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Abstract

This thesis presents a rigorous stepwise methodology towards the accurate mea-
surement and quantification of the SERS enhancement factor (EF), the key param-
eter in describing the SERS effect. The work represents, we believe, a successful
attempt to resolve some of the inconsistencies in the literature and to refocus the
field by emphasizing the importance of consistent definitions and rigorous quan-
tification to elucidate matters of fundamental importance in SERS. The success in
our approach is that it combines careful experimental measurements upon a sound
theoretical framework, and utilizes a ‘toolbox’ of techniques developed in recent
years, such as bi-analyte SERS (B1ASERS) techniques for single-molecule (SM)

detection, and isotopic editing.

In experimental work, we measure the bare Raman cross-sections of five common
probes used in SERS as a first step in measuring the analytical enhancement fac-
tor (AEF) and single-molecule enhancement factor (SMEF). The methodology in
measuring these EFs involved the use of a reference standard of known cross-
section along with a careful characterization of the scattering volume through
beam profiling experiments. As a guide to validating the reference cross-section
we make extensive use of density functional theory (DFT) calculations to obtain

estimates for the intrinsic Raman cross-sections of small, non-resonant probes.

The results of this work showed that previous upper limits for the EF reported in
the literature of 10'* were based on a faulty normalization of the EF. In fact, EFs of
108 were sufficient to see single molecules, which is much lower than previously
expected; under optimum conditions, even lower EFs, possibly down to 10° could

be sufficient for the SM detection of resonant probes.

As a valuable extension of BIASERS, we elaborate on the synthesis of isotopic
analogues of a rhodamine dye as ideal partners for SM experiments. The synthe-
sis and definitive characterization of these probes enable their use in an experiment
to determine the SM regime in a liquid colloidal sample. Isotopically edited dyes
such as these, in combination with the methodologies of EF quantification out-

lined herein, set the standard for those interested in accurate quantification of the



SERS effect. This approach is useful in terms of both basic theoretical questions

and applications such as the effective comparison of SERS substrates.

Finally, we extend the techniques developed over the thesis to a long-standing
and largely unresolved question in SERS: What is the minimum intrinsic Raman
cross-section that can be measured as a single molecule in standard SERS con-
ditions. In this work, we explore the SM detection non-resonant probes, which
are the molecules of interest for many practical applications such as forensics and
biological assays. Specifically, we demonstrate the successful SM detection of

isotopically edited adenine probes.
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Chapter 1

INTRODUCTION

1.1 Quantifying the SERS Enhancement Factor (EF)

This thesis covers a body of work centred on the accurate quantification of the
SERS enhancement factor (EF), a critical parameter in describing the SERS effect
for theory and applications alike. In the following, we provide a brief outline of

the structure of the thesis:

Chapter 2 of the thesis begins by outlining the theory necessary to understand the
work that follows along with some of the Raman and SERS history. Chapter 3
gives the experimental details of the Raman microscope used in our studies along

with substrate preparation and synthetic details.

Chapter 4 describes the first step in accurate quantification of the SERS EF, namely,
measurement of the non-SERS Raman signal to enable correct normalization of
the EF. The necessary theoretical background for this method is described and
previous work and its failings are analysed. Ultimately, the non-SERS Raman
cross-sections are measured for some probes of common interest in the SERS
field.

Following on from this, Chapter 5 extends the work to estimation of the SERS
EF. The chapter starts by identifying suitable definitions for the EF itself and

9



CHAPTER 1. INTRODUCTION

outlining the experimental approach we intend to take. The measurement of
two forms of enhancement factor, the analytical enhancement factor (AEF) and
the single-molecule enhancement factor (SMEF), are performed for the common
probes measured in Chapter 4. The results of this chapter form the backbone of

the thesis and are, we believe, the best estimates to date of SMEFs.

Chapter 6 represents a departure from the general methods used up until this point
and details our work in synthesizing isotopically edited versions of a common
rhodamine dye as ideal probes in bi-analyte SERS (BiASERS) experiments. The
synthesis and subsequent characterisation of these dyes is described in detail, be-
fore their application in a BIASERS experiment. This experiment nicely demon-
strates the transition from the single-molecule (SM) to the many-molecule regime
upon changing acquisition time in a liquid colloidal sample. The synthesized dyes

are shown to be ideal for such experiments.

The final chapter, Chapter 7, is a culmination of the work of the preceding chap-
ters and explores the SM detection of non-resonant probes, which, by definition,
are much harder to detect than the resonant probes used typically in fundamen-
tal SERS studies. After thorough optimization of the SERS colloidal substrate,
we demonstrate the successful detection of SM events of non-resonant probes,
first for a case of a molecule with a moderate Raman cross-section (1,2-di-(4-
pyridyl)-ethylene), and later for a probe with a low Raman cross-section, for the
biologically relevant probe adenine. In this latter case, we make use of isotopi-
cally edited adenine partners in BIASERS, thus bringing together many of the
elements discussed previously.

The results of this thesis, and the impact on the field are then presented in a de-
tailed conclusions chapter. The impact on applications along with some future

applications are also discussed.

10



Chapter 2

BACKGROUND

We present here some of the history and theoretical background of Raman and
SERS to support the work that follows. Included in this material are descriptions
of the major techniques we will use in our approach, including bi-analyte SERS
(BiASERS) for single-molecule (SM) detection, and temperature dependent vi-
brational pumping (TDVP).

2.1 Basic Raman Theory

The best place to learn about the Raman process in any detail is via a textbook or
similar review, and naturally the treatment can be extended to any desired level
of complexity, from a basic classical approach to a full quantum electrodynamics
treatment. Accordingly the information here will limit the description of Raman
theory to the level required to understand the work in this thesis. Readers inter-
ested in further details are directed to Refs. [1, 2, 3].

11



CHAPTER 2. BACKGROUND

2.1.1 Raman scattering

Simply put, Raman scattering is the inelastic scattering of light due to interaction
with the vibrational states, or modes, of a molecule. The effect was postulated
theoretically by A. Smekal et al. in 1923 [4] but was first discovered experimen-
tally by C.V. Raman [5] in 1928 in an experiment using the sun as a light source

and some basic optical filters.

The scattering process involves the instantaneous absorption and emission of a
photon by a molecule. As the energy level diagram shows in Fig. 2.1, three

different types of scattering are possible:

(1) Rayleigh scattering: the wavelengths of the absorbed and emitted photons

are the same;

(i1) Stokes scattering: the emitted photon is red shifted with respect to the
ground state (the molecule moves to a more vibrationally excited state of

the ground electronic state Sy); and

(iif) anti-Stokes scattering: the emitted photon is blue shifted with respect to the

ground state (the molecule moves to a less vibrationally excited state).

Note in this diagram, we refer to a virtual state. In fact, there is no physical reality
to this state but it is helpful for understanding the process and provides a link to

the conception of Raman in a quantum mechanical context.

2.1.2 Resonance Raman scattering

An additional phenomena in Raman, which becomes relevant in SERS also, oc-
curs when the energy of the incident photons (and scattered) is at the level of the
electronic transitions of the molecule (see Fig. 2.2). In this case, the virtual state
becomes resonant with one of the real electronic levels in the molecule, resulting
in an enhancement in the scattering efficiency of the molecule of up to several or-

ders of magnitude. Any molecule that absorbs in the vicinity of the incident laser

12



2.1. BASIC RAMAN THEORY

v=2 <
v=1 .
v=0
virtual state\ o L AT
A A

v=2 <
v=1 A

v=0 0

Stokes Rayleigh anti-Stokes

Figure 2.1: Simplified Jablonski diagram of Raman process. Note that the virtual state is

not a real physical state.

wavelength is subject to this Resonance Raman Scattering (RRS). Many common
probes in SERS (such as the dyes Rh6G, CV) are used exactly because they have
a resonance Raman contribution in the visible and accordingly have large Raman
cross-sections. In fact, work in later chapters will show the difficulties in extend-

ing SERS beyond resonant analytes.

2.1.3 The Raman process in more detail

Dipolar emission model

Within classical EM theory, radiation of light from a localized source can be de-
scribed in terms of its multipolar components, with the dominant contribution that
of the dipole. A standard approach to the Raman effect from a classical optics per-
spective is to consider Raman scattering as the induction of a Raman dipole within
the molecule by an incident electric field, followed by the subsequent radiation of

scattered light from this Raman dipole.

13



CHAPTER 2. BACKGROUND

V=

= s
V=
e .

Stokes Rayleigh anti-Stokes

Figure 2.2: Simplified Jablonski diagram of resonance Raman scattering (RRS), which
results in an enhancement of the efficiency of the Raman process. Many of the common

dyes used in SERS are utilized because they have large cross-sections as a result of RRS.

The linear optical polarizability tensor

To express this process mathematically, we begin by defining the linear optical
polarizability, &;(w), which relates the induced dipole of a molecule, BL(a)), 0s-
cillating at the same frequency, w, as the incident electromagnetic field of the laser
E(w) as:

P, (@) = &u(w) - E(w), (2.1)

where the function is expressed in complex notation and & (w) is the optical po-
larizability tensor, which fully characterizes the linear optical response of the

molecule.

The Raman polarizability tensor

If we now consider inelastic scattering, in this case for Stokes Raman scattering,

we have a photon scattered at a frequency wg = w; — @,. In a similar manner to

14



2.1. BASIC RAMAN THEORY

above, we can express the induced dipole from the scattered radiation as:

ER(CUR) = ar(wr, wy) - E(wy), (2.2)
where ar(wr, w,) is the Raman polarizability tensor dependent on both the laser
and mode frequencies, a fully phenomenological parameter in this sense. If
ar(wr, w,) is specified for a given vibrational mode, then the Raman scattering
process can be fully described classically as the induction of a Raman dipole,

which radiates the Raman scattered light.

The Raman tensor

From the perspective of molecular vibration, we consider the perturbation in the
linear optical polarizability due to the presence of vibrations. These vibrations can
be characterized by normal coordinates Qk, which describe the scalar amplitude
of the deformation according to the pattern of a given normal mode k. Taking a
specific normal mode k characterized by Qy and considering the perturbation in

the linear optical polarizability, we obtain the following Taylor expansion:

o 96, 1
ar(Qr) = ar(0) + (8—@{)@:0 Qr + 5 (

*a
—L) Q+... (2.3)
0Q?

k kao
Here, the first term represents the unperturbed linear optical polarizability (or the
Rayleigh scattering contribution) and the later terms are its first- and second-order

perturbations. The Raman tensor, Rk, of the normal mode k, is then defined as:

954L(CUL))
. 2.4
( i) 2.4)

Rk(wL) = 07;

That is, the Raman tensor is a measure of the change in linear polarizability when
the molecule is deformed according to the deformation pattern of normal mode k.

It can be related to the Raman polarizability tensor in Eqn. 2.2 by:

15



CHAPTER 2. BACKGROUND

A QL 4
Ar(wr) = ?Rk(C‘)L)- (2.5)

This equation then links the fully phenomenological description of Raman in
terms of a Raman polarizability tensor with the microscopic interpretation of scat-

tering by vibrational modes [2].

Raman selection rules

The existence of a given vibrational mode in a molecule does not necessarily
guarantee Raman scattering for that mode, which gives rise to the Raman selection

rules.

Stated formally, if &; (w) does not depend on O in Eqn. 2.4 (a common situation
in a molecule with high symmetry), then Ri(w;) = 0 and no Raman scattering
is observed for that mode, i.e. it is Raman inactive. This may arise when the
contribution of some groups of atoms is exactly cancelled out by an identical

group with the same pattern of vibration due to symmetry.

2.1.4 Important Raman parameters
The Raman frequency

In Raman experiments, the primary parameter that expresses the vibration is the
frequency of the mode, commonly expressed as the Raman shift in wavenumbers,
7;, expressed by convention in cm™!. The Raman shift relates the energy difference
between the incident photon (of energy E;) and the scattered photon (of energy
Es) as:

AER = EL - ES = hC1_/1', (26)

where h is Planck’s constant and c is the speed of light. The wavenumber defines

the energy lost (in a Stokes event) or gained (in an anti-Stokes event) by the photon

16



2.1. BASIC RAMAN THEORY

due to interaction with the molecule.

Raman cross-sections

To quantify the efficiency of the Raman process we define the Raman cross-
section, ¢ [m?], as the proportionality constant relating incident to Raman scat-
tered light. The cross-section in this case comes from an isotropically averaged

version of the Raman tensor (as would occur in a liquid or gas phase).

P =05, (2.7)

where P [in W] is the intensity (proportional to number of photons per unit time)
of the scattering events relative to the incident power density Sy [W/m?] at the

molecule position.

However, this form of the cross-section does not consider the directional profile
of the scattering of a given molecule. In an experimental situation, it is almost al-
ways the case that we are detecting the scattered radiation in a particular direction
(typically 90° or back-scattering detection). To take this into account we define

. . . . d
the absolute differential Raman cross-section [in m?/sr], ;gs , as:

do

SMy __ RS

(Rg) = e} 500Q), (2.8)
where S is the incident laser intensity [W/m?] at the molecule position and 6Q
[sr] is the small solid angle for light collection, which in turn relates to the numer-
ical aperture of the collecting optics. The Raman scattered intensity (Iﬁg) [W]is
the signal obtained for a given vibrational mode of a single molecule, averaged

over all orientations of the molecule in space [6, 7].

If we were able to detect the signal in all directions, we would obtain the fotal

absolute Raman cross-section as:

_ [dors
o= f -5 (0. 2.9)

17



CHAPTER 2. BACKGROUND

Note that such measurements require specialized equipment such as an integrating
sphere, which would involve a complicated and time-consuming measurement
process. As a result, unless specified, when the term Raman cross-section is used

in this thesis, and in much of the SERS literature, it is referring to the absolute

dGRS

differential Raman cross-section, =5

Depolarization ratio

If we begin to use polarized detection in our Raman experiment, we discover that
the scattered light does not necessarily have the same polarization as the incident
light. Thus, another important characteristic of a Raman mode is its depolariza-
tion ratio p, which is the ratio between the average Raman intensities for polarized
detection perpendicular (I,) and parallel (I;), respectively, to the incident polar-
ization, p = I, /I [6, 7]. In standard Raman spectroscopy, p only depends on
the symmetry of the mode (or more precisely on the symmetry of the Raman ten-
sor) under consideration. For example, a perfectly isotropic mode would give a
depolarization ratio of 0. Uniaxial modes or those under resonance conditions

normally result in a depolarization ratio of p = 1/3. The depolarization ratio also

dGRS

—o» to the total absolute

relates the differential absolute Raman cross-section,

Raman cross-section, ogs, by:

. _ §ZE-1 +‘2F)LL7RS
73 1+p dQ

(2.10)

Note that this can result in a difference of a factor up to ~ 10 for typical collection

geometries, depending on the depolarization ratio of the mode.

2.1.5 Semi-classical approach to Raman cross-sections

We now move on to a more detailed description of Raman scattering based on
the semi-classical description of Raman scattering [8], which treats the molecule

quantum mechanically but considers the electromagnetic field classically.

18



2.1. BASIC RAMAN THEORY

We will not be too concerned with elaborating the finer details or background of
this approach, but rather present the following equations to show how one can
obtain a Raman cross-section from the output of density functional theory (DFT)
calculations. The ability to estimate the cross-sections of small, non-resonant

molecules is a considerable aid throughout this thesis.

In this approach, the differential Stokes cross-section of a given vibrational mode
with frequency w; (or wavenumber ¥;), excited by a laser at frequency w; (or

wavenumber 7, ) can be expressed as: [6, 7, 9]

& = CBIRWEK(T), @2.11)

where C = 7%/(45€]) is a constant (€y = permittivity of free space= 8.8542 X
1072 Fm™), g = ¥, — #; [m™!] is the wavenumber of the Stokes-shifted Raman
signal, Bf [kg m?] is the square of the zero-point amplitude of the normal mode
in reduced mass coordinates, and R; is the Raman scattering activity [eg m*kg™].
The factor K(T) = (1 — exp(—hcv;/kT))™! accounts for thermal population of the
vibrational state. Furthermore, Bf can be obtained from:
h
B? - 8m2cy;

(2.12)

Formally, the Raman Activity R; is a characteristic invariant upon arbitrary rota-

tions of the Raman tensor of the probe. It can be expressed as:
R; = 45a% + 797, (2.13)

where @’ and y! are the isotropic and anisotropic invariants of the Raman tensor

a; of the vibrational mode [6, 10].

An additional aspect that needs special attention is that Eqn. 2.11 is only valid for
“isolated” (non-interacting) molecules in vacuo. If the sample under consideration
is in the liquid state, at least two effects can arise: (1) the potential for interactions
between molecules (either between the probe molecules or between the probe
molecule and the solvent), and (2) the need to apply a local field correction due

to the optical properties of the liquid. That is, the local field felt by a molecule is
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modified compared to the macroscopic field (of Maxwell’s equations) created by
the laser excitation. For Raman scattering, this leads to a local field correction of

the cross-section in Eqn. 2.11 given by the factor [6, 11]:

4

2
(+2) 1 (2.14)

L=
3

where 7 is the refractive index of the liquid (assumed here to be the same at
both the excitation and Raman wavelengths, respectively; a good approximation
for transparent liquids in the visible). This factor is usually not negligible (e.g.
L = 2.5 in water).

2.1.6 Density functional theory (DFT)

As mentioned, we utilize density functional theory (DFT) calculations as an aid to
obtain absolute differential Raman cross-sections of small, non-resonant molecules.
Here, we provide a brief theoretical background for these calculations. Interested
readers are directed to Refs [12] and [13] for further details on DFT.

Essentially, DFT calculations seek to compute the electronic structure of a molecule,
1.e. the wave-function of all its electrons for given atomic positions. At a funda-
mental level, the calculations start by solving Schrodinger’s equations for a sys-
tem of coupled electrons, but some of the most difficult parts to be dealt with are
eventually introduced through a semi-empirical parametrization of the interaction
in terms of the electron density. Thus it sits somewhere in between ab initio and

semi-empirical methods.

On a practical level, there exist commercial (e.g. Gaussian [14]) and open-source
packages (e.g. GAMESS [15]) that perform the DFT calculations and output the
relevant values. The basic routine to perform a Raman vibrational analysis of a

given molecule on such software is as follows [16]:

(1) The optimized molecular geometry (lowest energy) is obtained; and
(i1) The optimized atomic coordinates are then used as input for the evaluation
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of vibrational molecular properties, i.e. the Raman response of the molecule

to an (oscillating) electric field.

In calculating the Raman response, the distortion of the electron density is calcu-
lated with respect to the unperturbed molecule for electric fields applied along the
x, y and z axes. Combined with the normal mode displacement pattern this yields
the associated change in polarizability, which can be reformulated as the Raman
tensor. Specifically, the output gives us the Raman activity, IR activity, depolar-
ization ratio, frequency, reduced mass, and force constant of the vibration. Using

Eqns. 2.11 and 2.12, we can then obtain the differential Raman cross-section.

The *black box’ user of such packages should be reminded that these DFT calcula-
tions are not a perfect description of reality and, for example, tend to overestimate
slightly the vibrational frequencies [17]. In many cases, the values can be effec-
tively compensated by applying scaling factors. The DFT approach also ignores
any time dependence, either from the vibrational oscillations or from the incident
field of the laser. As such, any electronic absorption, excited state or resonance
effect is entirely ignored [2]. The approach is therefore valid only for estimating
the non-resonant Raman properties. Finally, there is a natural limit in terms of
the computational time required to run the calculations. In practise, any molecule
with more than about 15—20 atoms begins to take a long time (weeks and months)

to run on a standard machine.

2.2 Surface-Enhanced Raman Spectroscopy (SERS)

So far we have presented some theory for one half of surface-enhanced Raman
Spectroscopy (SERS), that dealing with Raman spectroscopy. In the following
we discuss some background relating to the surface enhancement. In particular,
we propose some suitable definitions for the enhancement factor (EF) in SERS,
which we seek to accurately measure in later chapters. Again, the treatment is not
intended to be greatly sophisticated but is given as a guide to understand the work
that follows.
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2.2.1 Discovery of SERS

The SERS effect was discovered in 1974 by Fleischmann, Hendra and McQuillan
(a NZ scientist) [18]. The group discovered an anomalously large enhancement of
the Raman signal of pyridine in the presence of a roughened silver electrode. The
enhancement was initially attributed to greater than expected, or fractal-like, sur-
face area but subsequent reports by JeanMaire and Van Duyne [19] and Albrecht
and Creighton [20] showed that the anomalous intensity could not be accounted
for by increased surface area, and was in fact a new phenomenon, giving rise to
the idea of the SERS cross-section.

Since then SERS has been extended to other metals (e.g. gold, copper, platinum,
mercury, lithium, sodium, potassium, indium, aluminium, and rhodium) [21] and
SERS, along with the closely related field of plasmonics, has flourished. The cur-
rent day sees a plethora of acronyms related to SERS/plasmonics including Sur-
face Enhanced Infrared Absorption (SEIRA), Tip Enhanced Raman Spectroscopy
(TERS), Transmission Localized Surface Plasmon Resonance spectroscopy (T-
LSPR), Propagating Surface Plasmon Resonance spectroscopy (P-SPR), Surface-
Enhanced Flourescence (SEF), and Surface-Enhanced Hyper-Raman scattering
(SEHRS), among many others [22].

Much of the impetus behind research in SERS is its great potential for applica-
tions. The enhancement in signal provided by the metal resolves the problem of
the intrinsic inefficiency of the Raman process, and thus brings above the noise
the rich spectral information available from vibrational spectroscopy. The com-
bination of superb sensitivity and structural information make it an ideal detec-
tion platform for chemical sensing applications. An additional benefit of SERS
is that fluorescence is quenched for molecules close to the surface, owing to the
additional relaxation pathway available through transfer of energy to the metal

surface.

However, while SERS has become a large and extremely active field of enquiry,
there still remain basic questions as to the exact details of its mechanism and its
magnitude. In general, two broad classes of enhancement mechanisms have been

proposed, electromagnetic and chemical, with the electromagnetic enhancement
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playing the greater role and the chemical effect postulated to play a role for some
analytes which are chemisorbed to the surface and form a complex with the sur-

face metal atoms.

2.2.2 Electromagnetic enhancement

The electromagnetic enhancement can be viewed as essentially a redistribution of
the EM field around the SERS substrate, resulting in strongly localised regions
of high field intensities, so-called hot-spots. The effect is mediated through reso-
nance of the light with the surface plasmons of the metal, with the enhancement
falling off with distance from the substrate. Roughly speaking, plasmons are col-
lective excitations of the surface conduction electrons that propagate along the
metal surface. At certain frequencies of incident light these electrons become
highly polarizable, giving rise to large EM fields. The details of plasmon reso-
nance are complicated and a variety of terms exist to describe different aspects of
plasmons depending on the research emphasis; such terms include surface plas-
mon polaritons, radiative and non-radiative plasmons, and localized and propa-
gating plasmons [2]. Here we present only some of the most basic theory needed
to outline the SERS effect. It should be noted that in the context of this the-
sis, all plasmon-related effects can be understood as electromagnetic effects, and
the relation to the free electrons of the metal is only secondary. In this sense,
all characteristics of plasmons is contained within the dielectric function (and its

wavelength dependence) and the geometry of a specific problem.

