed on Ag, as a result of interaction withdsoabed Clions.

In acidic electrolyte electrochemical decompositicas observed at potentials
more negative than -800 mV in the CVs which werkected, thereby decreasing the
potential range studied in acidic media. Fromithgitu SERS spectra collected in the
“safe” potential range it was determined that L-agsorbs onto polycrystalline Ag in
an Anti(ll) configuration at more positive potermsiaAs with adsorption under neutral
conditions, the amino group was stabilized by tbadsorbed Clions, similarly
skewing the L-cysteine molecule away from a morep@edicular adsorption
geometry. As the potential was made more negahigeCi ions desorbed from the
electrode surface at a more positive potential tiafer neutral conditions. Unlike in
neutral electrolyte however, the desorption of ¢badsorbed Cldid not result in a

change to a different rotamer. An Anti(ll) configtion was determined to still be
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dominant, with the only change being a straightgmihthe L-cys molecule towards a

more perpendicular adsorption geometry.

The SERS experiments conducted under basic conditrequire further
exploration to definitively interpret the resuliiere are some unexpected bands, not
present in either neutral or acidic media which séged to be identified. It is possible
that a decomposition mechanism is responsible liesd anomalies. Hydroxide

adsorption is also likely to be a contributing tadn these results

This study was successful in presenting a modethie interaction of L-cys
with a polycrystalline Ag electrode under potenéiatl pH control. This has shown
situ SERS to be a powerful tool in the elucidationfigce binding characteristics of
an adsorbate. These adsorption geometries wergnadsbased on the assumption
that the electromagnetic mechanism of SERS enhadewas the main component
of the observed changes in peak intensity. A furtheestigation into whether a CT
mechanism may have also been contributing to thareement would lend strong
support to the results already obtained, as woulthér experiments to clarify the

behaviour of the system of interest under basiditmms.
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Chapter 4- Summary of SERS and SHG-ORD Results

In Chapters 2 and 3 it has been shown that a gesdtof information can be
collected regarding a system consisting of cystansorbed on Ag probed situ by
SERS and SHG-ORD. Further insights can also baattdy considering the results

from both sets of experiments.

From the SERS experiments conducted it was shoaminhneutral media at
applied potentials where TClis adsorbed on the electrode surface a Gauche
configuration where the protonated amino and depaitd carboxylate groups are
oriented down towards the Ag surface (see Figuvg 8ccurs. At more negative
potentials, when the Cbegins to desorb from the electrode surface, gntation
change to an Anti(ll) configuration where the catflate group is rotated away from
the surface results. It is likely that these samaads would be observed for both the

D and D,L forms of cysteine as well.

SHG-ORD studies performed show an interesting testlen comparing
rotational angleg to the applied potential. There are two trendsctvhcan be
observed in Figure 2.10. Firstly it is noticed thatmore negative potentials the error
associated with the rotation angles measured isllemtioan at more positive
potentials. Secondly, it appears that the magnitfde is greater at more positive

potentials compared to more negative potentials.
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The trends in the SHG-ORD experiments can be ledeck with the processes
observed in the SERS experiments. In section 24 ddsorption geometry
requirements, as described by Kadodwetlaal were discussét®? They indicated
that the instilling of optical activity from a clar adsorbate onto the electronic
structure of a metal requires that the adsorbate hgparticular adsorption geometry,
described as a chiral footprint. This chiral foatprindicates that the adsorbate is
either interacting with the metal surface with ghahiral groups, or that the overlayer
structure of the adsorbed molecules is such tletatsorbate can impart chirality to

the substrate.

As previously discussed in Chapter 2, the greatssr eat more positive
potentials in SHG-ORD studies can be attributedh®s coadsorption of Cllt is
likely that the Cl would interfere with the ability of cysteine to pmint its optical
activity onto the electronic structure of the Agu$ causing more variability in the

measurement ap

The requirements described by Kadodwetlaal for the observation of optical
activity from a metal indicate that a change incag8on geometry, such as that
observed, would likely result in a changegnThe greater magnitude gfat more
positive potentials could therefore be linked tsteonger interaction between the
cysteine and the Ag surface in the Gauche configuracompared to the Anti(ll)
configuration. This is a reasonable assertion asvatild be expected that the
carboxylate group would interact more strongly withe Ag surface than the

hydrogen group would.
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The complementary nature of situ SHG-ORD and SERS is clearly
demonstrated through the experiments performed thait interpretation. An
intriguing combination of information regarding ei®chemical behaviour,
adsorption geometry, adsorption strength and lagth of optical activity from
adsorbate to substrate can be collected. Theséestedn lead to inferences not

otherwise attainable which could have many intérgsapplications.
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