In terms of the basic properties of the metal, it is suitable for use in SERS if its

refractive index has:

(1) A negative real part of the dielectric function (preferably large and nega-

tive); and

(i1) A small imaginary part of the dielectric function.

The metals that fulfil this best are the alkali and noble metals (Cu, Ag, Au). Ag in

particular is suitable for SERS applications in the visible and near IR because it
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Figure 2.3: UV/Vis absorption spectra of a sample of the aqueous Lee & Meisel colloids
typically used in SERS experiments showing the considerable plasmon dispersion of the
aggregated colloidal sample. As stated in the main text, this profile cannot simply be used

as an indicator of the SERS enhancement.

has a very small imaginary component in this region and thus is less “lossy” than

other metals.

Plasmon resonances and wavelength dependence in SERS

In simple terms, the plasmon resonances of a metal can be considered in terms of
certain electromagnetic modes that exist for a material body described by a local
dielectric function and a given geometry [2]. When the electromagnetic modes
of a substrate are resonant with the incident (or radiative) light from an external
source, enhancement occurs. Put another way, the optical response of the plasmon
results in a redistribution of the energy around the object, such that some regions
are locally enhanced. This can be seen in the absorption spectra of a SERS sub-
strate as given in Fig. 2.3. It should be noted, however, that we can not simply
use the absorption spectrum as an accurate indicator of the SERS enhancement
of a given substrate at a given wavelength. First, the Raman effect involves en-
hancement of both the incident and radiative photons (at different energies), so the
final enhancement depends on the convolution of these individual enhancements.
In addition, for resonant molecules, pre-resonance effects may mean that SERS

enhancements occur well before the resonances shown by the absorption profile.
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The E* approximation in SERS

A common model to explore the EM enhancement is within the E* approximation,

which considers Raman scattering in the vicinity of a metallic surface [21].

In this model, we account for separate enhancement of the incident radiation and
emitted radiation inherent in the two-photon Raman process by defining a local
field intensity enhancement factor Mp,.(w;) and a directional radiation enhance-
ment factor M?{a ,(wr) (that directed towards a given detection position). The

single-molecule enhancement factor (SMEF) in SERS is then given as:

SMEF ~ Mo(wp)M% (wr). (2.15)

Mi,(wr) characterizes how much stronger the field intensity is with respect to
the intensity if there were no metal object present, and can be determined by
solving the electromagnetic problem under specific conditions with an incident
field Ep,. Mf{a ,(wr) gives the enhancement experienced by the Raman emitting

dipole, which is correspondingly at a different frequency from the incident laser.

Calculating M?{u ,(wr) is a much more difficult prospect, however, and for simplic-
ity it is generally assumed that M;’;g J(wr) ® Mi,c(wr). This approximation can be
justified formally and its range of validity specified [23]. From the definition of

Mi,(wr), this then gives the enhancement as:

|ELoc (a)L) |2 |ELoc (C‘)R) |2
|E1nc|2 |E1nc|2

SMEF ~ Mpo(wr)Mioc(wr) = (2.16)
When taken at a zero-Stokes shift (w; = wg), this yields the |E|* approximation

as:

|ELoc(a)L)|4

2.17)
|Elnc|4

SMEF(wy) =

It is important to note that this approach only approximates the radiation enhance-

ment and does not account for polarization effects or surface selection rules in
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SERS [23].

Theoretical methods for calculating EFs

For simple objects, such as an individual sphere or spheroid, it is possible to obtain
analytical solutions for the EF using Mie theory as a basis [24, 25]. Generalized

Mie theory extends the solution to two closely spaced spheres [26].

In most practical cases, however, numerical approaches are the only option. These
include methods such as the finite-element method (FEM) and the finite-difference

time domain (FDTD) techniques, which solve Maxwell’s equations numerically.

Commonly, the simulations are simplified based on the electrostatics approxima-
tion (ESA), which treats the electric field as an electrostatic field but still considers
the metal in terms of its frequency-dependent complex dielectric functions. This
approximation works well for objects much smaller than the wavelength of light
(20-40 nm), but should be used with caution on much larger systems. Another
common approximation is to reduce the problem to two dimensions (2D), which
works for problems that are effectively 2D in nature due to symmetry. Otherwise
the 2D solution should only be used as a qualitative guide for the 3D case [2].
Further, most numerical methods rely at some point on a discretization (mesh-
ing) of the objects under study into small cells. The characteristics of the EM
fields inside each cell are then computed. As a result, the size and shape of the
cell is one of the most important issues then for the accuracy of the overall re-
sult. These factors place limits on the accuracy of the overall results particularly
at sizes which approach the cell size of the calculation, in which case the results

are heavily dependent on the size and shape of the cell.

The results of such methods give us a theoretical calculation based on Maxwell’s
equations of the distribution of EFs around particular object geometries and are an
invaluable tool in SERS and plasmonics particularly. The most important result
in the context of this thesis is that maximum EFs up to ~ 1 X 10!, sometimes
102 are obtained for the best cases [2, 27, 28, 29]. Again, only practioners with

experience in such simulations can give an idea of the validity of a given approach
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Figure 2.4: Pictorial of a hot-spot for a particle dimer showing the rapid change in EF

even for a small change in position.

and thus of the final enhancement factor obtained. In this regard, it should be
noted that the maximum theoretical enhancement factor used in this thesis is based
on a general reading of the current literature, with direct confirmation from the

analytical methods available such as Mie theory [24].

In addition, simulations confirm that the optimum enhancements occur: (i) at
the tip of objects with pointy curvatures, i.e. sharp features, and (ii) in the gaps
between closely spaced particles (with maximum EFs often obtained for particles
separated by a few nanometres). Further, in the vicinity of these regions of high
enhancements, or hot-spots, the enhancement changes dramatically even within a
short distance from the region of maximum intensity [30]. This means that in most
SERS substrates, the enhancements that mainly contribute to the SERS signal

arise from extremely localized regions throughout the sample (see Fig. 2.4).

In terms of distance dependence, Mie theory using the ESA gives a distance de-
pendence d for a simple sphere of radius a as 1/(a + d)'?. In practise, EM en-
hancements typically extend to at least 10 nm from the surface [2, 22]. Thus,
the effect can operate on non-bound molecules and extends beyond a monolayer
for many molecules, which is an important distinction to the postulated chemical

enhancements given in the next section.
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2.2.3 Chemical enhancement

The other type of enhancement postulated to occur in SERS is chemical enhance-
ment, which requires the probe to be chemically bound to the SERS substrate.
Chemical effects have been proposed to explain changes in the relative intensities
(and frequencies) in the vibrational modes of a molecule as compared with the
normal Raman spectra, and to account for perceived discrepancies between the
maximum EFs found experimentally and the maximum values from EM calcu-
lations. The proposed chemical mechanisms can be divided into two categories
[22, 31]:

(i) Charge transfer states involving transitions from the Fermi level of the metal

to an unoccupied orbital of the molecule (or vice versa); or

(i) Formation of a surface complex involving the metal and the analyte, leading
to a change in the properties of the molecule (such as the possibility of

resonance Raman scattering).

A significant body of work has been dedicated to teasing out the details of charge-
transfer processes and the change of properties resulting from analyte—surface
complexes [32, 31, 33]. Many of these studies have been performed on electro-
chemical setups and explain variations in analyte properties such as relative inten-

sities that may not be able to be explained through electromagnetic mechanisms.

However, it should be noted that in regard to the issue of chemical enhancement in
SERS, there is considerable controversy [2, 34, 35]. Some of the effects attributed
to chemical enhancement may actually be due to SERS surface selection rules,
which would also play an important role in the case of a molecule bound in a fixed
orientation to a surface [21]. Further, when examining some of the recent literature
it may be concluded that some of the motivation for the discussion of chemical
effects has been on the perceived need to “bridge the gap” between EFs obtained
theoretically and those reported experimentally in SM studies [36]. As we show
later, the massive EFs reported in such experimental studies were actually the

result of inadequate definition and measurement of the EF.
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In any case, in typical SERS conditions, it is always going to be difficult to
separate any chemical effects from possible contributions of EM origin, such as
surface-selection rules or other mechanisms. Also chemical enhancement mecha-
nisms exert a minor influence (up to 10? in the best cases) [37] in comparison to
the EM mechanism, and are by definition a general phenomenon. For particular
analytes, however, chemical enhancements may play an important role, and such

surface effects are a topic of study in their own right.

2.2.4 A note on surface adsorption

Throughout the thesis, there is sometimes a distinction made in discussion about
whether molecules might be directly bound to the surface or are simply attracted
to the surface but do not form strong chemical bonds, e.g. through Van der Waals
attraction or electrostatic forces. The distinction can be framed in a number of
ways, as in the use of chemisorption for the former case and physisorption for the
latter, but it is important to clarify that there is no easy way to determine the degree
of analyte—surface binding, and additionally, there is no clear boundary between
the different processes involved in terms of our ability to distinguish them. For
our purposes, we use the more general term‘adsorption” throughout the thesis as
we do not attempt to determine the mode of binding but rather are interested in
whether or not there is evidence for a change in the molecular properties at the
surface, and in particular, whether this change somehow leads to some additional
enhancement for a specific analyte in certain cases, i.e. as in chemical enhance-

ment.

2.2.5 Other mechanisms

Another possible enhancement in SERS, discussed very early after its discovery
[38, 39] involves the interaction of a dipole self-reaction field with its polarizabil-
ity. This self-reaction field then modifies the ability of the dipole to radiate energy,
1.e. it can effectively oppose or amplify the dipole amplitude. This effect is effec-

tively then defined as a ‘chemical enhancement’, given that it involves a change
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of polarizability upon adsorption; however, the origin is actually electromagnetic.
We do not give an expression for the potential enhancement here, which can be
approximated by an image dipole method, but include the effect to demonstrate
the subtle distinction in this case between modification of the enhancement and
the enhancement itself. It should be noted that none of the results in this thesis
depend on the subtleties of these mechanisms, which we cannot distinguish in any

case from our experimental data.

2.3 Single-Molecule (SM) Detection

2.3.1 Background

The potential to use SERS to detect substances to a level down to a single molecule
has generated a lot of interest since enhancement factors of up to 10*° were re-
ported by Kneipp [36] and separately by Nie and Emory [40] for the dye rho-
damine 6G.

Despite the obvious impact of these papers in terms of their effect in reinvigorat-
ing the SERS field, the evidence for SM detection presented at that time falls short
of a definitive proof upon detailed consideration, and indeed has been seriously
questioned in the literature [41, 42]. The original proof and other subsequent
reports [36, 40] used aggregated colloidal solutions as substrates with ultra-low
analyte concentrations (sub-picomolar) to achieve a nominal analyte concentra-
tion of less than one molecule per colloid, typically ~ 0.1 molecule/colloid. At
such low concentrations, it was simply assumed that any observed signal is single
molecule in character because of the scarcity of the probes in the sample. How-
ever, working at ultra-low concentrations is very difficult [43], and one cannot
exclude the possibility that several molecules exist at the same place, as a dimer

or larger aggregate for example.

Further proof of SM detection was presented by Kneipp et al. [36] in the form
of the supposed observation of a Poisson distribution in the statistics of SERS

intensities. That is, it was argued that quantized signals could be observed repre-
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senting one, two, or several molecules. However, a number of problems become
apparent with this description on closer examination. Chiefly, the ability to de-
tect quantization from a distribution of intensities based on a number of different
spectral events assumes that molecules experience equivalent enhancements at
different hot-spots in the sample. In fact, the colloidal solutions used in these
experiments obey a long-tail distribution, with the enhancements varying consid-
erably throughout the sample and in-and-around individual hot-spots [44]. This
long-tail distribution means that it is essential to obtain sufficient statistics, other-
wise an erroneous conclusion may be made about the distribution if only certain
parts of the tail are sampled. In the case of Kneipp et al, later work [42] has shown
that, in fact, the combination of a limited number of statistics (~ 100) fitted to a
small number of bins (~ 20) using a considerable number of parameters (12 free

parameters) is responsible for the assumption of Poisson statistics.

A long-tail distribution would, in itself, quickly wash out any Poisson distribu-
tion. The relative lack of observable events over the experimental time in these
cases highlights the difficulties of an ultra-low concentration approach. In a given
aggregated solution only a small proportion of the available hot-spots give the
necessary enhancement for detection of a single molecule. The convolution of
the inhomogeneous enhancements with ultralow concentrations results in the ob-
servation of events that are extremely rare. The limited statistical reliability thus
leaves room for alternative explanations such as the more selective adsorption of

analytes by certain colloid particles, or the formation of dye aggregates [41].

Other evidence for SM detection has been based on spectral fluctuations and the
‘blinking’ phenomena [40, 45], whereby the signal is observed to rapidly fluc-
tuate and switch on and off. Such blinking was observed in SM fluorescence
[46, 47], where on-off spectral behaviour originates as a consequence of the elec-
tron of an individual molecule being trapped for a time in the triplet state, where
fluorescence is not possible. Thus the on-off behaviour is a good indication of sin-
gle molecule fluorescence (SMF) when careful experiments are performed. Sev-
eral authors have concluded that the phenomenon is also indicative of SM SERS

[48, 49, 50], but the evidence is far from a definitive proof in this case. It should
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be noted that “blinking” in this way is actually impossible in Raman, because the
Raman effect cannot be “turned off” as in fluorescence. As such, even the label
“SERS blinking” if by itself misleading. In fact, other effects may well explain
the observed spectral fluctuations, including photo-bleaching of the dyes, photo-
desorption, photo-induced surface diffusion, and substrate heating or morphology
changes [41, 51]. Because many of these effects are cooperative, i.e. they are
likely to affect all molecules at the same time (for example when the metal reaches
a critical temperature), they could, in principle contribute to the SERS fluctuations
and to “blinking”, even in many-molecule conditions. Such fluctuations are actu-
ally often observed, even in conditions of relatively high concentration, where the

signal is not believed to originate from SMs.

As such, although the reported detection of single molecules reinvigorated the
field and pointed the way towards the great potential of SERS as a trace detection

technique, an unambiguous proof of SM detection had still not been established.

2.3.2 Bi-analyte SERS (BiASERS)

A possible solution to the SM problem came with the BIASERS technique devel-
oped here at Victoria University. The BIASERS method [41] works as a contrast
method to allow one to observe the statistics of events of one dye against the back-
ground of signals produced by the other. The use of this method allows for the
use of moderately low analyte concentrations (up to 100 nM), rather than ultralow
concentrations, and consequently large numbers of statistics can be gathered in a
much shorter time. Thus, the conclusion of SM detection is always based on the
acquisition of sufficiently many statistics. Hence, the method provides an addi-
tional degree of freedom with respect to plain intensity fluctuations [42] to decide

on the “SM character” of the signal.

A simple analogy for BIASERS is to imagine the hot-spots as separate “buckets”
distributed randomly. We then randomly throw balls of two different colours (rep-
resenting two spectrally distinct molecules) in the general direction of the buckets

to the point that, eventually, some of the buckets are filled with no balls, some
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have a single ball, while some have several balls (i.e. a situation of moderate “con-
centration”). In the analysis stage, we start by identifying the buckets that have
balls of only one colour. Taking simple statistical intuition as our guide, we can
quickly see that the number of balls in these one-colour examples is going to be
very low—a single ball, or perhaps two or three, but not very many. For buckets
with many balls, the random distribution of the two balls would most commonly
result in a mixture. This then is the BIASERS technique: by using two analytes,
one as a contrast agent for the other, we are able to identify signals arising from
one, two or a few molecules. The collection of a sufficiently large set of data then
allows us to definitively prove the detection of SM events. More detailed analy-
sis of the statistics of hot-spots with more realistic models has been presented in
Ref. [52]. Note that the bucket analogy is only a rough guide to the experimental
reality—for example, in a real SERS experiment the different buckets would be

of different sizes and would give different enhancements.

Application of the BIASERS technique perhaps works best in liquid measurement
of a solution of aggregated colloids, because in this case Brownian motion allows
for the collection of a large set of independent data without difficulty—we simply
repeat acquisition over a short time for a long duration. In practise, the two dyes
should have similar properties (adsorption and Raman cross-section), and must of

course have distinct SERS spectra to allow for separate identification.

The first example of SM detection by this method [41] has paved the way for much
subsequent research based on multiple analyte techniques [41, 53, 54, 55, 56, 57]
to identify, categorize, and classify SM events in SERS. In Chapter 5, it is the key

method for obtaining an accurate estimation of SMEFs in SERS.

2.4 The SERS Enhancement Factor

As the thesis title suggests, the SERS enhancement factor (EF) is the central topic
of the work to be presented. In the following, we set the necessary theoretical
framework for understanding the EF problem, which will be extensively applied

in Chapter 5.
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In its simplest expression, the EF is a value that compares the increased intensity
in signal obtained under SERS conditions to that under normal Raman conditions
(non-SERS).

However, due to the diversity of situations that can arise in SERS—single molecules,
multiple molecules, experimental limitations (not knowing the exact number of
molecules, for example, averages over time, varying spatial distribution, orienta-
tions of the probe on the surface, surface coverage, different substrates, etc.)—
obtaining a suitable definition is not straightforward. Our purpose in measuring
the EF and the experimental conditions we are under will motivate our choice of

definition.

We explore in the next sections some basic definitions that cover a range of typical
SERS situations. The important thing here is that the definitions are unambiguous,
although our ability to characterize some of the parameters may differ depending
on the situation. Note that, while we present the EFs here in terms of intensity
for simplicity, the alternative, which we shall explore later, is to characterize the
Raman and SERS intensities in the form of cross-sections, and express the EF as

a ratio of these cross-sections.

2.4.1 The single-molecule enhancement factor (SMEF)

The SMEF is the enhancement felt by a given molecule at a specific point. It is,
in general, dependent on the Raman tensor of the probe and its orientation on the
SERS substrate and with respect to the local field at that point. In turn, it also
depends on the orientation of the SERS substrate with respect to the incident laser
polarization and direction. Because of these constraints, a rigorous definition is

more suited to theoretical estimations.

However, estimating the SMEF of an analyte on a given substrate is still instructive
in an experimental setting, especially if we look at the maximum available EFs
and are able to sample many SM events in our experiment (those originating from

hot-spots).
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In this case, we define the SMEF as:

SM

I
SMEF = ;SEﬁs, (2.18)
< RS

where Iggzs is the SERS intensity of the single molecule under consideration,

while (I%[) is the average Raman intensity per molecule for the same probe. This
definition takes into account the fact that, in our normal Raman experiment, we
cannot measure a single molecule or know the orientation of the molecule because

we necessarily measure many molecules to obtain our signal.

2.4.2 The SERS substrate enhancement factor (SSEF)

If we are more interested in the average enhancement over a given substrate rather
than the maximum enhancement, we can define the SERS substrate enhancement
factor (SSEF), which allows comparison between the average SERS enhance-
ments across different substrates. At a first approximation, the SSEF is given

as:

EF = Isgrs/Nsurs

’ 2.19)
Irs/Nvol (

where Ny, = crsV is the average number of molecules in the scattering volume
(V) at concentration crg for the Raman (non SERS) measurement, and Ng, 1S
the average number of adsorbed molecules in the scattering volume for the SERS
experiments. This is the general EF definition that has been used by most authors
in the past [58, 59, 60, 61] and is normally taken as representative of a substrate.
However, this definition presents difficulties in terms of experiment, in particular,
because of the difficulty in determining the number of molecules that directly con-
tribute to the SERS intensity. Generally, only rough estimates are made assuming
monolayer coverage and maximum packing densities based on the molecular size.
If we have a well-defined substrate, we can consider a rigorous definition of Ngy,¢

and Ny, and define the SSEF in terms of the experimentally measured signals,
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under SERS (Isgrs) and Raman conditions (Igs) as:

Isers/(UmpsAm)
Irs/(crsHeg)
where cgg is the concentration of the solution used for the non-SERS measure-

SSEF =

(2.20)

ment, Heg is the effective height of the scattering volume (defined rigorously in
Appendix A.6), ty [m™2] is the surface density of the individual nano-structures
producing the enhancement, and ug [m~2] is the surface density of molecules on

the metal.

However, due to the difficulty in accurately estimating s and us, particularly for
the colloidal aggregates used in this work, we will not refer much to the SSEF, but

include it here for completeness.

2.4.3 The analytical enhancement factor (AEF)

The definitions introduced so far, the SMEF and SSEF, have attempted to empha-
size the intrinsic characteristics of the substrate and are not always straightforward
to relate to experimental results. For many applications, one is mostly concerned
with the simple question of how much more signal can be expected from SERS as
compared to normal Raman under given experimental conditions. To address this
question, we introduce another definition of the SERS EF, which is fairly intuitive
and particularly relevant for analytical chemistry applications. Let us consider an
analyte solution with concentration cgg, which produces a Raman signal Izg un-
der non-SERS conditions. Under identical experimental conditions (laser wave-
length, laser power, microscope objective or lenses, spectrometer, etc.), and for
the same preparation conditions, the same analyte on a SERS substrate, with pos-
sibly different concentration csgrs, now gives a SERS signal Isgrs. The analytical
enhancement factor (AEF) can then be defined as:

AEF = SERS/CSERS.

2.21
Irs/crs (221)

This definition, although useful for specific practical applications, tends to de-
pend strongly on many factors such as the adsorption properties and surface cov-

erage (monolayer vs. multilayer) of the probe; csgrg does not characterize well the
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number of adsorbed molecules. In particular, for 2D planar substrates, the actual
number of adsorbed molecules is strongly dependent on the sample preparation
procedure (e.g. spin-coating, dipping, or drying). For this reason, it is not a good
characterization of the SERS substrate itself, and cannot be used to easily com-
pare the performances of different substrates. However, provided all experimental
procedures are clearly stated and sub-monolayer coverage is ensured, the AEF
represents a simple figure for the SERS EF, whose measurement is easily repro-
ducible. From its definition, it is also clear that the AEF is particularly suited to

the case of SERS active liquids, e.g. colloidal solutions.

2.5 Vibrational Pumping in SERS

In this section we describe an alternative method for determining the SERS cross-
section using a technique known as vibrational pumping. We use this method to
obtain the SMEEF for some analytes in Chapter 5 as supporting evidence to SMEFs
obtained directly using the BIASERS method.

The use of SERS vibrational pumping to determine SERS cross-sections was pro-
posed more than 10 years ago [62], but has been the subject of much controversy
[63, 64] because, among other things, of the difficulties of distinguishing experi-
mentally between pumping and heating effects [65, 66, 67]. Recent developments
[68, 69] have shown that these difficulties can be avoided by monitoring the tem-
perature dependence of the anti-Stokes to Stokes ratio down to low temperatures
(typically ~ 77 K or less), in the technique known as temperature dependent vi-

brational pumping (TDVP), described in the following section.

Temperature dependent vibrational pumping (TDVP)

In a SERS measurement, the population, 7, of a single vibrational level over time
is governed by three mechanisms: (7)) pumping of the vibrations by the laser it-
self, proportional to the laser intensity Iy ; (i) thermal excitation of the vibrational

level; and (iii) relaxation of the vibration, defined by the vibrational lifetime 7,
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through all possible mechanisms, including intramolecular vibrational relaxation,
and external relaxation processes. Taking weak pumping, where n remains small,

we can define the rate equation for 7 for a given vibrational mode, w,, as [69]:

—hw, /kgT
d_n _ GSIL + exp( w / B ) _ E — O, (222)
dt  hwr T T

where the first term corresponds to an increase in the vibrational population (de-
pendent on the Stokes cross-section 0s) due to pumping, and the second term that
due to thermal excitation. I; and w; are the power density [W/m?] and frequency

[rad s7'] of the laser and kg is Boltzmann’s constant.

When I} # 0, i.e. under laser pumping, we can obtain the steady-state population
n as:

_ Ttosh + gl /ksT (2.23)
ha)L

In a practical measurement, the Stokes signal is independent of 7 and is given
by Is = Nosly, where N is the number of molecules. The anti-Stokes signal is
proportional to n, and is given by I,s = nNo,sly. If we express these as the
anti-Stokes/Stokes ratio, p, we can obtain [68, 69]:

tosl

p=Ls/ls=A [ 5L 4 e-hwv/kBT] , (2.24)
hCL)L

where A is the asymmetry factor between the anti-Stokes and Stokes cross-sections,

A =0,.5/0s, due to the underlying frequency-dependent plasmon resonances [70].

Experimentally, if we monitor the anti-Stokes/Stokes ratio, p, as a function of
temperature for a given mode, we can observe a crossover temperature at which
the population of 7 changes from being in a temperature dominated regime to that
governed by pumping (see Fig. 2.5). The temperature at which this crossover
occurs changes depending on the mode energy as a consequence of the rapid vari-
ation of the exponential term; the larger the Raman shift, the large the crossover

temperature will be.
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Figure 2.5: Example of fitting of the TDVP data of In(p) with temperature for the
1510cm™ mode of rhodamine 6G. A crossover between the temperature-dominated
regime and the pumping-dominated regime can be observed at ~ 200 K. In practise, the

data are fit using Eqn. 2.25.

To provide the Stokes cross-section, we fit the data shown in Fig. 2.5 to a form of

Eqn. 2.24 using:

In(p) =a+In[b + e fov/ksT], (2.25)

where a = In(A) and b = 7ol /liwy. This is then a fit with two parameters,
from which Tog can be obtained for a known I;. If we then estimate a value for
T, we can obtain the cross-section os. Note that this method gives us an estimate
for the asymmetry factor, A, which is effectively obtained as a proportionality
constant for the curve in the high-temperature region. The asymmetry factor is not
accessible by direct measurement of the Stokes and anti-Stokes signals because
the anti-Stokes signal involves the convolution of anti-Stokes cross-section with

the actual vibrational population for which the anti-Stokes process can occur.
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Estimating the vibrational lifetime 7

To obtain the cross-section, then, we must estimate the vibrational lifetime of the
mode. The 7 values are estimated in our case by assuming the relaxation process
leads to homogeneous peak broadening of the peak, as measured by the FWHM
(). In this case, T follows directly from t ~ 7/I" [71]. In practical examples,
it is found that the FWHM does not change by more than 1 — 1.5cm™! in peaks
with a typical I of ~ 15— 20 cm™, suggesting an accuracy within ~ 10 — 15%
[68]. However, in addition to population relaxation, there are other contributions
to the natural linewidths of the modes, including: (i) overlapping Raman peaks,
(i1) inhomogeneous broadening, and (iii) phase decoherence, which may differ
from mode to mode. Thus it is not straightforward to obtain an accurate value for

7 for each mode.

However, if we can find a single peak in the spectrum where the population re-
laxation can be gained directly from the FWHM via 7 ~ 7/, then all of the
cross-sections of the other modes follow immediately by relative intensity of the
peaks. That is, if we select a mode that is likely to be dominated by population re-
laxation, then we can use this mode to obtain the 7 value and hence cross-section
for this mode, along with all the other modes by relative peak intensity. The peak
most likely to be dominated by population relaxation is usually the highest fre-
quency mode, simply because of the greater number of vibrational states available
to relax down to [69]. As a check of self-consistency, we then check that none
of the 7’s are smaller than the value 7i/T" estimated from their FWHMSs. to ensure
the consistency of the obtained og, the ts for each mode are checked to ensure
that they are larger than the value of 7 obtained from their widths I'. This method,
named the corrected lifetime method (CLM), must be judged on a case by case
basis and, in particular, rests on the assumption that at least one of the modes
has its broadening dominated by population relaxation. If this is not the case,
all the cross-sections will be overestimated. However, using this method, we can
obtain estimates for the SERS cross-section from the pumping experiment. The

experimental details of TDVP are given in Section 3.4.4.
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What cross-section are we measuring in pumping?

In pumping, we are measuring the total SERS cross-section, o1, which can be
greater than the differential radiative cross-section by a factor of up to ~ 10 de-
pending on the Raman tensor of the mode. In addition, the pumping cross-section
includes photons that would normally be absorbed by the substrate, and which
would therefore not be observed in a direct SERS measurement. In this sense,
the total cross-section is a combination of the radiative and non-radiative cross-

sections. These aspects have recently been studied in full detail in Ref. [72].

Naturally, the TDVP technique is indirect and can be influenced by a range of ef-
fects in the actual experiment including photobleaching and laser heating effects.
However, if we are careful it gives us an estimate of the maximum available SERS
cross-section and thus the maximum EF, an important value and one we can not

always access by other approaches.
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Chapter 3

EXPERIMENTAL

We describe in this chapter the experimental details used throughout the thesis,
including synthetic work, and preparation of the colloids and substrates used in
SERS.

3.1 Raman Setup

Figure 3.1 shows the Raman microscope used in all Raman and SERS experiments
and Fig. 3.2 gives a diagram of the beam path. The setup is a Jobin Yvon confocal
Raman spectrometer coupled to a liquid N>-cooled CCD detector and a confocal
(Olympus BX2) microscope in a back-scattering configuration. The internal laser
is a 633 nm HeNe laser and an Ar*-ion laser (468, 514 nm) is used as an external

source.

Characteristic values for objectives

In Table 3.1 we present the objectives used in this thesis along with characteris-
tic values of the beam waist w( and scattering volume V., which are used for
calibrating the measurements in Chapter 5. These values were obtained using the

beam profiling methods detailed in Appendix A.4 and are specific to the day of
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white light optics Ar*-ion HeNe LN-cooled
source laser laser CCD

microscope diffraction grating

Figure 3.1: Raman microscope used for all Raman measurements in thesis.
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Figure 3.2: The beam path of the microscope in Fig. 3.1 as it enters the entrance slits of

the monochromator.
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Table 3.1: Table of objectives used in this thesis with characteristic values measured by
beam profiling experiments on the day of the experiment. The methods for obtaining the
beam waist wg and scattering volume V¢ are described in detail in the appendices (see

particularly Eqn. A.8). *The scattering volume of the X10 objective was not required.

Magnification type NA Wo Vst

[lig/air] [um] [ ym3]
X100 liqg 1.0 0.625 13.0
x100 air 0.9 0.839 10.7
x50 air 0.5 1.37 152.0
x10 air 025 4.6 N/A*

experiments. For example, it can be expected that some variation will occur over

time with different laser alignments.
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3.2 Analytes used in Raman/SERS experiments

All molecules used were sourced from Sigma-Aldrich except where otherwise
stated and were used without further purification. Low concentration samples
were prepared from stock solutions usually made up to 100 M in water unless

solubility was a problem.

3.3 Substrate Preparation

The most essential factor in a SERS experiment is the substrate. Ideally, it should
give the largest enhancements possible, be easy to prepare, and reproducible. In
terms of giving the maximum EFs, aggregated colloidal solutions are among the
best substrates available [29, 50]. The EFs they produce, however, tend to be
uncontrollable, which is the reason why all SM-SERS have to rely heavily on
statistics. We detail here some common methods for obtaining and preparing such

substrates.

3.3.1 Synthesis of silver colloids
Synthesis of Lee & Meisel colloids

Using the method of Lee & Meisel [73], AgNO3 (90 mg, 2.12 mM, 70 gmol™!)
was added to distilled water (500 mL) in a 1 L glass beaker equipped with a stir-
ring bar and the solution was brought to the boil. Upon reaching boiling, a solution
of 1% tri-sodium citrate (10 ml, 100 mg, 294.1 gmol~!) was added dropwise and
the solution was kept boiling for 1 h. The solution had a final pH of 8 — 9. After
cooling, the colloids were stored in plastic containers in a refrigerator. The col-
loids, depending on batch, were stable over 3 — 6 months. A reduction in pH was

evident over the period (final pH = 6).

The specific details of these colloids are covered elsewhere [74] but SEM mea-

surements show that the colloids are widely polydisperse and have an average
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SEI 15.0k¥  X10,000 1um WD 10.8mm

Figure 3.3: SEM image of Lee & Meisel colloids showing an aggregated cluster from a

dried sample of colloids deposited on silicon [74].

size of 60 nm. UV-Vis absorption measurements show an extinction maximum
at ~ 400 — 430 nm with a long tail at longer wavelengths. They are a standard
system in SERS due to the availability of large enhancements. Figure 3.3 shows

an SEM micrograph of an aggregate of the Lee & Meisel colloids.

Syntheses of silver colloids using BH,
KCI method

KClI (7.9 mg, 74.6 gmol™') was added to a solution of AgNO; (18 mg, 1.06 mM)
in dist. water (80 ml) in a 250 mL round bottomed flask equipped with a stir bar,
with the resulting solution forming a cloudy blue precipitate of AgCl. The solution
was cooled on ice and an ice-cooled solution of NaBH,4 (6 mg, 37.8 gmol™!) in
dist. water (20 mL) was added dropwise to the AgCl solution. Upon addition of
the reductant, the solution became a cloudy yellow/grey colour. The reaction was
allowed to warm to room temperature and was kept stirring under a fume hood
for 1 hr to react excess NaBH,. Depending on the preparation, the colloids were

stable over 1 — 2 months.
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Albrecht and Creighton method

Following the method of Albrecht and Creighton [75], solutions of 1 mM AgNO;
and 2 mM NaBH, were prepared. To an ice-cold solution of 1 mM AgNO; (2.5
ml) in a round bottomed flask equipped with a stir bar, was added an ice-cold
solution of 2 mM NaBHy (7.5 ml) and the sealed flask was vigorously shaken. A

yellow-grey solution resulted, which was stable over the short term (2 — 4 weeks).

3.3.2 Preparing liquid colloidal aggregates
Individual SERS using aggregated Lee & Meisel colloidal solution

For most of the SERS measurements performed in this thesis, we used aggregated
Lee & Meisel colloid solutions aggregated by addition of KCI. The particular
proportion of KCl added has been optimized over several years of experiments on
this colloid system; the long-term stability and characteristic clusters present in
this system have been studied elsewhere [74]. Briefly, the amount of KCI added
ensures that the colloids are aggregated close to (but below) the point of collapse.
These substrates are semi-stable over hours and are known to give among the
biggest EFs available in SERS.

To prepare the aggregated colloidal solution, the Lee & Meisel colloids are mixed
with a 20mM KCI solution in a 1:1 proportion. The colloids are then left for
a period of time (usually about 30 min) before a small volume (10 — 20 uL) of
the probe molecule in solution is added to achieve the final desired concentration.
At sufficiently low analyte concentrations (<100 nM), the stability of the colloids
close to the aggregation limit is not affected by the additional screening of the
repulsive potential introduced by the analytes. Depending on the particular batch
and analyte used in the experiments, these colloid solutions may be active the next
day although this can not be guaranteed. In this sense, the properties of the col-
loids are time dependent and so it is important to be consistent with timing when
measuring them comparatively. Overall, the enhancements measured in these sys-

tems are expected to be similar as long as an identical process is followed (within
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~ 20%) but there will inevitably be variation due to the original colloid prepara-
tion, which is sufficiently complicated and dependent on kinetic parameters (e.g.
rate of reductant addition, water purity, exact source of starting materials) to be, as
a general rule, only moderately reproducible. Further, the nature of the particular
analyte may slightly affect colloid stability and the resulting enhancements even
at the low concentrations used. The largest errors are thus systematic in nature

and the enhancement factors quoted should be taken with this in mind.

BiASERS using aggregated colloids

In the basic BIASERS technique, two dyes with distinct Raman spectra are added
at equal concentrations (usually from 5 — 50 nM) to an aggregated colloidal so-
lution. A large number of spectra are then recorded (2000 or more) with short

acquisition times (i.e. 0.05 sec).

Concentrating SERS colloids using centrifugation

In certain circumstances, it is desirable to increase the concentration of the col-
loids from that obtained by the synthesis. To do this, we centrifuge the colloids
(from 5 — 15 krpm) until the colloids have settled in the container (but are not
deposited on the walls), before removing a suitable amount of supernatant and

reconstituting the sample using ultrasonic vibration.

3.3.3 Preparing solid colloidal substrates

In many cases, we use solid substrates prepared from dried colloidal aggregates
as SERS substrates. A variety of different techniques for preparing such samples
were explored in the course of the thesis. Here is a summary of the most important

of these:
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Drop cast colloids

To ensure the analyte effectively “sticks” to the colloidal substrate, samples can be
prepared by adding a drop of colloids onto a silicon wafer substrate and allowing
the sample to completely dry under a lamp. With aqueous solutions, this inevitably
results in a kind of “coffee-ring” structure, in which the greatest density of colloids
lies at the outer edge of the drop, leaving the centre relatively sparse. Despite this
drawback, samples can be quickly prepared and some reproducibility is possible

as long as the region of interest (edge vs centre) is specified.

Repeated deposition under blow dryer

As an alternative to drying under a lamp, samples were prepared by forced evap-
oration with a heat gun on moderate heat, and instead of a single deposition the
process was repeated several times to ensure effective coverage on the substrate.
Briefly, a drop (50 uL) of concentrated colloidal solution (concentrated by ~ 30-
fold) was pipetted onto a silicon wafer (drop area ~ 5 X 5 mm?) and a blow gun
mounted on a clamp stand was directed at the sample from above. After the first
drop had largely evaporated, another drop was added, with this process being re-

peated several times (usually 3 — 4 times) to obtain the final substrate.

Before addition of the analyte, the as-prepared substrate was rinsed in dist. water
to try to rinse off molecules attached to the metal colloids. For the SERS exper-
iments, a drop of analyte was added and left to settle for ~ 30 mins in ambient
conditions. Finally, the analyte drop was pipetted off, and the sample again rinsed
in dist. water. Such a preparation proved suitable for preparing low concentration
samples of non-resonant analytes. SERS was measured on these substrates close
to the edge of the Si wafer, where the colloid surface coverage is generally larger
as a result of the drying process. These substrates were used in Chapter 7 for

detection of non-resonant probes, which were applied at concentrations of 25 nm.
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Polylysine-coated substrates

An alternative to adhere the colloids to the substrate is to use an intermediate
polymer layer such as polylysine, which as a positively charged polymer is able
to attract the negatively charged citrate colloids. In such experiments, a low con-
centration (e.g. 0.005 — 0.01 wt%) of polylysine (as poly-L-lysine hydrobromide)
in aqueous solution is dried on a silicon substrate under a lamp. Subsequently, a
drop of colloids containing the analyte added previously is placed on the substrate
for a given period of time (5 mins), before siphoning off the drop and dabbing
off the excess with a tissue. This forms a film of isolated colloidal aggregates,
strongly attached to the substrate through electrostatic attraction, as poly-L-lysine

is positively charged in solution.

3.4 Supporting Experimental Techniques

3.4.1 UV-Vis spectroscopy

UV-Vis spectra were performed on a double-beam Cary 100 instrument with mer-
cury and tungsten sources in quartz cuvettes over the range 200 — 800 nm.

34.2 NMR

For the synthetic work of Chapter 6, 'H and '*C NMR spectroscopy (including
COSY, HMBC, and HSQC experiments) were used to confirm the chemical struc-
ture and purity. The 'H and '3C NMR spectra were run on 300 MHz and 500
MHz Varian spectrometers, respectively, in CD3;OD as a solvent referencing to
the residual methanol signal. The 'H and *C NMR spectra are included in Ap-
pendix B.
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3.4.3 Mass spectroscopy

Mass spectra were acquired on a Q-Tof mass spectrometer with electrospray ion-
ization. The samples were run in the positive V mode, and were calibrated by
sodium formate for the mass range 0 — 1000 Da (Q-Tof Premier, Waters Corp.).

The mass spectra are included in Appendix B.

3.4.4 TDVP measurements

TDVP is performed by measuring the Stokes and anti-Stokes signals as a func-
tion of temperature down to 77 K using a nitrogen flow cryostat. The substrate is
prepared by drop-cast deposition (see Section 3.3.3) of an aggregated Ag colloid
sample prepared in a strongly aggregated state (as opposed to a partially aggre-
gated state as for solution measurements), by using large analyte concentrations
(1 uM) [69]. In the experiment, a low power objective (i.e. X10) that gives a large
spot and low power density is preferred in order to: (i) reduce photobleaching, (ii)

limit indirect laser heating, and (iii) improve sample averaging.

3.4.5 DFT calculations

For the DFT calculations, we used the Gaussian DFT package [14, 76] with
Becke’s 3-parameter hybrid functional [77] and Lee-Yang-Parr [78] non-local
electron correlation (commonly abbreviated as B3LYP) with basis set 6-311++G(d,p).
Using this package, we can carry out a vibrational frequency analysis and ulti-
mately obtain the frequencies v;, Raman activities R;, and depolarization ratios p;
for each peak, from which the gas-phase Raman cross-section at 633 nm can be
calculated using Eqn. 2.11. The basic theory behind the process of DFT calcula-

tions is given in Section 2.1.6.
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3.5 Synthesis and Characterization of Isotopic Dyes

(7) Synthesis of 3,6-bis(ethylamino)-9- [2-(methoxycarbonyl)phenyl] xanthylium
(Rh6M):

All chemicals were obtained from Sigma-Aldrich and used without further purifi-
cation. Following a modification of the procedure of Abudara [79], phthalic anhy-
dride (0.20 g; 1.35 mmol, 99+%) and o-ethylamino-p-cresol (0.41 g; 2.70 mmol,
95%) were dissolved in the high boiling point solvent 1,2-dichlorobenzene (5 mL,
b.p. 180.5°C) in a flask equipped with a stirring bar, a reverse Dean-Stark appara-
tus and a condenser. After refluxing overnight, the reaction mixture was cooled to
50°C, and sodium hydroxide (36 mg; 0.9 mmol) and dimethylsulfate (0.265 mL;
2.8 mmol) were added. The resulting mixture was then heated at 90 — 100°C for
5 hours. In the workup, the reaction mixture was diluted with water (8 mL) and
concentrated in vacuo (at 90°C) to remove 1,2-dichlorobenzene by azeotropic dis-
tillation. This procedure was performed twice with water and once with methanol
to ensure complete removal of the original solvent. The product was evaporated
to dryness to give the product as a red residue (84% yield). Recrystallization from
a mixture of concentrated hydrochloric acid (1 mL) and distilled water (1 mL)

yielded metallic green needles.

Characterization of Rh6M:

The structure and purity were confirmed by mass spectroscopy and 'H and *C
NMR spectroscopy (including COSY, HMBC, and HSQC); see Sections 3.4.2,
3.4.3 for experimental details. 'H NMR (300 MHz, CDCl3): 6 = 1.41 (t, J=7.3
Hz, 6H), 2.29 (s, 6H), 3.55 (q, J = 7.3 Hz, 4H), 3.66 (s, 3H), 6.69 (s, 1H), 6.71
(s, 1H), 7.28 (dd, J = 7.4 Hz, J = 1.5 Hz, 1H), 7.74 (dt, J = 7.4 Hz, J = 1.5 Hz,
1H), 7.80 (dt, J = 7.4 Hz, J = 1.5 Hz, 1H), 8.31 (dd, /=7.4 Hz, J = 1.5 Hz, 1H)
ppm. 3C NMR (500 MHz, CDCl3): 6 = 165.4, 157.0, 156.6, 134.4, 133.0, 131.3,
130.2, 129.8, 128.4, 126.3, 113.7, 94.2, 52.6, 38.7, 18.5, 13.9 ppm. HRMS [M]+
Calcd 429.2178; found 429.2174. UV-Vis (H,0): Apnax = 526 nm.

(i1) Synthesis and characterization of 3,6-bis(ethylamino)-9-[2-(methoxycarbonyl)-
- d4-phenyl]xanthylium (d4-Rh6M):
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The deuterated version of Rh6M was synthesized according to the above proce-
dure for Rh6M using instead d4-phthalic anhydride (0.21 g; 1.35 mmol, 98 atom%
D). Mass spectroscopy and NMR data again confirmed the target structure. 'H
NMR (300 MHz, CDCl3): 6 = 1.40 (t, J = 7.2 Hz, 6H), 2.28 (s, 6H), 3.56 (t, J =
7.2 Hz, 4H), 3.66 (s, 3H), 6.64 (s, 1H), 6.70 (s, 1H) ppm. *C NMR (500 MHz,
CDClI3): 6 = 165.4, 157.0, 156.5, 134.3, 129.7, 128.4, 126.2, 113.6, 94.0, 52.5,
38.6, 18.5, 13.9 ppm. HRMS [M]+ Calcd 433.2429; found 433.2425. UV-Vis
(Hy0): Aax =526 nm.
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Chapter 4

ESTIMATION OF RAMAN
CROSS-SECTIONS

4.1 Motivation

This chapter and the following one form a central part of the thesis and outline our
approach towards illuminating a central problem in SERS: the accurate quantifi-
cation of the SERS enhancement factor (EF). Here, we provide some background
to the EF problem, before outlining our particular approach. As we shall see, a
key aspect of this approach is the consideration of the bare Raman (or non-SERS)
cross-section, which the present chapter deals with. Chapter 5 then details the

necessary steps towards obtaining the EFs for some common SERS probes.

4.1.1 The EF problem

The enormous “magnitude” of the enhancement in Surface Enhanced Raman Scat-
tering (SERS) puzzled researchers right from its discovery. As described in the
background (Section 2.2.1), the initial conflict of understanding in SERS was pre-
cisely around the “magnitude” of the effect and the difficulty in estimating the

number of molecules that contributed to the signal.
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Since that time, the reported SERS cross-sections and corresponding EFs have
been difficult to pin down [34]. The reliable estimation of EFs in different types
of SERS active media therefore remains a longstanding ambition in the field of
SERS.

An additional motivation for accurately characterizing SERS cross-sections and
EFs is their importance in relation to the SM-SERS problem. Since the initial
reports of SM-SERS spectroscopy over a decade ago [36, 40], there has been
ongoing confusion as to the magnitude of the enhancement and its physical origin,

along with uncertainties as to the reality of SM detection itself.

Finally, the SERS EF is a critical parameter in terms of characterizing the SERS
effect for practical applications. In applications, the first concern is usually to
know the magnitude of the EF that can be achieved for a given substrate and
system. However, when scanning the literature on the design of new substrates,
it is readily apparent that a consistent quantitative approach is lacking overall.
In many cases, little attempt has been made to quantify the enhancement of a
given substrate, despite claims of “high” or “large” enhancements. This makes
comparison between different substrates and systems difficult, and the reader must
make a best guess at the relative merits of a substrate from experimental details
such as the laser power, integration time, type of objective, and Raman setup—

when this information is not made available, a guess is not even possible.

As some authors have pointed out [34], a significant criticism of SERS is that it
has not lived up to original expectations due to the general failure in quantify-
ing the signals accurately, which is linked to the difficulty in measuring the EFs
adequately. In summary, a rigorous approach to quantifying the SERS EF ought
to resolve longstanding contradictions and inconsistencies in the literature and is

necessary for the establishment of SERS as a practical analytical tool.

4.1.2 Previous measurements of EFs

Several studies have concentrated on rigorously measuring the SERS EFs under

specific conditions [58, 60, 61, 80], mostly focusing on average EFs. Average
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SERS EFs of the order of ~ 10* — 10° have been obtained, and sometimes as high
as ~ 108 (depending on the definition and measurement procedure). However,
anything from 10* to 10 may be quoted in the literature as SERS enhancements,
in particular in relation to (but not limited to) the SM-SERS problem. It is a fact
that the EF can strongly depend on the exact SERS conditions: substrate, analyte,
excitation wavelength, etc. However, the wide discrepancy in the quoted EFs also
arises from both a wide variability in the definition of the EF, and the way it is
estimated in practise. In particular, inconsistencies in the reported values have

arisen for the following reasons:

(1) Insufficient care in defining the EF;

(i1) Failure to normalize the SERS EF to the bare Raman signal of the probe;

and

(i11) The use of basic estimates for the scattering volume and number of molecules
adsorbed.

For example, in Ref. [36], the SERS EF for SM detection is estimated to be
around ~ 10 based on a SERS measurement of the dye crystal violet (CV) us-
ing as a normalizing factor the Raman cross-section of methanol under the same
experimental conditions. It is well known that dyes such as CV can have Ra-
man cross-sections up to 10* times larger than smaller molecules, especially in
Resonance Raman Scattering (RRS) conditions [22, 81]. What is often less ap-
preciated, and what we shall demonstrate later, is that such dyes still have large
Raman cross-sections even in non-resonance conditions due to pre-resonance ef-
fects. This means that one cannot “guess” the non-SERS cross-section and then
use it to estimate the SERS EFs. Such an approach is one of the causes for the
apparently enormous EFs of ~ 10'* frequently quoted in the literature. Therefore,
the non-SERS cross-section must either be calculated from first-principles, such
as in Ref. [81], or if possible measured experimentally (if the Raman signals are

not completely engulfed by fluorescence).
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4.1.3 Our approach

In the work that follows, we seek to address these above points and obtain, we
believe, the best possible estimates for the EFs of some common SERS analytes.

The main features of this approach are:

(i) Careful definition of the SERS EF taking into account the specific optical

setup and conditions;

(if) Correct normalization of the EFs to the experimentally measured bare Ra-

man CI'OSS—SeCtiOIl;

(i11) Measurement of the SERS and Raman cross-sections with respect to a ref-

erence standard of known cross-section; and

(iv) Careful characterization of the scattering volume.

The EF definitions are considered in detail in the following chapter. In the present
chapter, we look at how to properly normalize the EFs by including the bare Ra-
man (non-SERS) signal, which is essential when estimating SERS EFs, either

theoretically or experimentally.

4.1.4 Why measure the actual Raman cross-section?

As the basic EF definitions given in the background show (Section 2.4), it is usu-
ally not necessary to know the absolute cross-section of the analyte to measure the

EF; a measurement of relative intensities can be enough.

However, knowing the absolute Raman cross-section is of great interest for several

reasons:

(1) It highlights the fact that many SERS probes are in fact already very good
Raman (non-SERS) scatterers and that different analytes can have widely

different intrinsic Raman cross-sections;
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(1) It is necessary if one wishes to determine the absolute SERS cross section
from the SERS EF (for example, in order to be able to compare the effect

with fluorescence);

(iii) In temperature-dependent vibrational pumping experiments where the ab-
solute SERS cross-section is measured, the absolute Raman cross-section is
required to determine the SERS EF; and

(iv) It avoids having to make non-SERS measurements, which usually involve
high concentration samples and long integration times, each time a SERS
EF is sought.

The last point is by no means trivial. It is often necessary to integrate for a long
time (tens of minutes) to get a sufficient signal above the noise for bare Raman
(non-SERS) measurements. Obtaining a characteristic value (the cross-section)
for the molecule means the Raman signal only needs to be measured once—from
then on we just need to compare the Raman cross-section to the effective SERS

cross-section to obtain the EF.

A key aspect of our approach is using a reference of known cross-section to deter-
mine the Raman (and later SERS) cross-section. This process is described in the

following section.
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4.2 Measurement Methodology

4.2.1 Use of a reference

The direct measurement of an absolute Raman cross-section is a time-consuming
process, which requires the use of specialist equipment such as an integrating
sphere. As an alternative approach, we measure the Raman cross-section of a
given molecule relative to a reference standard with a previously reported cross-
section. By ensuring the same optical conditions when measuring the reference
and our unknown sample, we can obtain the unknown cross-section from the ref-
erence value by simple proportionality of the signals (taking into account concen-

tration differences).

In practise, this means measuring the Raman signal of our analyte of interest fol-
lowed as soon as possible by the reference. We then compare the intensities of
the Raman peaks of our analyte of interest relative to a specific vibrational mode
of the reference compound. Using the known cross-section of the reference (Ref),

we obtain the Raman cross-section of the unknown sample (Sample) as:

(dURs) _ (dGRs) ) ISample ) CRef (4 1)
d€) Sample dQ) Ref I Ref CSample ’ '

where ¢ and [ are the concentrations and measured integrated peak intensities of
the unknown sample (Sample) and reference (Ref), respectively. This equation
refers to the case of liquid measurement using the same objective under identical
conditions on the day of the experiment (i.e. the same laser power, alignment and
hence scattering volume). We later use this approach to calibrate our SERS signal
to obtain an effective SERS cross-section. The exact meaning of this SERS cross-

section is specific to the EF definition and is discussed later.

Our basic approach, then, to measuring the Raman and SERS cross-sections (and
thus the EF) is shown in Fig. 4.1. Our first task in this process is to find a suitable

reference.
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(i) Non-SERS
(i) SERS

@ Measure reference
standard using same
conditions
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‘ Measure probe ‘

Infer probe cross sections
— from relative peak
/ intensities of the probe to
x those of the reference
®

Compare SERS and non-
SERS cross sections to get
enhancement factor (EF)

Figure 4.1: Method to obtain EF by measurement of (i) Raman and (ii) SERS cross-

sections with respect to a reference of known cross-section.

4.2.2 Selection of a reference

Use of DFT as a validation tool

In terms of the desirable properties of a reference, as well as having a known cross-
section, it is also desirable that the compound is readily available, non toxic, and

not too volatile.

It is critical also that we have confidence in the reported Raman cross-section of
our reference compound taken from the literature. To validate the reported value,
we make extensive use of Density Functional Theory (DFT) calculations to obtain
absolute Raman cross-sections. To date, DFT has mostly been used in SERS
to predict vibrational mode energies and assign them to their respective normal
modes [82, 83, 84]. Here, we demonstrate its ability to predict the absolute Raman
cross-section of simple non-resonant compounds, thus providing an additional
layer of confidence in the reported value [6]. The derivation of the Raman cross-

section from the DFT output is based on semi-classical theory [8] and is described
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in detail in Section 2.1.5. If the DFT value is consistent with the reported cross-
section we can have an additional level of confidence in the reported value. Thus,
the important value is still the original experimental Raman cross-section from
the literature. While it is expected that DFT estimations for small, non-resonant
molecules may give useful results [82, 83], this can not be assumed, and this was

the reason we sought an experimentally measured value for the cross-section.

To further support the DFT calculation, we also measure some basic physical pa-
rameters of the compound experimentally, including the peak frequencies, relative
peak intensities and depolarization ratios of the available modes, which then al-
lows us to compare these values with the same parameters calculated by DFT. If
the experimental and DFT parameters show good agreement, we have additional
confidence in the DFT results, and consequently, the estimated and literature Ra-

man cross-sections.

Note that since DFT is used here as an additional validation procedure, its exact
implementation (basis set, etc.) is not crucial and must be ultimately justified by
its agreement with experimental results. DFT predictions of Raman cross-sections
cannot be trusted unless they are confirmed experimentally. This is because it is
difficult to tell a priori whether resonant or pre-resonant contributions exist, which
would then invalidate the semi-classical approach and therefore the DFT result;
much more involved calculations, such as time-dependent DFT, are then neces-
sary [81]. Also, the DFT calculations consider the molecule in the gas phase and
do not consider the interactions that occur between molecules such as hydrogen
bonding, solvent interactions, etc., and so in some cases the calculated frequencies
and intensities of a molecule can diverge from those observed in experiment (see
Section 2.1.6).

However, the comparison of DFT predictions with experiments is still instruc-
tive since when they agree: (i) it indicates that there are no contributions from
resonance/pre-resonance effects, and (ii) it confirms independently the experimen-

tally measured cross-section.
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Figure 4.2: Comparison of Raman (non-SERS) spectra of 2-bromo-2-methylpropane
(2B2MP) from (a) DFT calculations and (b) experiment. DFT calculations are shown
without any frequency correction. There is excellent agreement between the DFT calcu-
lated and experimental spectra and cross-sections, providing good support for the use of

this compound as a reference (for actual values, see Table 4.1).

Screening for a suitable reference compound

Several compounds screened initially showed significant divergence between the
DFT predictions and experimental measurements (e.g. methanol, ethanol). This
was assumed to be due to additional interactions likely to occur for these molecules
such as hydrogen bonding, which is well known to affect the DFT estimates
of alcohols [85]. Other compounds were unsuitable for practical reasons (e.g.
dichloromethane was too volatile to be measured conveniently, and is nonetheless
toxic). Eventually, we came across the simple solvent 2-bromo-2-methylpropane
(2B2MP), which gave good agreement between the DFT measured cross-section

and the reported value [6].
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Figure 4.2 shows an experimentally measured spectra of 2B2MP along with a sim-
ulated spectra based on the Raman cross-sections calculated by DFT. For small
molecules like this one, the predicted peak frequencies are in good agreement
with experiments, thus allowing easy matching of the peaks between DFT pre-
dictions and experiments. In Table 4.1 we give the DFT values as well as the
experimentally measured peak wavenumbers v;, relative intensities IlRel, and de-
polarization ratios p;. As can be seen, the agreement between the experimental
and DFT values is extremely good. The depolarization ratios p;, for example, are
within about 10% for most modes, which is excellent, and similarly, the relative
peak intensities, IZR"I, are consistent throughout most modes. The differences in
peak frequency are within about 5% which is extremely good, given that a consis-

tent overestimation of frequency is known for DFT calculations [17, 86].

The general agreement between DFT predictions and experiment indicates the
DFT values are reliable for this compound and implies that the predicted absolute
Raman cross-section should also be valid. Further, the Raman cross-section pre-
dicted by DFT is in excellent agreement with a previously reported value [6] (see
Table 4.1). Finally, 2B2MP has the practical advantages that it is not too volatile
and is non-toxic (although care must still be taken since it is flammable).

Both the reported and DFT cross-sections give us values in the gas phase, and so
to use the reference in its liquid phase, it is necessary to deduce the liquid-phase
absolute Raman cross-section of 2B2MP by using a local field correction factor
of L = 3.3, as described in Section 2.1.5 (Eqn. 2.14).

Based on the above results, 2B2MP was selected as a standard to determine the
cross-sections of other liquids, using as a reference the 516 cm™! peak with a refer-
ence absolute differential cross-section of do/dQ) = 5.4 x 1073 cm? /sr at 633 nm

in the liquid phase.
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CHAPTER 4. ESTIMATION OF RAMAN CROSS-SECTIONS

4.2.3 Validation of reference using small molecules

As an additional validation step, and as an intermediate case before estimating the
cross-sections of some common dyes, we used the 2B2MP reference to estimate
the non-SERS absolute cross-sections of several small, non-resonant liquids hav-
ing Raman cross-sections reported in the literature. Again, we measure the sample

and reference in quick succession to ensure identical optical conditions.

The results for the liquid compounds are shown in Table 4.2 along with previously
reported cross-section values [6, 87]. In this table, we also include the DFT values
calculated for each of these compounds to further illustrate the predictive power
of DFT in terms of absolute Raman cross-sections. However, the key compari-
son we are interested in is between the experimentally obtained value, estimated
using the reference 2B2MP, and the previously reported values (corrected for the
liquid phase). Again the data shows general agreement between the measured and
reported values, thus confirming the validity of the 2B2MP reference and our ap-
proach in general. As a secondary observation, it is interesting to note that the
DFT cross-section is also consistent with the measured and reported values. The
discrepancy between DFT and experiments for dichloromethane is attributed to

strong intermolecular interactions in this case.

The fact that our measurements are either above (benzene) or below (toluene) re-
ported values indicates that our reference is a good compromise amongst the ex-
isting standards. It also highlights the experimental difficulties in accurately mea-
suring absolute cross-sections and the unavoidable uncertainties in the reported
values in the literature. For these reasons, we believe that the DFT predictions

may sometimes provide an additional level of confidence in a given standard.
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4.3. RAMAN MEASUREMENT OF SERS PROBES

Table 4.2: Comparison of the absolute Raman cross-section of common liquid refer-
ence compounds obtained from: (meas.) our measurements using the 516cm~! mode
of 2B2MP as a reference; (rep.) reported values [6, 87]; and (DFT) obtained from DFT

calculations with a local field correction factor as defined in Eqn. 2.14.

- d
(%)

[em™] [10730 cm?sr 1]

meas. | meas. rep. DFT
Benzene 992 83 79 88
Toluene 1002 | 29 35 38
Dichloro- | 282 1.7 1.9 3.1
methane 713 29 31 23

4.3 Raman Measurement of SERS Probes

Having validated the reference and our methodology for obtaining absolute Ra-
man cross-sections for liquids, we then turned our attention to the original goal of

measuring the Raman cross-sections of some common SERS probes.

4.3.1 Analytes of interest

The analytes that we selected for measurement are five commonly used SERS
probes (see Table 4.3), which are expected to have quite different cross-sections

at 633 nm laser excitation, namely:

(1) Crystal violet (CV), a dye that absorbs strongly with a maximum at 590 nm
and is, accordingly, close to a Resonance Raman Scattering (RRS) condi-

tion;

(i1) Rhodamine 6G (Rh6G), another dye, which has a maximum at 528 nm and

could therefore a priori be considered as non-resonant;
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(ii1) Rhodamine 123 (Rh123), another rhodamine variant further from resonance

than Rh6G with an absorption maximum at 500 nm;

(iv) a Benzotriazole dye (3-methoxy-4-(5’-azobenzotriazolyl)phenylamine, dye
#2 of Ref. [88], denoted BTZ here), a smaller dye with absorption close to
the UV (= 400nm) and therefore even further from resonance at 633 nm;

and

(v) Benzotriazole (BTA), a smaller compound with a single aromatic ring, ab-

sorbing in the UV and therefore non-resonant.

These compounds are typically good SERS analytes, since they tend to adsorb
efficiently on gold and silver surfaces. BTZ and BTA are believed to adsorb cova-
lently to Ag through the triazole group [88]. CV, Rh123 and Rh6G have appeared
in a great number of the SERS studies in the literature, and are attracted to the

negatively charged citrate colloids as a result of their net positive charge.

It is sometimes assumed that Raman spectra from resonant dyes are difficult to
obtain because of the overwhelming fluorescent background. At 633 nm, this was
indeed the case in our experiments for other dyes such as methylene blue and
nile blue. However, this problem can be avoided in at least two situations: (i) for
non-resonant dyes (for example BTZ) or dyes in pre-resonance conditions (for ex-
ample, Rh6G) at 633 nm, and (i7) for resonant dyes with a very fast non-radiative
decay (which drastically reduces the fluorescence quantum yield). For example,
CV has a fast non-radiative channel due to fast rotation-isomerization of the arms
of the structure around the central carbon atom [89]. For this reason, measurement

of the Raman spectrum is possible for CV even under resonant excitation.

4.3.2 Measurement of Raman cross-sections

We used the Raman system described in Section 3.1 with a X100 Olympus water
immersion objective (N.A. 1.0) and a 633 nm HeNe laser for excitation, with a

power of ~ 4.5mW at the sample.

68



4.3. RAMAN MEASUREMENT OF SERS PROBES

Table 4.3: Common SERS dyes and their UV-Vis extinction spectra. The dyes span
a range of resonance conditions and structures. All spectra were acquired in water as a
solvent. The positively charged dyes are sourced commercially (Sigma-Aldrich) and are

in the form of a chloride salt.

Crystal violet (CV) Amax = 588 nm
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CHg CHg
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Prior to each measurement, the reference 2B2MP was measured under the same
experimental conditions. Solutions (in water) of Rh6G, Rh123, CV, BTZ, and
BTA, were measured using integration times in the range 150 — 800s. As given
in the experimental, all dyes were obtained commercially (Sigma-Aldrich), with
the positively charged dyes in the form of a chloride salt. The obtained spectra are
shown in Fig. 4.3. Selected peaks from the spectra of the dyes were then fitted
using pseudo-Voigt functions (see Appendix A.6.1 for a description), and the in-
tegrated intensity was compared to that of the reference 516 cm™! peak of 2B2MP
(using Eqn. 4.1 with cges = 8.76 M).

There are at least two potential problems in such measurements. The first is the
possible optical absorption of the dye sample (especially at high concentrations),
which would affect the results. To ensure this was not an issue here, we repeated
the measurements at two concentrations for CV (10 and 20 uM) and Rh6G (50
and 100 uM). The second is the possibility of dye photobleaching. In a liquid,
dye diffusion is fast and one could expect it to be much faster than photobleaching
time, but to make sure this was not an issue, we also repeated the measurements
at half the laser intensity. These issues are irrelevant for BTA and BTZ as they are
far from resonance, and concentrations of 100 mM and 1 mM, respectively, were
used. As shown in Fig. 4.3, the Raman spectra are of sufficient quality to extract
reliable integrated intensities. A characteristic water background is apparent but

nonetheless some peaks can be observed above the noise.

The measured absolute Raman cross-sections for the main Raman peaks of these

five compounds are summarized in Table 4.4.
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Figure 4.3: Raman (non-SERS) spectra from the analytes characterized here (various
concentrations, ¢, and integration times IT): CV, ¢ = 10uM, IT= 150s; Rh6G, ¢ =
100 uM, IT= 400s; BTA, ¢ = 100mM, IT= 240s; BTZ, c = 1mM, IT= 300s. These
are raw spectra, only offset vertically to fit in the same figure. The background for Rh6G,
BTA, and BTZ resembles that obtained from a water sample while the background for CV

and Rh123 is due to fluorescence.
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Table 4.4: Main Raman active modes of CV, Rh6G, Rh123, BTZ and BTA, with ex-

perimentally determined non-SERS cross-sections, obtained by comparison of integrated

intensities to the 516 cm™~! mode of 2B2MP. t Indicates peaks are part of a doublet.

7 45 (Non-SERS )
[em™1] [em?sr1]
CV 808 3.6 x 1072
917 1.1
1177t 6.1
1200+ 1.5
1621 3.6
Rh6G 612 0.67 x 107%
774 0.76
1185  0.60
1311 1.0
1364 1.8
1510 24
1652 1.0
Rh123 636 4.7 x 10728
769 2.1
1372 10.6
1509 6.8
1572 34
1648 2.1
BTZ 1108 1.0x107%8
1412 25
1617  0.87
BTA 783 3.6 x 107
1019 4.7
1376 + 2.8
1390+ 2.8
1599 1.3
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4.4 Discussions

4.4.1 Comparison with the literature

These values, to the best of our knowledge, represent the only experimentally
obtained bare Raman cross-sections for these probes, despite their relevance in
SERS. Other authors have measured the Raman spectra of SERS probes, but have
only presented data on the peak frequencies and relative intensities. For example,
Watanabe et al. [86] measured the Raman spectra of Rh6G (at 488 and 1064 nm)
in EtOH) but did not attempt to determine the absolute cross-sections. In terms of
a basic comparison between our results and their experimental data, it is apparent
that for their data at 1064 nm, most of the peaks (612, 1185, 1311, 1364 and 1510
cm™!) correspond well in terms of relative intensities, with the exception of the
1650 cm™ peak, which is considerably smaller (data not shown). For the data of
Watanabe et al. at resonance (488 nm), however, the 1650 cm™' mode increases
dramatically relative to the others [81, 86]. DFT calculations [86] show this mode
to be associated with the backbone of the three-ring xanthene chromophore, so it
is perhaps unsurprising that it is strongly affected at resonance. Overall, as they
measured Rh6G in ethanol and at wavelengths different from ours (488 and 1064

nm), it is not possible to directly compare even the relative peak intensities.

Sarkar et al. [90] performed aqueous Raman measurements of Rh123 at a con-
centration of 0.3 mM at 609 nM. As might be expected at a wavelength close to
that used in our experiments, their data are consistent in terms of both frequency
and relative intensities of the peaks. Experimental Raman data also exists for CV
[91] taken at various excitation frequencies (458, 488 and 514 nm) in methanol.
Again, as is common in the literature, no attempt is made to quantify the Raman
cross-sections and the different solvent and excitation frequency prevents us from
making a meaningful comparison. Also, when Raman spectra are measured in
SERS studies it is often in a solvent other than water (to improve solubility or to
avoid the water background). For the purposes of comparison with the SERS sit-

uation, it is preferable to obtain the bare Raman cross-section in water. Although
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comparison of Raman cross-sections for different solvents is possible based on
their respective refractive indices, this does not take into account the intermolec-

ular interactions with the solvent.

4.4.2 General remarks

The first obvious remark is that these cross-sections span a range of four orders
of magnitude, with some of the values much larger than typical Raman cross-
sections. This is in part due to the relatively large size of these molecules, but
above all to resonance or pre-resonance Raman effects. The near-resonant condi-
tion for CV is reflected in the large cross-sections, which are in fact not surprising
and are typical of Resonance Raman Scattering (RRS) cross-sections. For ex-
ample, the cross-section of Rh6G at resonance was recently predicted [81] to be
of the order of 107% cm?/sr. For Rh6G, whose absorption peaks at 528 nm and
is negligible at 633 nm, a clear pre-resonance effect is still evident, as shown by

measured cross-sections of ~ 107> c¢m?/sr (Table 4.4).

The large cross-sections of Rh6G highlight the important fact that even non-
resonant molecules can have fairly large cross-sections because of pre-resonance
effects. This pre-resonance effect appears to be markedly smaller for Rh123, in
which the cross-sections are smaller than Rh6G by an order of magnitude on aver-
age, despite similarities in the basic molecular structure. The lower cross-sections
for Rh123 are the result of the lower absorption maximum for Rh123, which is
further away from resonance than Rh6G by about ~ 30 cm™, although the Ra-
man cross-section still obtains somewhat of a “boost” from pre-resonance effects.
The effects are present even for BTZ (~ 10728cm?/sr), which has an absorption
maximum even further away from excitation, and would by most standards be
considered non-resonant. The non-resonant nature of the Raman effect cannot
therefore be guessed simply from the probe’s absorption properties. As Raman
scattering is a two-photon process, resonance with the electronic orbital can occur
well before their energies coincide. The actual details of Raman resonance are

extremely complicated and relate to factors such as the relative geometries of the
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electronic state compared to the vibrational mode of the molecule. While some
features of this process may be accessible to time-dependent calculations, this was

not the emphasis of this thesis.

Moreover, as a point of comparison, the Raman cross-section of the 1033 cm™!
mode of methanol (used in previous literature as the standard for normalizing
SERS EFs [36]) is only of the order of 1.8 X 1073! cm?/sr at 633 nm. This value
is between 30 (for BTA) or 3 x 10° (for CV) times smaller than the cross-sections
measured here. The large non-SERS cross-sections of such molecules mean that
they can, in principle, be observed in SM-SERS experiments with SERS EFs

much less than usually claimed.

4.5 Conclusions

This chapter has outlined the necessary first step in the accurate quantification of
SERS EFs—measurement of the non-SERS cross-sections. By finding a suitable
reference compound with a known cross-section we have been able to obtain ab-
solute differential Raman cross-sections by comparison of relative peak intensity
using a reference standard. In this process, DFT analysis emerged as an extremely

useful tool for validation.

As a result we have identified a robust and convenient reference compound in
the form of 2-bromo-2-methylpropane (2B2MP). The physical properties of this
liquid (non-toxic, appropriate boiling point) allow for rapid and straightforward

measurement.

The reference proved effective in estimating the Raman cross-sections of some
simple liquids and later the cross-sections for molecules of particular interest to
SERS, such as the common dyes CV and Rh6G. Although it is often assumed
that measurement of resonant dyes is not possible because of fluorescence, we
show that it is possible in some cases. The resulting estimated cross-sections

represent the only experimental values obtained for typical SERS dyes, despite
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their common use in the field.

The Raman measurements showed a number of interesting features. For exam-
ple, the dyes Rh6G and CV exhibit non-SERS cross-sections at 633 nm that are
much higher than what may be a priori assumed. Even molecules considered non-
resonant such as BTZ show higher cross-sections than expected. This highlights
the fact that a proper quantification of the non-SERS cross-section must always
be carried out if accurate values of the EF are to be obtained. Assumptions based
on the absorption spectra of the molecules are not a sufficient guide as a result of

potential pre-resonance effects.

The failure to account for this step already accounts for the enormous EFs of ~
10'* sometimes quoted in the literature, which are based on a faulty normalization
to the cross-section of methanol, which as a non-resonant molecule has a cross-

section several orders of magnitude lower.

In summary, all the elements for a reliable characterization of the non-SERS Ra-
man cross-sections of typical SERS probes have been given and 2B2MP appears
as a reliable reference compound for future comparisons among data. The next
chapter looks at the subsequent measurement of the EFs for these molecules, along
with the necessary background material needed to adequately define the EF in the
first place. Again, the reference will be of use in quantifying the SERS signal, and
the cross-sections measured in the present chapter will be used as the necessary

normalizing factors.
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Chapter 5

QUANTIFYING THE SERS EF

5.1 Background

The previous chapter has outlined the first step in a rigorous methodology to esti-
mate, as accurately as possible, the SERS enhancement factor (EF) for some com-
mon SERS probes. This first step, measurement of the bare Raman (non-SERS)
cross-section, is necessary to normalize the intensity measured under SERS con-
ditions to obtain the EF. If we fail to measure it then we ignore the fact that the
intrinsic Raman cross-sections of different SERS probes can vary by several or-
ders of magnitude at a given excitation wavelength as a result of pre-resonance
effects. In the present chapter, we continue our stepwise approach to measure the

EF for some common dyes.

In Chapter 4, we covered the major motivations for accurately quantifying the
SERS EF, along with the factors leading to the large spread of reported values in
the literature. Accordingly, we restate only the main points here, in order to put

our approach in context.

Essentially, the wide variability in EFs quoted in the literature, even for similar
systems, can be traced to a lack of care in defining the EF and insufficient rigour
in its measurement. To deal with these issues, we seek to implement a more

structured protocol including the following points:
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(1) Definition of the SERS EF with a specific purpose in mind;

(i1) Measurement with respect to a reference to obtain the effective SERS cross-

section; and

(ii1) Accurate characterization of the scattering volume for calibration of SM

events.

In the following sections, we describe how we implement these points specifically

in terms of an experimental methodology.

5.2 EF Definitions

5.2.1 Considerations

When attempting to measure the EF, it is critical that we first consider its specific
definition. As shown in the background theory (Section 2.4), it is possible to
express different definitions depending on the specific system, conditions, and

purpose in measuring the EF. In particular, we need to take into account:

(i) The importance of distinguishing between EF definitions that are sensitive
to the exact experimental conditions and the SERS probe, and those that
are more intrinsic to the SERS substrate and therefore truly represent its

performance.

(i) The distinction between average SERS EFs and SM-SERS EFs; both are
important characteristics of the substrate, but one or the other may be more

relevant depending on the context or applications.

With this in mind, we discuss some suitable EF definitions for our purposes. As
covered in detail in Section 2.4, three types of EF can be defined which cover most
SERS situations: the single-molecule enhancement factor (SMEF), the SERS sub-

strate enhancement factor (SSEF), and the analytical enhancement factor (AEF).
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5.2.2 SERS substrates in this work

The SERS substrates used in our experiments are aggregated Lee & Meisel Ag
colloids [73]. These colloids can be used as an aggregated solution, or dried on a

silicon substrate (as described in Section 3.3.3).

The characteristics of these aggregated colloids are covered in Section 3.3.1. The
most relevant features of these colloids for our purposes are that they: (i) provide
the largest known enhancements in SERS; and (if) are among the most inhomo-
geneous systems available in terms of the size and distribution of the particles,
their geometrical arrangement, and the resulting EF distribution [50, 92]. Thus,
although they provide us with the best chance of measuring SM signals, they are
very difficult to characterize with any exactitude in terms of the considerable vari-
ation in enhancement and surface area available for SERS. For this reason, we
are unable to determine with sufficient accuracy the parameters relevant to the
proper expression of the SSEF (Eqn. 2.20), such as the surface density of the indi-
vidual nano-structures producing the enhancement, piy, or the surface density of
molecules on the metal, us. As such, rather than trying to obtain a rough estimate
for the SSEF, we focus instead on measuring the AEF and SMEF.

5.2.3 Specific EF definitions

We now remind ourselves of the basic definitions for the AEF and SMEF (Eqns.
2.18, 2.21 from Section 2.4), except we now restate these in terms of the Raman

and SERS cross-sections.

(1) The single-molecule enhancement factor (SMEF).

SM d O_SM

do
MEF = _SERs _ 29sERs RS 51
5 (I%’I dQ / aQ’ SRV

where I%’{QS is the SERS intensity of the single molecule under considera-
M

tion, while (I 1Sas

probe. For the cross-section form of the equation, dogrs/dQ and dogs /dQ

) is the average Raman intensity per molecule for the same
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(if)

are the SM-SERS and Raman cross-sections with the meaning described in

the background material (Section 2.4).

The analytical enhancement factor (AEF). Let us consider an analyte so-
lution with concentration crg, which produces a Raman signal Izs under
non-SERS conditions. Then we can define the AEF as:

AEF = Isgrs/CsErs _ (dUSERs) /dURs (5.2)
eff

IRS/CRS dQ dQ ’

where Iggrs is the average intensity of the SERS intensity for the analyte
added at a concentration csgrs and Igs and crg are the corresponding val-
ues under Raman conditions. Here, the SERS cross-section is an effective
absolute differential SERS cross-section, which refers to the fact that we
measure an average SERS intensity spread over the available hot-spots and
enhancements in the system. The magnitude will vary depending on the ex-
act colloid preparation but should be reproducible under those conditions.
Note that the concentration scaling inherent in the intensity form of the AEF
1s automatically accounted for in the determination of the Raman and SERS

cross-sections relative to the reference compounds (as given in Eqn. 4.1).

As with measurement of the bare Raman cross-sections, a key aspect of our ap-

proach to measuring SERS EFs is obtaining the actual cross-sections in Raman

and SERS conditions, rather than just comparing intensities. The reasons for this

are covered in detail in Section 4.2.1 but we note here also that obtaining a value

for the SERS cross-section allows us to compare the SERS effect directly with

fluorescence, for example.

5.2.4 Experimental approach

In practise, to measure the AEF we simply measure the molecule of interest un-

der SERS conditions (an aggregated colloidal solution) followed by the reference

2B2MP. Because we use the same immersion objective and optical parameters
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(pinhole, alignment) when measuring the SERS signal and the reference, we en-

sure the scattering volume and laser intensity are the same.

To measure the SMEF, we have two complementary methods available to ob-
tain an estimate for the SERS cross-section. The first is direct measurement, in
which SM events are isolated using the BIASERS technique (see Section 2.3.2).
The second is the technique known as temperature-dependent vibrational pump-
ing (TDVP; described in detail in Section 2.5).

As discussed in Section 2.5, the TDVP technique automatically yields an estimate
of the total SERS cross-section and thus the maximum achievable SMEF on the
SERS substrate, which is not necessarily the case for the BIASERS technique.
Additionally, the TDVP technique does not require a careful characterization of
the scattering volume but only of the excitation profile. It therefore provides re-

sults entirely independent of those obtained using BIASERS.

Figure 5.1 summarizes our basic methodology for measuring the AEF and SMEF.
We now turn to actual measurement of the EFs for some common dyes for two

substrates of interest (aggregated colloids in solution and those dried on silicon).

5.3 Experimental Measurement of AEFs

To measure the AEFs, SERS experiments were carried out for dye concentrations
of 5nM using the protocol described in Section 3.3.2. This preparation implies an
estimated 60 dyes per colloid [41] or one molecule per ~ 200 nm? on the surface.
For the other probes, a maximum concentration of 1 yM was used (for BTA). In all
cases, these concentrations are well below monolayer coverage, which excludes
any influence of multilayer effects on the results. As discussed in the experimental
(Sect. 3.3.2), the aim is to use a lower concentration to ensure the analyte does
not greatly affect the aggregation process and thus change the substrate properties,
particularly the stability, and the resulting EFs. Samples prepared at too high a

concentration are found to quickly destabilize, ultimately giving poor signal.

The measurements were carried out with the X100 water immersion objective,
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Figure 5.1: Schematic diagram showing the measurement of analytical enhancement fac-

tors (AEFs) and single-molecule enhancement factors (SMEFs) obtained by estimating

the SERS cross-section with respect to a reference of known cross-section, or by temper-

ature dependent vibrational pumping (TDVP).

which has a relatively small scattering volume (13.0 um? ; Table 3.1). Long ac-

quisition times are therefore required (minimum 10 minutes here) to average over

all cluster types/geometries and therefore eliminate the influence of any fluctu-

ations of the SERS signals. The measured SERS intensity is then compared to

the reference compound 2B2MP, and an average (effective) absolute differential

cross-section is deduced. This is then compared to the absolute cross-section in
the non-SERS case (using Eqn. 5.2).
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Figure 5.2: SERS spectra for (a) CV, (b) Rh6G, (c) Rh123, (d) BTZ, and (e) BTA. These
show average spectra taken over long acquisition times. Some fluorescence is apparent in
the background of CV. The excellent spectral resolution and signal to noise displayed in
the SERS spectra are in distinct contrast to the bare Raman spectra in Fig. 4.3, demon-

strating succinctly the phenomenon of SERS enhancement.
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5.4 Discussion of the AEFs

5.4.1 General observations

Figure 5.2 shows the average SERS spectra for the five probes. Here, the peaks are
narrow and distinct and can be fit with good accuracy. Table 5.1 gives a summary
of the results obtained for the five analytes of interest, thodamine 6G (Rh6G),
rhodamine 123 (Rh123), crystal violet (CV), a benzotriazole dye (BTZ, dye 2 of
Ref. [88]), and benzotriazole (BTA); see Table 4.3 for structures and absorption
profile. Note that the AEFs quoted in this table are specific to the exact prepara-
tion conditions of the SERS solution (which was the same for the five analytes).
Adding less or more KCI to the Ag colloids would affect the AEFs; this is normal

since we are then not dealing with the same SERS substrate.

If we compare the AEFs among the different molecule we observe a number of

important features:

(1) The AEFs are of the same order of magnitude for all five compounds ~
10°, suggesting that any form of probe-dependent enhancement (such as
chemical enhancement, CE) does not play a significant role for these probes

(or is similar in magnitude for all five, an unlikely coincidence).

(i) These values also demonstrate the importance of a proper normalization
to the non-SERS cross-sections for the measurement of SERS EFs. By
simply comparing the SERS intensities at the same nominal concentration,
one observes that CV exhibits a much greater SERS signal than the others
and may conclude its SERS EF is larger. Once normalized to the non-SERS
cross-section, the appropriate EFs are obtained. The apparent strength of the
CV SERS signals at 633 nm comes purely from a resonance contribution to

the total intensity, which was already present in the non-SERS case.
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Table 5.1: Main Raman active modes of Rh6G, Rh123, CV, BTZ, and BTA, with their
experimentally determined non-SERS and SERS frequencies (SERS concentrations are

given in the first column). T Indicates peaks that are part of a doublet.

7; (Raman) 7; (SERS) AEF

[em™1] [em™] -

Rh6G 612 612 5.0 x 10°
5nM 774 768-778 t 4.2
1185 1181 (1198)t 4.5
1311 1312 (1292) + 4.4
1364 1363 (1349)+ 3.4
1510 1511 3.4
1652 1651 3.1
Rh123 636 632 3.8x10°
769 765 6.8
1372 1366 6.0
1510 1506 4.4
1572 1563 4.9
1648 1649 5.5
CV 808 804 1.0 x 10°
5nM 917 914 1.8
1177 (1200) t+ 1176 0.53
1621 1622 0.86
BTZ 1108 1106 (1125)t+ 6.4 x 10°
100nM 1412 1390 (1413) + 6.2
1617 1616 8.2
BTA 783 787 3.5 x10°
1uM 1019 1035 (1021)+ 4.5
1376-1390 +  1369-13941t 54
1599 1579 7.8
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(ii1) The AEFs are relatively low compared to some EFs encountered in the
literature, simply because they are average EFs. As will be shown later,
the observed SERS signal actually originates from a small sub-ensemble of
molecules (those located at hot-spots), experiencing much higher enhance-
ments. If one could position all the molecules at these hot-spots, then much
larger average enhancements could be obtained. This is a demonstration of
how the issue of spatial averaging affects the definition and magnitude of
what we understand by the enhancement factor. As discussed in the back-
ground (Sect. 3.3.2), the nature of the error in the AEF is systematic in ori-
gin and results from the inherent variability of the substrate synthesis and
preparation. In this respect, repeated experiments are found to give varia-
tion of up to ~ 10-20 % even following the same protocol. For an individ-
ual measurement, however, comparison is possible among different modes,
and the limit in error here is due to the error in measuring the bare Raman
cross-section, which is not straightforward for some peaks (such as doublet,
multiplets) and is dependent on the choices made when fitting. Again, this

shows the dominance of systematic in SERS as opposed to statistical errors.

5.4.2 Variation of AEFs amongst vibrational modes

It is interesting to look at the relative peak intensities in SERS conditions. Note
that, by definition, the changes in relative peak intensities from Raman to SERS
are directly reflected in the variations of the AEFs from peak to peak. If the AEFs
of all modes for a given probe are equal, then the relative Raman peak intensities
are unchanged in SERS. Let us consider the variation in AEFs for the different

modes of each of the probes:

(1) For Rh6G, as seen in Table 5.1, there is a clear trend showing a slight de-
crease of the AEFs with mode energy. This can be explained within the
EM theory of SERS. The EM enhancement factors in SERS have two mul-
tiplicative contributions from the underlying plasmon resonance, one at the
laser wavelength, and one at the Stokes wavelength [23, 58, 60, 93]. Be-

cause of the finite spectral width of the plasmon resonance, it is not possi-
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(if)

(iii)

ble to fulfil simultaneously both resonance conditions to the same degree,
especially for large Stokes shifts. This is a well-known effect in SERS, and
is the reason why hydrogen stretching modes around 3000 cm™ tend to be
weaker under SERS conditions [22]. It can be shown that the EF is typically
a factor of ~ 1.4 — 3 smaller for modes around 1600 cm~! compared to the

low energy modes.

The fact that this small effect is observable for Rh6G must also mean that
the vibrational modes (Raman tensors) are not much modified by adsorption
on Ag, and that the surface selection rules [94] do not play an important role
here. The former assertion is further confirmed by the negligible changes
observed in most peak frequencies from normal Raman conditions to SERS.
The latter could be explained if the adsorption geometry is random or if
the modes have similar symmetries (imposed by the pre-resonance Raman
effect).

Similarly, Rh123 shows a decreasing trend in AEF upon increasing energy,
with the exceptions of the 636 and 1648 cm™! modes. For these modes
the observed EFs may be explained by a fixed adsorption geometry, which
brings into play the effect of surface selection rules [94]. From DFT results,
Sarkar et al. postulated that Rh123 adsorbs via the ring oxygen and the two
amine groups, which are found to be regions of appreciable electron density
[82]. Conceivably, in that case, the molecule might adsorb directly to the
surface via these groups in a particular geometry. Depending on the mode
symmetry and its relation to the radiation field, different modes may expe-
rience different degrees of enhancement. The Rh123, in contrast to Rh6G,
has free amine groups rather than bulky N-ethyl substituents, and would
thus be more able to directly bond to the surface in a preferred arrangement

and display surface selection effects.

In the case of BTZ and BTA, the observed EFs can also be explained by
a fixed adsorption geometry and surface selection rules. While surface se-
lection rules are always in existence, they will only give rise to changes in
particular peak intensities, when the molecule adopts a fixed geometry (or a

few more probably geometries) on the surface. Otherwise, any effects will

87



CHAPTER 5. QUANTIFYING THE SERS EF

(@ (b)

Figure 5.3: Raman tensors for BTA molecule calculated at non-resonance excitation by
DFT methods demonstrating potential impact of surface selection rules. The Raman ten-
sor for the (a) 1599 and (b) 1028 cm™! modes of BTA. The 1599 c¢cm™! mode is strongly
uniaxial along the main molecular axis. If it were to adsorb to the substrate perpendicular

to this axis it would be expected that this mode may be enhanced. In contrast, the 1028

cm™! mode is more isotropic (the same molecular axis applies to the depiction of this

mode). These calculations were obtained with the Gaussian package [76] using a CPHF
method [96] performed by M. Meyer.

tend to be averaged out. To illustrate this, we focus on the case of BTA.
Adsorption is believed to occur through the formation of a covalent bond
between Ag and a N atom of the triazole group [83, 95]. Let us assume that
the benzene ring extends out of the metal surface and the molecular long
axis is therefore perpendicular to the metal and aligned with the local field.
Raman modes with a large component along this axis are then favoured
compared to other modes. It is possible to show that the Raman tensors of
the modes of BTA obtained from DFT calculations are compatible with the
observed AEFs. For example, the 1599 cm™ of BTA is strongly uniaxial
along the long molecular axis (whereas the other modes considered here are
more isotropic; see Fig. 5.3). This picture of bonding is consistent with the

larger AEF observed for this particular mode.
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(iv) Finally, the case of CV is more difficult to interpret. Firstly, the AEFs are
markedly smaller than for the other molecules, by a factor of 3 —10 depend-
ing on the mode. Such a factor is probably too large to be a result of surface
selection rules. This could be attributed to a chemical contribution (quench-
ing in this case), but we will show later that under different conditions, the
same SERS EFs are measured for CV and Rh6G. We therefore attribute this
decrease to either a reduced adsorption efficiency of CV on Ag colloids, or
to photobleaching; both effects would reduce the AEF. The remaining vari-
ations in the relative peak intensities (relative AEFs) can then be attributed
to surface selection rules. Additional measurements with a similar com-
pound (malachite green) not shown here demonstrate the drastic effect that
photobleaching can have on the estimation of AEFs. Malachite green is
resonant at 633 nm but with a markedly lower photostability than CV [97].
AEFs are reduced even further in this latter case. A meaningful comparison
among AEFs for different compounds in a given SERS substrate can only
be made if photobleaching plays a minor or negligible role and adsorption

efficiencies are comparable.

We conclude from these series of results that: (i) Chemical enhancement does not
seem to play a role in the SERS EFs for the five molecules considered here (or at
least all the results can be explained from the EM theory of SERS), despite the fact
that molecules like BTZ and BTA are believed to adsorb covalently on Ag; and
(11) The EM AEEF for the low-energy modes for this colloidal solution at 633 nm is
of the order ~ 5 X 10°. This gives a yardstick order of magnitude for the AEF at
low concentrations in Lee & Meisel colloids which should be easily reproducible

by independent studies, provided the same preparation procedure is used.

5.5 Experimental Measurement of SMEF's

We now provide several examples of the experimental determination of SMEFs
in SERS. We will in particular focus on the dye rhodamine 6G (Rh6G), one of

the most widely used probes in SERS. We focus again exclusively on 633 nm
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excitation, for which the non-SERS properties have been fully characterized.

We reiterate that the experimental difficulties of SM SERS are overcome in this
case using two different and recently developed methods, namely: (i) bi-analyte
SERS (BiASERS, described in Section 2.3.2), which is used to determine SM-
SERS conditions; and (ii) temperature-dependent vibrational pumping (TDVP,

described in Section 2.5).

5.5.1 Identifying SM events and obtaining the SMEF

For direct measurement of the SMEF we use BiASERS to isolate SM events,
as described in Section 2.3.2. This technique, combined with relatively low (but
not ultra-low) concentrations, offers a compromise whereby a large number of SM
events can be obtained together with an easy way of identifying them (by rejecting

multi-molecule events).

In a typical BIASERS experiments, one can identify many SM events, with vary-
ing intensities. This simply reflects the wide range of SMEFs that are normally
encountered for most types of SERS substrates. The observed intensity (and there-
fore SMEF) depends on many parameters, including whether the molecule is ex-
actly at the hot-spot or slightly displaced, whether the excitation is exactly at res-
onance or not, or whether the incident polarization is optimally coupled to the
hot-spot axis, among other effects. As a consequence, a wide range of SMEFs
can be measured in a given sample. In general, the maximum achievable SMEF is
the parameter of greatest interest, and this can be measured by sampling the largest
SM events. Provided that sufficiently many SM events are acquired, the strongest
event must then correspond to the situation in which all parameters (molecule

position, plasmon resonance and polarization) are optimal.

To measure the SMEF, we calibrate the SM-SERS event with respect to the scat-
tering volume of our objective as described in Appendix A.5.1. This then necessi-
tates measurement of the reference 2B2MP along with careful characterization of
the objective on the day in question using the experiments outlined in Appendices
A42-A43.
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5.5.2 SMEFs in aggregated colloidal solutions

An aggregated colloidal solution of Ag was prepared as described in Section 3.3.2.
To measure the maximum SMEF of Rh6G for this SERS solution, we prepare
three solutions: one with a final concentration, csgrs, of 1 nM Rh6G, one with
1 nM nile blue (NB), and a third one where a mixture of NB and Rh6G is added to
a final concentration of 1 nM for each dye. NB was selected as a BIASERS “part-
ner” for Rh6G because these two probes can easily be distinguished through their
well-defined low energy peaks at 612cm™ for Rh6G and 590 cm™ for NB. We
shall, therefore, mostly focus here on the SMEEF for the 612 cm~! mode of Rh6G
at 633 nm. Note that the SMEF for NB cannot be calculated here (only its SERS
cross-section) since it was not possible to characterize its non-SERS properties
because of the overwhelming fluorescence background at 633 nm excitation. In
other words, NB is only being used here as a contrast agent to “distinguish” Rh6G
SM events. We use the X100 water immersion objective for excitation and collec-
tion at 633 nm. The incident power was 4.4 mW at the sample, which corresponds
to a maximum excitation density of 7 X 10° W cm™2 at the centre of the beam. Fi-
nally, to determine the SMEF, we measure a reference and the scattering volume

on the day in question.

Following the same arguments as described in the background to BIASERS (Sec-
tion 2.3.2), we can isolate SM-SERS spectra from the mixed sample, acquired
over a short integration time (0.05 sec here), in which the signal of one dye or
the other is completely absent. We refer to these spectra as SM-SERS events.
For the concentrations used here, we estimate that there are approximately ~ 12
molecules of each type per colloid. However, the surface area of a hot-spot is
typically much smaller than that of the neighbouring metallic surfaces [41, 43],
typically 1% at most. Hence, the chances of a molecule adsorbing at a hot-spot are
small, less than 1 in 10. Such hot-spots are formed in colloidal aggregates, which
may therefore contain several hot-spots, increasing the chances of observing a SM
event. In addition, some aggregates will not be sufficiently resonant to give a SM
signal even when a molecule is present at a hot-spot. These considerations are

reflected in the observed statistics of SERS signals. Out of 2000 successive spec-
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tra, only about 1 in 20 exhibits a detectable SERS signal. These were analyzed
by fitting the 612 cm™! Rh6G peak and the 590 cm~! NB peak to determine their
intensities. By measuring the scattering volume on the day in question and cali-
brating with respect to the reference 2B2MP we can transform this intensity into

an effective cross-section (as described in Appendix A.5.1).

The results are plotted in Fig. 5.5. Amongst these events, we can easily identify
SM-SERS events for Rh6G and for NB. For these SM events, the apparent cross-
section of the event is then equal to the SM SERS cross-section. Using the non-
SERS cross-section of the 612cm™" mode of Rh6G (6.7 X 1072 cm?/sr; Table
4.4), we then deduce the corresponding SMEFs for some of the Rh6G SM-SERS
events (see Fig. 5.4). It is interesting to remark that the strongest events in Fig.
5.4 are of a mixed type (not SM-SERS) and this is generally the case in similar

experiments.

Such intense mixed events can be attributed to large aggregates, which contain
many hot-spots. The BiASERS approach is crucial here for identifying these
events and excluding them from the analysis. One minor drawback, however,
is that the SMEF for a given hot-spot in these large clusters (which could be ex-
pected to be larger than for the smaller cluster showing SM signals) cannot be
determined within this approach. We shall come back to this aspect later when

discussing temperature-dependent vibrational pumping.

From these results, and several other similar experiments, we conclude that the
maximum SMEF for the 612 cm™! mode of Rh6G achievable for this Ag colloidal
solution (for our preparation procedure) is in the range 5 — 8 x 10, which corre-
sponds to SERS differential cross-sections of 3—5x107!8 cm?/sr. Note that not all
the events isolated by BIASERS will always be single molecule in nature, some
may include two or more molecules. Thus, an error in this value of a factor of
two or so is possible in the downwards direction. However, it is emphasized that
in the BIASERS technique we obtain many such potential SM events and on the
basis of statistical likelihood we assume that some are certainly single molecule

in nature (see Sect. 2.3.2).

These figures are many orders of magnitude smaller than what is usually assumed
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Figure 5.4: BiASERS experiment with Rh6G and NB in a Ag colloidal solution. Each
event on the vertical axis corresponds to an individual SERS event (integration time of
0.05 sec). The effective absolute differential cross-section of the 612 cm™! mode of Rh6G
(orange) and of the 590 cm™! mode of NB (blue) are shown as (cumulative) bars on the
x-axis. SERS spectra (from 550 cm™! to 1700 cm™!) are given for pure SM-SERS Rh6G
and NB events, and for a mixed event. The SMEF of the 612cm™! mode of Rh6G is
given for a few SM-SERS Rh6G events. Note that the fitting procedure involves some
degree of error and that the existence of a single-molecule event is best confirmed by
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to be necessary. Moreover, the signals giving rise to these SMEFs are still much
larger than the detection limit of our system, despite the fairly short integration
time of only 0.05sec. In fact, SM detection is possible with a much smaller
SMEEF, as low as 1.9 x 108 in our case, corresponding to a SERS cross-section
of 1.3 X 1072° cm?/sr (see for example the small Rh6G SM-SERS event at the top
of Fig. 5.4). This figure could in fact be even smaller with longer integration
times. For example, an integration time of ~ 1's would mean a SMEF of only 107
and a SERS cross-section of less than 1072! cm?/sr. Although there are naturally
limitations to the integration time for a liquid system because of Brownian mo-
tion in the scattering volume, these limitations do not necessarily apply in a dried

substrate.

We believe these figures to be the most rigorous values for SMEFs ever reported
to date, and they show that claims of EFs of the order of ~ 10 to see single
molecules are primarily based on a misconception and a “loose” definition of the
EF, together with a neglect of the original non-SERS cross-section with all its
contributions from resonance or pre-resonance effects. EFs that are six to seven
orders of magnitude smaller than those previously assumed are in fact sufficient

to observe single molecules.

5.5.3 SMEFs in fixed colloidal structures

As another example of the use of BIASERS to determine SMEFs, we now study
the case of colloidal aggregates fixed onto a substrate. A solution was prepared as
in the previous section, but with a final KCI concentration of 15 mM rather than
10 mM. The solution in this case is no longer stable, and becomes clear within a
few hours. Before this ultimate collapse, we dried a 20 uL drop onto a silicon sub-
strate previously coated with a thin layer of poly-L-lysine, prepared as described
in Section 3.3.3.

SERS experiments were then carried out in liquid (using a drop of water) with the
same X100 immersion objective as before. Because the substrate is now fixed, we

can use a longer integration time (1 sec in our case), but the dyes are then more
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likely to exhibit photobleaching. We therefore decrease the power to 0.044 mW
(100-times smaller). The Rh6G SM signals are then stable over minutes, and a
small hint of photobleaching is still observed for NB. We acquired a series of
SERS spectra by scanning along a line with a 0.2 um step. The signals were
analyzed as described in the previous section and the results are presented in Fig.
5.5.

The results for the dried colloidal aggregates are similar to those obtained for
the colloidal solutions with a few significant differences. The SM-SERS cross-
section for the 590 cm™! mode of NB appears to be much larger than the one ob-
served in the previous section. We attribute this to photobleaching effects. Since
a small amount of NB photobleaching is evident here for a power density 100-
fold lower than the previous experiment on liquid colloids, it is likely that at the
full power used previously, the NB molecules experiencing the largest EFs would
photobleach much faster than the integration time of 0.05 sec, thereby reducing
the measured SERS cross-section in that case. For the dried colloids, however,
the reduction in power means we now are able to sample these larger EFs. This
effect highlights the importance of a careful choice of the probe and experimental
conditions when estimating and comparing SERS EFs, especially regarding the

photo-stability of dyes.

Another relevant point for the fixed colloidal substrates of a map is the lack of
statistics. In one line scan, we probe here only ~ 10 aggregates, as seen in Fig.
5.5, whereas in the same time, we could acquire ~ 1000 spectra of individual ag-
gregates in solution, thanks to the intrinsic Brownian motion. This lack of statis-
tics makes it very difficult to determine the reliability of the resultant maximum
achievable SMEEF. It is also possible to use solid substrates in combination with an
analyte solution and an immersion objective. In this case, the equilibrium between
analyte molecules at the surface and those in solution allows for the collection of
good statistics at a selected hot spot [55]. However, these experiments are depen-
dent on the probe having appropriate adsorption - desorption characteristics and

the method was not attempted in the present experiments.
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Figure 5.5: BiASERS experiment with Rh6G and NB for fixed Ag colloidal aggregates
on a Si substrate immersed in water. Each event on the vertical axis corresponds to an
individual SERS spectrum along the line scan (step of 0.2 um). The effective absolute
differential cross-section of the 612 cm™! mode of Rh6G (orange) and the 590 cm™! mode
of NB (blue) are shown as (cumulative) bars on the x-axis. Examples of SERS spectra
(from 550 cm™! to 1700 cm™1) are given for pure SM-SERS Rh6G and NB events. The
SMEF of the 612cm™" (and 1511 cm™! in one case) mode of Rh6G is also given for a few
SM-SERS Rh6G events.
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It appears that the Rh6G SMEFs obtained in the dried colloid system (Fig. 5.5)
are compatible with those of the liquid (Fig. 5.4), but it is expected that the latter
values are more statistically sound, notwithstanding that the higher power in this
case has led to some photobleaching for NB. (Although NB is not the compound
of interest here.) Note that this would not be an issue for more regular/ordered
SERS substrates, such as those fabricated by nano-lithography, where more con-

sistent results can be expected.

5.5.4 Measuring the SMEF using temperature-dependent vi-
brational pumping (TDVP)

Complementarity of TDVP

Finally, before discussing the results in their totality, we present an additional
measurement of SMEFs using an alternative technique, namely temperature-dependent

vibrational pumping (TDVP).

The pumping approach is complementary to the BIASERS technique here for a

number of reasons:

(1) Firstly, as described in Section 2.5, it automatically yields an estimate of
the maximum achievable SMEF on the SERS substrate, and thereby avoids

most of the problems associated with the lack of statistics.

(i7) In addition, the largest aggregates always contain many hot-spots and there-
fore tend to be excluded from the BiIASERS analysis. The SMEF at a hot-
spot in a large cluster cannot therefore be measured with BIASERS. We will
here use TDVP to attempt to measure the SMEF in such large Ag colloid

clusters.

(zii) Finally, the TDVP does not require comparison to a reference for the cross-
section estimation, and therefore does not need a careful characterization
of the scattering volume, but only of the excitation profile. The figures ob-

tained are therefore entirely independent of those obtained using BIASERS.
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Figure 5.6: The natural logarithm of the anti-Stokes to Stokes ratio (R) is measured
as a function of temperature (T) for different Raman modes of Rh6G. The solid lines
are fits with the theoretical model of Eqn. 2.24. The curves show a characteristic shape
approaching a plateau at low temperatures which differentiates a “thermally dominated”
regime at high T’s from a “pumping dominated” regime at low T’s. From these pumping
curves, estimates of the maximum achievable SERS cross-sections on the substrate can be

obtained following the methods described in detail in Section 2.5. See also Refs. [68, 69].

However, this approach is still under development, and as noted in the background
(Section 2.5), a number of approximations, not all of them yet rigorously justified,
have to be made to extract the SMEF. The most salient of approximations is the es-
timation of the vibrational lifetime 7 of the mode [69]. The results must therefore
be taken with these provisos in mind, but nonetheless the technique adds another

dimension to the SMEF problem.

Experimental measurement

We focus here on two analytes, Rh6G and CV, again at 633 nm. In the experi-
ments, a dried colloidal sample is prepared, and pumping experiments are per-

formed as described in Section 3.4.4, resulting in solid substrates of large Ag-
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colloid cluster aggregates. A X10 objective was used for excitation and collection.
A low magnification objective is advantageous here, since it enables us to probe
a larger area (therefore removing any effect of the non-uniformity of the sample),
and also ensures the excitation density is low enough to avoid any photobleaching

of the analytes.

To measure the maximum excitation density (at the centre of the exciting beam)
we conducted “scan-over-an edge” profiling measurements using the X10 objec-
tive (see Section A.4.1 for details and Table 3.1 for objective characteristics).
For Rh6G, the excitation density was Iy = 9.0 X 10> W ¢cm™2. The larger SERS
cross-sections for CV peaks enabled us to use a lower excitation density of [y =
6.4 X 10> W cm™. Fig. 5.6 shows the pumping curves obtained for four modes
of Rh6G, along with fits to the data following the model described in Section 2.5.
The reference peaks used to estimate the cross-sections by the corrected lifetime
method were the 1364 cm™ peak for Rh6G and the 1175 cm™! peak for CV. The
method of analysis to extract the SMEF from TDVP is explained in detail in Sec-
tion A.5.2. The maximum SMEFs derived from TDVP are summarized in Table
5.2 for representative modes of Rh6G and CV.

First, we note that the obtained SERS cross-sections of ~ 107'> — 10~™cm?/sr
are comparable to the cross-sections achieved for single-molecule fluorescence
(~ 107 — 107 8cm?/sr [2]. Given that lower cross-sections can be detected in
SERS as a result of the narrower signal as compared to fluorescence, these results
effectively demonstrate the power of SERS as a detection technique down to the
SM level.
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Table 5.2: Summary of the TDVP results for Rh6G and CV. The pumping cross-sections
Opump are derived from a fit to the data as described in Ref. [69]. The maximum differ-
ential SM-SERS cross-section (dosgrs)/(dQ2) and the maximum SMEFs on the substrate
are then obtained as detailed in Section A.5.2. Note that the maximum SMEF is similar

for both molecules. T Indicates peaks that are part of a doublet.

7; (SERS)  Gpump dosers SMEFy1ax
[em™1] [em?] [em?sr1] -

Rh6G 612 21x107% 050x107%® 7.5x 10"
1363+ 5.0 1.2 6.6
1511 7.7 1.8 7.6
1651 3.7 0.88 8.8

CV 804 78x107% 19x107* 5.2x10"
914 3.2 0.76 6.9
1176 10 2.4 3.9
1622 8.8 2.1 5.8

These figures show that the maximum SMEF on these large Ag-colloid clusters is
of the order of 7—8x 10!, It is interesting to note that the same SMEF is obtained
for Rh6G and CV (except for small factors (< 2) attributed to surface selection
rules). This again strongly suggests that there is no chemical contribution to the
SERS enhancement in this case (or it is of the same magnitude for both dyes; an

unlikely coincidence).

Moreover, the SMEF derived here is around two orders of magnitude larger than
that obtained using the BIASERS approach for small clusters. This difference
comes from the different nature of the SERS substrate. Within the BIASERS
approach, we only probe small or medium-sized clusters. Large clusters are au-
tomatically excluded from the analysis since they generally exhibit signals from
many molecules. This problem can be overcome using the TDVP approach. The
SMEFs derived here of 7 — 8 x 10! therefore correspond to the maximum achiev-
able SMEFs on Ag (the most SERS-enhancing metal) colloids, in their most ag-

gregated state, i.e. these are the most favourable conditions to produce large SERS
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enhancements. We believe it should therefore be viewed as the upper limit of what
is achievable with SERS, and note that this figure is consistent with theoretical
maximum EFs (Section 2.2.2). This upper limit is still at least 2 orders of magni-
tude smaller than the “conventional” EFs of 10'* assumed many times in the past
[98].

5.6 Discussion of the SMEFs

It is first interesting to note that the approaches of vibrational pumping and Bi-
ASERS are complementary techniques to probing the SERS EF. TDVP [68, 69]
is capable of measuring the SERS cross-section independently of the number of
molecules by introducing a “non-linearity” to the anti-Stokes signal (the pump-
ing term) and providing a measure which is self-normalizing with respect to the

number of molecules.

The SM approach, epitomized by the BIASERS technique, on the other hand, re-
solves the same issue in a completely different manner: what is known now is the
number of molecules producing the signals. If the signal is compared to a refer-
ence sample with a known number of molecules and a known cross-section the
SMEF follows immediately. The intermediate step of characterizing the normal

(non-SERS) cross-section is always needed.

We first look at the case of the maximum SMEFs for the colloidal solution (Fig.

5.4). A number of important features can be identified:

() In colloidal solutions, the largest measured SMEF is of the order of 7 x 10°.
This SMEF is therefore about 10* times larger than the AEF measured under
the same conditions. This apparent discrepancy has at least two causes. The
main origin is the high non-uniformity of the EF distribution [43]. Large
EFs occur only at very localized positions (hot-spots) and this is the EF that
is measured by the SMEF (largest EF on the substrate). The average EF has
been predicted to be 250 — 500 times smaller than the maximum EF [43], so
it is expected that the SERS Substrate EF (SSEF) is 250 — 500 times smaller
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(if)

than the SMEF. An additional complication arises from the presence of non-
radiative processes [72]. The additional factor of 20 — 30 between the SSEF
and the AEF can be attributed to the poly-dispersity of colloidal clusters
(and therefore of their resonance conditions) and to polarization averaging.
The resonance condition and orientation of the cluster in the scattering vol-
ume constantly changes. The optimum coupling is automatically selected
when the largest SM-events are observed, but averaging over all orientations
and resonance conditions results in the observed decrease of the average EF

when measuring the AEF.

Moreover, our results show that SERS from a single molecule can be ob-
served with an integration time of only 0.05sec, and with a differential
SERS cross-section of only ~ 1072°cm?/sr. This is at least four orders of
magnitude smaller than what it usually assumed to be necessary in the liter-
ature. The reason for this discrepancy is that these previous estimates were
usually based on the requirements of single-molecule fluorescence (SMF).
In this case, the signal is much wider, typically 500 — 1000 cm™ compared
to only ~ 6cm™! for the SERS peak of Rh6G considered here [56]. This
narrowing by a factor ~ 100 allows detection of signals whose integrated
intensity is = 100 times weaker. Another effect contributing to this dis-
crepancy is the fact that single molecules in solution diffuse much faster
than typical colloids, and integration times in SM-fluorescence are therefore
much smaller than what is allowed for SERS. This can easily account for
another factor of 100 in the detection limit of single molecules. These two
important aspects of SM-SERS, narrower peaks and longer diffusion times
(or even fixed molecules on fixed substrates), have been largely ignored so
far, but they do mean that SM-SERS is possible with cross-sections at least

four orders of magnitude lower than for typical SM-fluorescence.

In fact, a cross-section as low as 1072! cm?/sr is sufficient to observe SERS
from a single molecule with an integration time of 1 sec. This corresponds
to a SMEF of only 107 for Rh6G at 633 nm. For a more resonant molecule,
such as CV at 633 nm, or Rh6G at 514nm, a SMEF as low as 10° may
even be sufficient for SM-SERS (if photobleaching is not an issue). This
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is nine orders of magnitude smaller than what was typically assumed in the

literature for a long time [98].

(111) Finally, the results for maximum SMEFs are entirely consistent with the
standard electromagnetic theory of SERS enhancement, meaning there is
no automatic necessity to refer to a chemical mechanism in the case of the

molecules tested.

5.7 Conclusions

The last two chapters have detailed the necessary steps for rigorous definition and
measurement of the SERS EF, in particular, with respect to two relevant measures,
the AEF and SMEF.

We remind ourselves here of the key features that have enabled us to put accu-
rate estimates on the EF, which are necessary to obtain the most accurate values

possible:

(1) Careful consideration of the appropriate EF definition;

(i1) Use of a reference standard to calculate cross-sections of Raman and SERS

signals;
(7ii) Use of BiIASERS to unambiguously identify SM events;

(iv) The complementary use of BIASERS and pumping experiments to probe
different aspects of the SMEF; and

(v) Careful beam profiling experiments to characterize the excitation profile and

scattering volume.

We believe these results settle a matter that has persisted for about a decade since
the initial proposal of SM sensitivity in SERS [36, 40], namely, how much en-
hancement is needed to observe a single molecule in SERS? With the benefit of
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hindsight, we see that the abnormally large enhancements that were proposed in
some of the original reports are the natural consequence of several factors, in-
cluding: (i) the use of an ill-defined EF, where the necessary normalization with
respect to non-SERS conditions was sometimes completely ignored; (if) an under-
estimation of the bare Raman cross-sections for some common probes, because
of resonance or pre-resonance conditions; (i77) the lack of a reliable method to pin
down SM events, except for the ultra-low concentration approach which naturally
gives rise to some uncertainty [45]; and (iv) a lack of care in the actual measure-

ments themselves in terms of the need to accurately characterize the optical setup.

The analytical enhancement factor (AEF) emerges as a convenient measure of
comparison for the average SERS signal obtained for different analytes using a
particular substrate definition. The results for the five probes we measured indi-
cated that among these molecules, chemical enhancements were not noticeable.
Such a result demonstrates the power of a rigorous quantitative approach in illu-

minating fundamental aspects of the SERS phenomenon.

The present work, by focusing purely on the EF problem and by addressing each
of these points to the best degree possible, has allowed us to obtain accurate EF
values that remove some of the confusion surrounding EFs and effectively rule
out claims of very high enhancements of ~ 10*. One of the problems with such
large enhancement factors was that these values are very difficult to justify based
on standard electromagnetic theory. This aspect was one of the main arguments
in favour of the existence of a chemical contribution to SERS enhancement. EFs
reported in this chapter (up to 7 — 8 x 10'!) are in fact perfectly within our current
understanding of electromagnetic SERS enhancements. The comparison of SERS
AEFs for different analytes further supports the conclusion that chemical contri-
butions to SERS are less common than generally thought. Finally, these results
also show that SM-SERS signals occur more often than previously thought, which

was also the conclusion of Ref. [41].

From the perspective of improving the understanding of SERS phenomena, we
believe that this work presents the most thorough attempt to date to quantify the

EF properly (both theoretically and experimentally), and to pin down and devise a
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proper experimental proof for SM claims. Our view is that these results are a first
step towards bringing to a closure a discussion that showed a spread in EFs over

several orders of magnitude in the literature for several years.

Another important result of this chapter is the fact that SMEFs of the order of
~ 107 — 108 are in most cases sufficient to detect SM signals of probes such as
Rh6G and CV. This is 6 to 7 orders of magnitude smaller than what has been
claimed for many years in the literature [36, 98]. We have also shown that, in the
best possible conditions, maximum SERS EF are of the order of 10'2. These two
results point to the very real potential of detecting SMs of non-resonant molecules.
If we can successfully detect SMs for resonant probes with EFs that are several
orders of magnitude less than the maximum, then we should, at the maximum
available EFs, be able to detect SMs of probes with much smaller Raman cross-
sections. The extension of this approach to non-resonant probes is presented in
Chapter 7.

Meanwhile, we move to a synthetic study aimed at refining the BIASERS experi-

ment to produce ideal partner probes.
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Chapter 6

ADVANCED BIASERS

This chapter details a synthetic approach to extend BiIASERS to an ideal analyte
combination. From a purely experimental point of view, there are many variables
that can be optimized in multiple analytes techniques to pin down SM events more
efficiently and to simplify the statistical interpretation. The nature of the probes
stands out as the first important consideration. In BIASERS it is desirable that the
two molecules have different SERS spectra but very similar chemical properties.
Critically, the surface chemistry of the probes should ideally be similar in terms
of their interaction with the metal substrate which produces the SERS enhance-
ment. It is also important that the molecules have similar SERS cross-sections,
and hence similar resonance conditions at the excitation wavelength. Otherwise,
the statistics of SM events in SERS could conceivably be biased towards one dye
(or the other), depending on the different adsorption or “sticking” properties; this
in turn affects the assumed nominal concentrations used in the statistical analysis

of the results.

This results in relatively strong constraints for the selection of the probes, and
usually a compromise is necessary. In previous BIASERS experiments, a compro-
mise was achieved among the desired properties of specific dyes. In Ref. [41] the
“partner probes” were a benzotriazole dye [88] and rhodamine 6G (Rh6G). Refer-
ence [54], on the other hand, used n-pentyl-5-salicylimidoperylene and octadecyl-

rhodamine B together with the technique of Langmuir-Blodgett films, while Ref.
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[53] made use of the two related probes 4,4’-bipyridine and 2,2’-bipyridine. More
recently [52, 56], nile blue (NB) and Rh6G have also been used as successful
BiASERS partners for SM-SERS. While all of these combinations proved the bi-
analyte concept was a successful indicator of SM-SERS, one could argue that the
combination of 4,4’-bipyridine and 2,2’-bipyridine in Ref. [53] is perhaps the best
among this list, in the sense that it uses two probes which are the closest in both

resonance conditions and surface chemistry.

Isotopic editing, with a long and well-established tradition in spectroscopy, ap-
pears as one of the best solutions to this problem. The use of different isotopes
has a long tradition in science, for example, in carbon dating (}#C), in NMR (3C,
'H, N, 3P etc.), or as a clever means to study the metabolism of molecules in
living organisms (**C). In these applications, the central idea is that the isotopic
molecule is chemically equivalent to the natural molecule, while having some dis-
tinct physical property by virtue of its nucleus (nuclear spin, radioactivity etc).
In terms of SERS, if isotopic editing of a useful probe results in a spectrum with
distinguishable features compared to the standard (unedited) version of the same
molecule, we then have two probes that—for all practical purposes—should have

the same chemical properties but can still be distinguished by their SERS signals.

6.1 Isotopic Editing in SERS

6.1.1 Previous studies

It is interesting to note that isotopic editing is actually not a new concept in SERS
either. Zhang and coworkers [99] have already recently demonstrated the utility
of isotopic editing for analytical studies in SERS, but did not extend their study
to SM SERS or the bi-analyte technique (despite the fact that all the necessary
ingredients were already present in their study). In their work, the isotopic probe

is simply used as an internal concentration standard.

At the same time, other groups were also considering this approach and, in fact,

Dieringer and coworkers [57] applied the concept of isotope editing to BIASERS
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experiments while the present work was in progress. Their work shows a nice ex-
ample of the potential of this approach to explore the EF distribution of a colloidal
sample at varying analyte concentrations. They were also able to observe dynamic
fluctuations indicative of competition between molecules at hot-spots. Regardless
of the first claim on the use of isotopic probes in BIASERS, such probes can be
seen as part of a standard SERS “toolkit”, providing us with an effective and reli-
able standard system for quantification purposes and for a variety of other experi-
ments. In Chapter 7, for example, the use of isotopically edited probes is a critical
tool in the optimization of substrates in preparation studies, and subsequently in
the actual measurement of SM events with BIASERS.

Our aim was therefore to combine the bi-analyte technique with isotopic editing,
thus obtaining the “ideal” BIASERS partners. In terms of the typical dyes used in
SERS, it is not possible to simply obtain the isotopically edited molecules com-
mercially. Thus, we looked to obtain the two isotopic analogues of the dye through
chemical synthesis. This approach is a good example of the multi-disciplinary na-
ture of SERS, in which we undertook the design, synthesis, and purification of the

molecules along with their subsequent use in SERS experiments.

As the target of choice for isotopic editing in SERS, rhodamine stands out as
an obvious candidate. The first examples of SM detection were with rhodamine
[36, 40] and the probe has been a long-standing favourite of the SERS community

due to its favourable properties, as outlined in the next section.
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6.1.2 Rhodamines

Rhodamines, a class of xanthenes, have been known for a long time, with the first
synthesis dating back to the late 19th century [100]. They were initially popular
as industrial dyes and have been used recently as laser dyes and fluorescent probes
in biological imaging (i.e. fluorescence microscopy, flow cytometry, and fluores-
cence correlation spectroscopy) as a result of their high quantum yields (e.g. 0.95
for Rh6G) [101, 102].

Table 6.1 shows some of the common commercially available rhodamines. The
rhodamine dye is positively charged, with the charge spread across the conjugated
dibenzopyrone (xanthene) three-ring structure. The carboxyphenyl group is tilted
by about 90 degrees with respect to the xanthene plane to minimize steric repul-
sion [103]. The positive charge of these dyes is desirable when using them with
common colloid preparations such as Lee & Meisel colloids, because such col-
loids possess a negative surface charge arising from the surface stabilizing groups
(i.e. citrate). This electrostatic interaction between the positive dye and the nega-
tive colloids then promotes effective adsorption to the SERS substrate. Optically,
the xanthene group has strong absorption in the visible and the carboxyphenyl
derivative absorbs in the near-UV [103]. It should be noted that the dyes in Ta-
ble 6.1 having a free carboxylic acid group (R3;=H) are effectively zwitterionic
in solution; that is, they have both a positive and negative charge. This tends to
hinder their potential use in solution SERS studies, and for this reason it is usually

desirable to use an ester version of the dye.

Rh6G, in particular, has been a favourite of the SERS community, due to it having
several desirable properties:
(i) A high intrinsic Raman cross-section;

(i1) A formal positive charge only (i.e. not zwitterionic) due to the ethyl ester
functionality (R3=CH,CHj3); and

(ii1) High photostability.
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Table 6.1: Common rhodamine (Rh) dyes available commercially.

clO R
Ri< Sl
P 0 N
SO
N
R4 R4
] COOR;
Name R, R, R; Ry
Rh110 H H H H
Rh123 H H CHj; H
RhB CH,CHj3 | CH,CH; H H
Rh6G H CH,CH;3; | CH,CH; | CHj;
Tetramethyl Rh CHj3; CHj; H H

6.2 Synthetic Strategy for Isotopic Dyes

6.2.1 Initial attempts

In the process of trying to synthesize the dyes, several strategies were attempted.
The general goal was to obtain two rhodamine species, chemically equivalent,
but having different isotopic composition to hopefully give rise to distinct Raman
spectra. The most obvious choice for isotopic variation in a molecule is the re-
placement of hydrogen with deuterium. After some consideration, we decided on
a synthetic attempt to N-alkylate the free amine groups of Rh123 or Rh110 (see
Table 6.1) with an alkylating agent (first with a natural hydrogen alkylating agent
and then with a deuterated alkylating agent).
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6.2.2 Ethylation of free amine using ethyl iodide

The synthetic strategy in this case was to substitute the free amine groups of
Rh123 or Rh110 with ethyl groups (or methyl) using an appropriate ethylating
(methylating) agent (Scheme 6.1). Complete substitution of the amines by ethyl
groups would give a difference in 20 atomic units between the non-deuterated and
deuterated species (d5-ethyl X 2 X 2). Substitution by methyl groups would give
a difference of 12 atomic units as an intermediate situation (d3-methyl X 2 X 2).
With this in mind, we sought to substitute Rh 110 or Rh 123 with non-deuterated
and deuterated alkyl halides (haloalkanes), which can both be obtained commer-

cially at relatively low cost.

clO

clo
H2N® 0 NH, RZ,\@ o NRz
S99 . LI
! COOR; R = CH,CHg or CD,CD3 l COOR;

R1=Hor CH3

Scheme 6.1: N-ethylation strategy to obtain deuterated and non-deuterated versions of a
rhodamine dye. Starting from a rhodamine with free amine groups (Rh123 or Rh110),
it should be possible to substitute the free amine group, ideally to completion, using an

alkyl halide reagent (in this case ethyl iodide or d5-ethyl iodide).

The above reaction was attempted under a variety of conditions as shown in Table
6.2. As can be seen, many of the reactions were not successful. At higher tem-
peratures, the reaction proceeded to varying degrees but from NMR data it was
concluded that complete substitution of the amine had not occurred, and there
existed a mixture of mono- and disubstituted amines, which could not be sepa-
rated by normal- or reverse-phase column chromatography. The use of a range
of solvents and the addition of weak bases, such as NaCO3; and NaHCO;, still
did not yield the desired product and so after several attempts this strategy was
abandoned. A potential factor in the failure of this reaction is the positive charge

spread over the rhodamine xanthene structure, which would likely reduce the nu-
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Table 6.2: Attempted N-ethylation of Rh123 to obtain the completely ethylated product
(i.e. a RhB-methyl ester equivalent, Table 6.1). As shown, a variety of temperatures and
solvents were attempted without success. The mixture of mono and disubstituted prod-

ucts could not be separated by normal- or reverse-phase column chromatography. ‘“eq.

represents stoichiometric equivalents.

Run | Solvent | Conditions Result
1 | methanol | 4 eq. Etl, R.T. o/night no reaction
2 THF 4 eq. Etl, NaCOs3(y,, R.T. | no reaction
for 2 days

3 CH3CN | excess Etl, KOH(,,), mi- | mixture of mono- and dis-
crowave at 100 °C for 20 | ubstituted amines

mins
4 DMF excess Etl, NaHCOj3(,,), | no reaction
AgNO;3(y), R.T. o/night
5 DMF excess Etl, NaHCOjz(,,), | mixture of mono- and dis-
reflux at 120 °C o/night ubstituted amines

cleophilicity of the amine nitrogen groups. Alkyl halide substitution of amines
involves attack of the amine nitrogen as a nucleophile onto the electrophilic car-
bon of the alkyl halide [104]. The net positive charge of the rhodamine, which is
spread around the entire xanthene structure via the conjugated 7t-bonds, may re-
duce the nucleophilicity of the amine groups and thus hinder nucleophilic attack
to the alkyl halide. Although small amounts of pure sample could be obtained
through techniques such as quantitative high-performance liquid chromatography,

it was considered more suitable to pursue an alternative route.
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6.2.3 Esterification of free acid using ethyl iodide

Having had limited success in substitution of the amine, we turned to perhaps
the easiest route for obtaining deuterated and non-deuterated analogues of a rho-
damine species, esterification of the free carboxylic acid group of RhB (Scheme
6.2). Again, ethyl iodide was used as the reagent. In a microwave reaction at
100 °C, the ethylester of RhB (named for our purposes RhE) was obtained in
quantitative yield. The same reaction using deuterated ethyl iodide was also suc-
cessful, and thus deuterated and non-deuterated partners were obtained. Unfortu-
nately, however, there were insufficient spectral differences in the Raman spectra
for the peaks to be resolved (data not shown), suggesting that substitution at the
carboxylic acid group does not alter the vibrational modes of the molecule sig-
nificantly. After not having succeeded with what were initially considered the

simplest strategies, we looked to other alternatives.

N - N -
B e T
X CX3CXol X
—»

COOH COOCX,CXs
O X=H or D O

(1) 2)

RhB RhB-ethyl ester (RhE)
[X=Hor D]

Scheme 6.2: Esterification of a free-amine rhodamine precursor (1, rhodamine B) using
ethyl iodide (or d5-ethyl iodide) as a reagent to form the ethyl (or d5-ethyl) ester (2).

6.2.4 Ring-forming condensation reaction (Friedel-Crafts re-

action)

Rather than introducing the deuterium through substitution of an existing rho-

damine structure, we decided to proceed via synthesis of the entire rhodamine
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ring structure from component substrates, rather than substitution of the existing
framework. The literature reveals several long-existing patents (from 1897 on-
wards) [100] describing the synthesis of rhodamines through ring-forming reac-
tions between phenol derivatives and anhydrides at high temperatures via Friedel-
Crafts condensation reactions. In this way, Rh6G is produced by reaction of o-
ethylamino-p-cresol and phthalic anhydride with elimination of water (Scheme
6.3).

The initial patent describes heating of the ingredients to 180 °C using ZnCl, as a
catalyst. However, a revision to the procedure, patented by Abudara et al. [79],
used a high boiling-point solvent such as o-dichlorobenzene (0-DCB) for the re-
action, which would be more desirable in terms of small-scale preparation. The
reaction is also convenient for obtaining a deuterated derivative because the pre-
cursor anhydride is commercially available as d4-phthalic anhydride. To obtain
a probe that is only positively charged, and not zwitterionic, it is necessary to
then esterify the free carboxylic acid; as described earlier, zwitterionic probes can
be problematic in SERS experiments. The first application of isotopic editing to
SERS used a similar approach to the one outlined here [99]. In their work, it was
found that the spectra of the resulting deuterated and non-deuterated dyes were
sufficiently distinct to be able to resolve (or deconvolute) their individual peaks
from a mixture, indicating that these molecules could be used effectively for our
purpose. In our particular case, we chose to form the methyl ester in the final
step, rather than an ethyl ester, as we had a methylating agent already at hand.
Thus, our target molecule was a slight variant of Rh6G, previously unknown in

the literature, and named for our purposes Rh6M (M indicates “methyl” ester).

The reaction was successfully performed for both deuterated and non-deuterated
forms of the phthalic anhydride precursor on a 0.5-gram scale (see Section 3.5 for
details) using a modification of the patent method. Subsequent esterification with
dimethyl sulfate (4, R1 = CHj in Scheme 6.3) provided the methyl ester analogue
of rhodamine 6G, formally named 3,6-bis(ethylamino)-9-[2-(methoxycarbonyl)phenyl]
xanthylium (hereinafter Rh6M). The identical reaction was then performed for the
d4-phthalic anhydride precursor. As shown in Section 3.5, mass spectroscopy and
NMR data confirmed the structure and purity of Rh6M and d4-Rh6M, and this
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RHN o NHR
X o
HO NHR X .
. o ()o-DCB (if) (R1)2S04
180°C 50°C
X
X o)

Rh6G: R = CH,CHg, Ry = CH,CHs

Rh6M: R = CH,CH3, R; = CH3

Scheme 6.3: Friedel-Crafts condensation of aminophenol 1 and phthalic anhydride 2 to
give rthodamine isotopic analogues. The phthalic anhydride precursor can be obtained in
its natural form (X=H) and as d4-deuterated (X=D). (i) Reaction in o-dichlorobenzene (o-
DCB) at 180 °C gives the free acid rhodamine 3. (ii) Subsequent esterification of the free
acid using an appropriate alkylating agent (in our case dimethyl sulfate) at 50 °C gives the

final product 4.

data was also largely consistent with previous results for the ethyl ester, Rh6G
[105].

6.3 Optical Characterization of Isotopic Dyes

6.3.1 Fluorescence and extinction measurements

It was important to first assess whether the Rh6M and d4-Rh6M dyes had the
same basic optical characteristics in water, and that both were consistent with
the more commonly used ethyl-ester analogue, Rh6G. To this end, extinction and
fluorescence measurements were performed on each dye under identical condi-
tions. Figure 6.1 shows the extinction spectra of Rh6M and d4-Rh6M along with
Rh6G for comparison. It can be seen that the spectra are essentially identical,
with decadic molar extinction coefficients of around 8.4 X 10*cm™ M at A=
526 nm. Similarly, fluorescence measurements (also shown in Fig. 6.1) taken at
514 nm excitation show Rh6M, d4-Rh6M and Rh6G exhibit equivalent fluores-

cence over the measurement range (within 5%).
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Figure 6.1: UV/Vis extinction and fluorescence spectra of Rh6G, Rh6M, and d4-Rh6M.
Rh6G and d4-Rh6M were measured at 100 uM in water, while Rh6M was measured at
90 uM in water and is scaled for comparison. The d4-Rh6M and Rh6M data are effec-

tively overlapping in the figure indicating identical profiles.

6.3.2 Bare (non-SERS) Raman spectra and cross-sections

As covered in detail in previous chapters, it is critical to first examine the molecules
under normal Raman conditions before using them in SERS. This allows us to
compare the dyes without the confusion of possible adsorption/SERS effects and
is a necessary first step for measuring the SERS EFs. As has been stated in de-
tail in Chapter 4, failure to account for the bare Raman cross-sections can lead
to errors of several orders of magnitude in the estimation of SERS EFs. In addi-
tion to comparing the two isotopic analogues of Rh6M, it was also necessary to
ensure that the basic Raman and SERS behaviour of these analogues was largely
consistent with that of Rh6G, which is the molecule more familiar to the SERS

community.

For the Raman measurements, a X100 Olympus water immersion objective (NA=1.0)
was used with a 633 nm HeNe laser for excitation (power ~ 2.3 mW). Prior to

each measurement, the reference 2B2MP was measured under the same experi-
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d4-RH6M
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Figure 6.2: Raman spectra (displaced vertically for clarity) of Rh6G, Rh6M, and d4-
Rh6M. Rh6G and d4-Rh6M were measured at 100 uM concentration, while Rh6M was
measured at 90 uM. A water background spectrum taken under the same conditions was

subtracted from each spectrum.

mental conditions, as detailed in Chapter 4. Cross-sections are determined with
respect to the 516 cm™! peak of 2B2MP, which has an absolute differential Raman
cross-section of 5.4x 1073° cm?sr~! at 633 nm [56]. Along with the Rh6M and d4-
Rh6M dyes, Rh6G was measured for comparison. Figure 6.2 shows the Raman
spectra after subtraction of a water background taken under the same conditions.
All spectra were acquired with three acquisitions of 600sec. To determine the

cross-sections, peak areas were determined by fits to pseudo-Voigt functions (see
Appendix A.6.1).

Looking at the spectra of the three dyes, we can see that the Rh6G and Rh6M
(non-deuterated) spectra are identical. This agreement is to be expected given

that Rh6M is simply a methyl-ester analogue of the ethyl ester Rh6G. In contrast,
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Table 6.3: Comparison of experimental non-SERS differential Raman cross-sections for
Rh6G, Rh6M, and d4-Rh6M along with previously measured values from Ref. [56] for
Rh6G in parentheses (the discrepancy for the 1652 cm™! peak of Rh6G is a result of
not subtracting the water background in Ref. [56]; the current results are therefore more

reliable).

Rh6G Rh6M d4-Rh6M
7. do do 7. do
Vi 0 iQ Vi iQ
[cm’l] [cm2 sr’l] [cm2 sr’l] [cm’l] [cmzsr’l]

612 049 (0.67)x107% 0.52x107% 600 0.36 x 107

641  0.15
774 0.65 (0.76) 0.60 770 0.52
1185 0.70 (0.60) 0.63 1185 0.63
1311 0.99 (1.00) 0.94 1303 0.51
1364 1.81 (1.80) 1.57 1335 0.68

1361 0.90
1510 2.00 (2.40) 1.87 1509 1.65
1652 0.57 (1.20) 0.52 1653 0.55

the deuterated dye d4-Rh6M is clearly different from its non-deuterated analogue
Rh6M, with extra peaks present in the 600 — 650 cm™ and 1300 — 1380 cm™!
regions. These distinct spectral regions are the key to using these dyes in the
BiASERS method, for they provide unique fingerprints to identify SM events (in

contrast to mixed events).

Focusing now on the bare Raman cross-sections for Rh6M and d4-Rh6M given
in Table 6.3, we can see that, apart from the obvious spectral differences in the
regions 600 — 650 cm™~! and 1300 — 1380 cm™!, the cross-sections of the other
modes are consistent. In fact, the spectral differences in the two different regions
can be seen as a redistribution of the oscillator strength of the vibrational modes.
For example, the 612 cm~! mode of Rh6M is replaced by two peaks in the case
of d4-Rh6M, at 600 and 641 cm™', and the cross-section of the 612 cm™ peak of

Rh6M is approximately equal to the combined cross-sections of these two peaks
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in d4-Rh6M. Similarly, in the 1300 — 1380 cm™ region, the total area of the
two peaks in the Rh6M spectra is similar to that of the three peaks in the d4-
Rh6M spectra. This redistribution is a result of vibronic levels that may have
been degenerate, or close to the same energy (i.e. overlapping peaks), in the
natural molecule being sufficiently perturbed by the isotopic substitution as to
remove this degeneracy, or split in energy to sufficiently reveal overlapping peaks.
As these molecules are complicated and do not have an obvious symmetry it is
not straightforward to determine the effect of substitution at a given position. In
summary, measurement of the Raman (non-SERS) spectra and cross-sections of
the three dyes allows us to conclude that: (i) the Rh6M dye is equivalent (within
experimental error) to the more typically used Rh6G dye; and (i7) Rh6M and d4-
Rh6M have the same Raman cross-sections for most modes (apart from those
modes affected by isotopic substitution at 600 —650 cm™! and 1300 — 1380 cm™?).
These modified regions can be used to spectroscopically distinguish the two dyes
in a BIASERS experiment. The Raman peaks in the other (non-modified) regions
are ideal for assessing the similarity of the chemical properties of the two dyes,
particularly in terms of surface chemistry (adsorption efficiency and orientation).

The next step is to characterize the dyes individually under SERS conditions.
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6.3.3 Use in individual SERS experiments
Average SERS properties

In addition to the dyes having identical chemical properties, it is also essential
that they behave the same under SERS conditions, in particular that they adsorb
to the SERS substrate to the same degree. Thus, before progressing to BIASERS
measurements, the dyes were measured separately under SERS conditions in the
many-molecule regime. This enables the characterization of the dyes without the
statistical complications of the SM regime. Isotopic editing can result in subtle
differences in surface chemistries in general. For example, kinetic isotope effects
[106] lead to different “sticking” properties to the surface as a result of the isotopic
analogues having different activation energies. In particular, this can occur if
the isotopically substituted part of the molecule participates significantly in the
surface binding. In general, it is important to check that the dyes have identical

properties under SERS conditions.

Both dyes were measured at a concentration of 25 nM using freshly prepared Lee
& Meisel colloids as described in Section 3.3.2. For the purpose of this study, the
AEF was used as an estimate for the SERS enhancement of each mode (Section
2.4.3). As in previous chapters, we calculate the AEF by measuring the effective
SERS cross-section with respect to a reference (Eqn. 5.2), rather than by direct

comparison of spectral intensities of bare Raman and SERS events.

Measurements were carried out using the same setup as described for the bare
Raman measurements. A total of 60 spectra were measured for an integration
time of 10 sec each in order to wash out any intensity fluctuations associated with
the polydispersity of the colloidal SERS substrate. The estimated average AEFs
are given in Table 6.4.

Two features of the AEF data are immediately apparent. The first is that, for each
dye, the AEFs are similar throughout all vibrational modes (~ 1 X 10°). The
second is that, the AEFs are similar among all three dyes, indicating that the dyes
behave the same (chemically) under SERS conditions. The fact that the Rh6M and
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d4-Rh6M dyes exhibit similar AEFs under SERS conditions is a strong indication
that: (i) they have the same adsorption efficiency or affinity to the surface; and
(i1) any chemical contribution to the SERS enhancement is either non-existent
or of the same order of magnitude (note that this is not believed to be the case
in this particular system). These AEFs are a little larger than those obtained in
Chapter 5 (Table 6.4), indicating the batch-to-batch variability inherent with these
colloidal systems. It should be noted that the error in such a value arise largely
from systematic causes, chiefly the variation in both the original colloid synthesis
and the particulars of preparation of an individual sample. While every effort is
taken to ensure identical experimental parameters are used, there may be small
variations in the time a sample is left before being measured, or random kinetic
variation in the way a sample is initially mixed. On top of this, is the considerable
error in measuring the intensities of some of the bare Raman peaks, particularly
smaller peaks or those that are part of doublets or multiplets. In this sense, errors
of around 10-15 % are expected based on alternative possible fits to the original
bare Raman spectra. Thus, as stated in previous chapters, the AEFs should be
seen as particular to the specific system and conditions and not necessarily as a
characteristic value. The values are reported here to two significant figures, which
represents our ability to compare with relative certainty amongst the modes of a

given molecule under the same measurement conditions.

In short, Rh6M and d4-Rh6M seem to be chemically identical (in terms of their
adsorption properties) and this is an important prerequisite for their use as partners
in BIASERS.

6.4 Single-Molecule (SM) Experiments

6.4.1 BiASERS experiments

The next step is to perform a BIASERS experiment to identify the spectral regions
that are sufficiently distinct for determining the statistics of SM events. There are

at least two basic criteria that need to be followed: (i) the reference peaks of both
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SERS spectra .
i I
B re\g\'?rjl 633 nm laser reg'({] ‘ (a) 1

d4-RH6M

Intensity [arb. units]

600 800 1000 1200 1400 1600 1800
Raman shift [cm™]

région IY (b) regionxll (C)

d4-RH6M

~ b

RH6M
d4-RH6M

Intensity [arb. units]
[suun 'qjej Aisuaiu|

585 600 615 630 1300 1400
Raman shift [cm'l] Raman shift [cm'l]

Figure 6.3: SERS spectra of d4-Rh6M (top) and Rh6M (bottom) at 100 uM concentra-
tion. The spectra show an average of 103 spectra with 1 sec integration time. Regions I
and II show the distinct spectral differences produced by isotopic substitution; enlarged
versions are given in plots (b) and (c), respectively. The isotopic shift of the ~ 612 cm™!
mode of Rh6M to ~ 600 cm™! can be seen in (b), while the doublet in region Il in Rh6M

splits into a triplet, shown in (c).
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Figure 6.4: SM SERS events for d4-Rh6M and Rh6M together with a mixed d4-
Rh6M/Rh6M event. The average spectrum for 12 x 10% spectra taken at different inte-
grations times is also shown at the bottom. The three topmost spectra (for both regions)
show SM-SERS events obtained from the BIASERS data. Note that the “mixed” event
is not the same as the average spectrum at the bottom, a situation that is expected if a
few molecules (at least one of each type) are not subject to the same single-molecule en-
hancement factor (SMEF) (one may be closest to the hot-spot, or they could be located at

different hot-spots in a small colloidal cluster).

124



6.4. SINGLE-MOLECULE (SM) EXPERIMENTS

Table 6.4: Comparison of experimental analytical enhancement factors (AEFs) for
Rh6G, Rh6M and d4-Rh6M. Note that these AEFs are specific to the SERS substrate
and preparation conditions (which are the same for all three molecules). Note that the
relatively larger AEFs measured for the 1651 cm~! peaks may be an artifact due to the
difficulty in fitting this peak in the bare non-SERS Raman spectra. When the peak is a

doublet, the frequencies of the second components are given in parenthesis.

Rh6G Rh6M d4-Rh6M

v AEF AEF v; AEF
[cm™] [em™1]
612 1.3x10° 1.2x10° 600 1.3 x 10°
640 (631) 1.4
768-775 0.9 0.9 764 (777) 1.2
1181 (1198) 0.7 0.8 1181 1.1
1312 (1292) 0.7 0.7 1301 (1290) 1.4
1363 (1349) 0.7 0.8 1332 1.4
1357 1.1
1511 1.0 1.0 1511 1.2
1651 1.5 1.6 1651 1.5

dyes should be different enough to allow the correlations in intensity among dif-
ferent regions to be clearly separated; and (ii) the peaks for the two dyes should
ideally not be too far apart in energy (~ 200cm™! at most), otherwise the dis-
persion of the resonance may present a problem during analysis [93]. Figure 6.3
shows the two candidate regions in the SERS spectra of the individual dyes that
satisfy these criteria and are therefore suitable for analysis of the BIASERS spec-

tra.

BiASERS experiments with d4-Rh6M/Rh6M mixtures are performed using the
basic BIASERS protocol with a concentration of only 5nM for each dye (see
Section 3.3.2 for details). Again, 633 nm laser excitation (3 mW) was used with a
X100 immersion objective and a 200 ym confocal pinhole and an integration time

of T = 0.1 sec The first question is whether we can observe distinct SM events
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for each molecule. Figure 6.4 shows three selected cases (out of 10%) of Raman
spectra taken with 0.1 sec integration time, in which characteristic signatures of a
single d4-Rh6M event, a single Rh6M event, or mixed events (d4-Rh6M/Rh6M)
can be observed simultaneously in both regions, I and II, of the spectra. The
data in Fig. 6.4 is equivalent to similar fluctuation data in BIASERS experiments
reported before for dissimilar dyes [41, 52]. The average shown in the figure

represents, as expected, a 50:50 combination of each dye.

6.4.2 Probing the SM regime in liquids

With the probes in hand, and proof of their suitability for BIASERS, we now
proceed to apply them in a novel BIASERS experiment. The great benefit of Bi-
ASERS is that it allows us to identify SM signals in contrast to many-molecule
signals. Ideally, we tailor the conditions in such experiments to obtain the maxi-
mum number of SM events without too many many-molecule events. This maxi-
mizes the statistics for confirmation of SM detection. Determining the conditions
that give rise to a majority of SM events can not be guaranteed a priori, but in-
stead must be found by careful experimental optimization. This involves varying
the conditions, in particular the concentration, and then repeatedly performing
and analyzing the BIASERS experiment. The aim is to be at the transition of the
SM regime, in which most of the signals are single molecule in character but the

concentration is maximized to obtain the greatest number of these signals.

In a liquid sample, we have an additional parameter to vary—the acquisition time,
which controls the time that clusters appear within the scattering volume. De-
pending on the acquisition time, we can move from sampling several molecules
diffusing through the sample volume to sampling single molecules at very short
times. In this way we can study the transition from a single molecule, to a few
molecules, and finally to many molecules induced by the natural averaging in
liquids introduced by Brownian motion. Rh6M and d4-Rh6M serve as the ideal

probes for this experiment.

In the BiASERS experiments, Rh6M and d4-Rh6M were prepared as before and
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Figure 6.5: Histograms of the relative contribution of one dye (prhgm in this case) to
the total signal obtained by MPCA (see Appendix A.6.3). Pragm = 0 (= 1) indicates a
pure d4-Rh6M (Rh6M) event. Weak signal events below a threshold (fixed by the noise
level) are removed from the statistics following the procedure of Ref. [52]. The top,
middle, and bottom histograms show events for integration times of T = 0.1, 0.5, and
1 sec, respectively. For 7 = 0.1 sec there are 146 events (out of 3000) above the noise
level, while for 7 = 0.5 and 1 sec there are 810 and 1936, respectively. The statistics for
T = 0.1 sec are dominated by SM events of either d4-Rh6M or Rh6M, with a few mixed

events in between, while those for 7 = 1 sec are mainly dominated by mixed signals.
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measured using the X100 liquid immersion lens. Sets of data were then obtained
for various integration times with several thousand spectra obtained in series for
each integration time. These data were then analyzed to show the relative propor-
tions of each dye that contribute to a given spectrum. The data are then boxed in a
histogram which shows the frequency at which different proportions of each dye
exist (Fig. 6.5. That is, in the histogram, the left hand y-axis shows SM events of
one dye, the right hand y-axis shows SM events of the other dye while in between
the events are mixed to varying degrees. For data analysis of the 3 x 10° events for
each set of events, the Modified Principal Component Analysis (MPCA) method
[52] was used for region II. To appreciate the details of the MPCA method, it is
recommended that the reader consult Appendix A.6.3. MPCA is a particularly
efficient method for analyzing large numbers of data as long as the data is of a
sufficient quality. However, it should be noted that other methods, such as fitting
directly to the data, would yield the same results.

The results displayed in Fig. 6.5 show the three integration times that best ex-
emplify the transitions between events containing many molecules, to a few, and
then a single molecule. The histograms plots the relative contribution of one dye
(Rh6M in this case) to the total signal, which we call prhem. Prosm = 0 (= 1)
means a pure d4-Rh6M (Rh6M) signal. At integration times of 7 = 0.1 sec, only
~ 146 events (out of 3000) exhibit a sufficiently high signal-to-noise ratio for
a meaningful analysis. These signals are dominated by SM events with either
PrueMm ~ 0 or prhem ~ 1 with a small number of “mixed” events in between. By
contrast, at T = 1 sec, there are 1936 events above the noise level and the spec-
tra are mostly dominated by mixed signals. Arguably, the example in Fig. 6.5
is one of the cleanest experimental examples demonstrating the crossover from
a single-molecule to the many-molecule regime in SERS. We observe a gradual
transition, which is induced in this particular case by the averaging effect of the
integration time combined with Brownian motion in the liquid. As we move to
longer times (T = 1sec), we obtain a Gaussian profile, which is expected for the
random distribution of two species in the many molecule regime. The centring on
praem = 0.5 in this case indicates that the probes are at the same concentration

and are behaving equivalently in the solution. The transition to the SM regime
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will depend (in general) on the characteristics of the experimental conditions at
hand (dry/wet samples, scattering volume, density of hot-spots, etc.) While this is
not the main topic here, the change of statistics from one case to another in Fig.
6.5 can also give information on the dynamics of the colloid clusters producing
the averaging of the signals. For example, calculations for the X100 objective and
a typical diffusion coefficient for the colloids of D ~ 7.5 um?/s give a value for
the residence time of a colloid in the scattering volume of ~ 130 ms [2]. This
estimate, although a rough guide, is certainly consistent with SM behaviour at
T = 0.1 sec, taking the assumption that each colloid is likely to only have one, or
a few molecules, at hot-spots large enough to give detectable signals at these low

concentrations.

6.5 Discussion

6.5.1 General observations

As examples of “ideal” BIASERS partners, we have successfully synthesized two
isotopic analogues of a rhodamine dye, Rh6M and d4-Rh6M. The two analogues
have identical chemical properties but distinct spectra by virtue of their different
masses. The dyes were then implemented in a BIASERS experiment to investi-
gate the transition from the single-molecule to the many-molecule regime while

varying the integration time in a liquid SERS sample.

The first step in this process was the successful synthesis of the two isotopically
edited dyes; the dyes typically used in SERS are not commercially available as
isotopic analogues. Once a potential pair of probes has been selected and synthe-

sized, the following key steps are necessary:

(1) Full characterization of the molecules themselves. In particular, it is not
always possible to simply assume the Raman cross-sections of isotopically
shifted modes to be exactly the same as the unedited counterparts; because

oscillator strength redistributions, changes in linewidths, and even splitting
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of modes (or appearance of new modes) can occur.

(i7) It is also possible to test experimentally (rather than assume) that the iso-
topic substitution effectively does not change the surface chemistry or bind-
ing to the surface. This can be done through the comparison of EFs (mea-
sured independently under identical experimental conditions) for modes
that are not affected by the isotopic substitution in the edited and unedited

versions of the molecule.

(ii1) Optimization of the conditions such that we are at the transition of the SM

regime.

In combination with the BiIASERS technique, these probes are a powerful tool
in SERS. Their potential application extends from utilization as a standard sys-
tem in EF quantification of different SERS substrates and preparations, to the
detailed investigation of fundamental aspects in SERS, such as the EF distribution
of different SERS substrates, or the characteristic clusters in aggregated colloidal

solutions.

6.5.2 Scope of reaction methodology

It is important to note that the synthetic methodology used in our approach is not
limited to a single rhodamine compound. In fact, a variety of rhodamines can be
synthesized by the general ring-forming condensation reaction given in Scheme
6.3, by simply using different substituted aminophenol precursors (1: -NHR1, -
NR;R»); in terms of limitations to the reaction, it is known that the free amine
itself (-NH;) does not react, and presumably the choice of R groups would be
constrained by steric and electronic effects. Nonetheless, by this method we have
access to other commercially available rhodamine species along with the potential

to also create new rhodamines.

Similarly, the method can be extended to dyes other than rhodamine. In fact, the
dye fluorescein, another common laser dye, is produced by an identical method

but using a diphenol precursor rather than an aminophenol precursor. (Scheme
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Scheme 6.4: Synthesis of fluorescein dyes from diphenol (1) and phthalic anhydride (2)

precursors.

6.4). Similar Friedel-Crafts reactions can be used in the synthesis of several other
triarylmethane and xanthene dyes. Examples include the synthesis of thymolph-
thalein (a pH indicator) from reaction of thymol and phthalic anhydride [107]. As
phthalic anhydride is commercially available as the d4-deuterated analogue this
means we have potential access to different classes of dyes as isotopic analogues
which may be able to fulfil different applications; fluoresceins, for example, carry
a negative charge in solution and may be suitable analytes for investigation of pos-
itively charged colloids. The only real limitation here is the dedicated time needed
to produce sufficiently pure examples of the dyes in both a deuterated and non-
deuterated form. The ability to detect single molecules imposes severe standards
on chemical purity in general.

For many of our purposes, and for the SERS community, rhodamine dyes such
as the Rh6G analogues synthesized herein (Rh6M and d4-Rh6M) are of the most

interest as a result of their reliability and history in SERS experiments.

6.5.3 Other strategies for obtaining deuterated samples

As can often happen in scientific research, we discovered in the literature an alter-
native approach to deuterating common dyes as the present work was coming to
a close [108]. In this case, Deb et al. identified a convenient and widely applica-
ble method to obtain deuterated SERS probes including nile blue, the rhodamines
B and 6G, malachite green and crystal violet (deuterated by 2, 4, or 6 deuterons
depending on the molecule). Their method involved acid catalysis at 90°C via

an electrophilic aromatic substitution reaction using as a reagent deuterated acid
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chloride in deuterated methanol. By this simple treatment, deuteration could be
achieved at particular electron-rich aromatic positions of the main chromophore
of the molecule (ortho to the ring oxygen for NB, RhB and Rh6G, and ortho
to the amine groups for malachite green and crystal violet). Significantly, even
molecules changed by only two deuterons gave distinct Raman spectra in com-
parison to the natural hydrogen version, and crystal violet (with 6 deuterons) gave
a shift in one peak of about 40 wavenumbers. This process suggests a straightfor-

ward method to obtain isotopically edited dyes with distinct Raman spectra.

6.6 Conclusions

This chapter presents the full characterization of an important SERS probe, Rh6M,
and its isotopically edited analogue, d4-Rh6M, which can be used hereafter as Bi-
ASERS partners for further SM-SERS studies. The relatively large SERS cross-
sections of the probes together with their identical chemistries and surface inter-

actions with the metal substrate make them ideal probes to explore SM-SERS.

The results of this chapter highlight another important aspect of SM-SERS: It
is not enough to have two different SERS probes with identical chemical prop-
erties to carry out BIASERS experiments. In addition to the probes, there are
parameters that need to be tailored for the observation of SM statistics and these
include: (i) the scattering volume of the collecting optics (which will define the
dye concentration level that can be used); (ii) the integration time (in connection
with the intrinsic diffusion times in the sample); and (iii) the nature of the sample
(e.g. whether freely diffusing in a liquid or static). We have demonstrated one of
the simplest examples of how the statistics can change from a SM regime (but
with sparse events, with only 146 out of 3000 events) to a many-molecule regime,
where more statistics are available (1936 out of 3000), in a transition brought

about simply by changing the sampling time (as a result of Brownian motion).

It is clear that the use of isotopic editing in BIASERS offers a wealth of informa-
tion in the investigation of SM-SERS statistics. The thorough characterization of
the non-SERS and SERS properties of two such probes (Rh6M and d4-Rh6M),
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together with their application in a simple BIASERS experiment, attempts to con-

tribute to that endeavor.

The work of the previous chapters has provided us with a comprehensive toolkit
for exploring SERS phenomena, and the SM regime in particular. In the next

chapter, we look to extend this work to the SM detection of non-resonant probes.
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Chapter 7

NON-RESONANT PROBES

7.1 Introduction

The preceding chapters have led us through a stepwise process for identifying
and quantifying the enhancement given in SERS and optimizing the BiIASERS
experiment for SM detection. The results of Chapter 5 are, we believe, the best
estimates of SERS EFs yet to date. Importantly, they also pointed a way towards
the SM detection of non-resonant probes. One of the major results of Chapter 5
was that SMEFs of 10% — 10 were sufficient to see SM signals of the typical dyes
used in SERS. In addition, it was found that maximum EFs of up to 10* could also
be obtained for the same substrate. The natural corollary of these results is that
by sampling the hot-spots with the greatest enhancements and by increasing the
integration time through the use of a solid substrate, we should be able to measure
SM signals for probes with intrinsic cross-sections several orders of magnitude
lower than the probes typically examined in SERS; that is, it should be possible

to detect single molecules of non-resonant probes.

In another sense, by attempting to detect SM events of non-resonant probes, we
are investigating the lowest detection limit of the SERS technique at the SM level,
that is, the minimum observable cross-section that can be observed for a SM ex-

periment using a standard Raman setup and SERS substrate.
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It is important to remember that non-resonant molecules represent the great ma-
jority of molecules of practical interest for applications. Indeed, most biological
molecules and most chemicals in the environment are non-resonant. In terms of
applying SERS to chemical detection, the lowest detection limit is obviously of
great interest. As described in Section 2.4, a major impediment to the real-world
application of SERS has always been the confusion relating to potential EFs, and
consequently, there have been few attempts to give limiting values to the various
substrates in terms of ultimate sensitivity in terms of minimum observable cross-

section.

We believed that the field was still lacking a proper (and quantitative) demonstra-
tion of SM-SERS for non-resonant molecules and, by the same token, an assess-
ment of the lowest possible SM detection limit achievable in practise. To this
end, we explored the SM detection of non-resonant probes in an effort to quantify
the minimum cross-section observable as a single molecule under standard SERS
conditions. What we mean by standard Raman conditions is explored in the next

section.

7.1.1 Minimum cross-section measurable as a SM

If we were able to integrate the signal of a single molecule for an unlimited amount
of time (7) and for an arbitrarily large laser power density (I;), we would even-
tually be able to obtain the signal above a minimum signal to noise ratio (SNR)
and measure the spectrum of a single molecule without any enhancement. In the
real world, however, intrinsic limitations exist, specific to the probe molecule, as
to how much power density and integration time we can use. In fact, a more im-
portant parameter—as far as the photostability of the probe is concerned, i.e. its
tendency to photobleach—is the product of the laser power density and the inte-
gration time (I X 7). But limitations in integration time can arise by themselves
without necessarily being linked to photobleaching. Liquid samples, for example,
are limited by the diffusion time of the molecule spent in the scattering volume of
the objective. Other instabilities of the signal (often categorized under the broad

umbrella of “blinking”) can exist. The latter comprise a whole variety of processes
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that go from molecular surface diffusion to subtle changes in the geometry of the
SERS substrate [41, 49, 109]. Accordingly, having limitations in the maximum
I;’s and T’s we can use, there is an intrinsic limitation to how much signal we can
obtain from a single molecule; the SERS enhancement then acts to bring this sig-
nal above the noise [110]. For the purposes here, when we refer to “characteristic
values” of the enhancement needed to see single molecules, we are also implic-
itly assuming “characteristic experimental conditions” for real molecules as far as

both I; and 7 are concerned.

As stated, the limits of I} and 7 are both system and analyte specific and must
be determined experimentally. For solid substrates, in particular, signals arising
from molecular degradation become overwhelming and this is usually below the
maximum power of the laser (e.g. ~ 5 mW for the 633 nm laser most commonly
used). Additionally, because it is desirable to perform hundreds or thousands of
acquisitions to give reliable statistics, there naturally arises a limit on the time
per spectra (there are even limits to the available time of a graduate student!) As
such, an integration time of anything more than about 30 sec can become overly
time consuming in terms of collecting useful amounts of data. In any case, other
processes such as surface diffusion and photodegradation are likely to impose
limits that keep us on the scale of seconds, rather than minutes. The characteristic
values for measurement of a minimum cross-section for SM detection can thus be

understood in this context.

7.1.2 Previous reports

It is important to highlight that claims of SM detection of non-resonant probes
have been made in the past. For example, Refs. [111, 112] have claimed SM
detection of adenine in SERS based on either “blinking” or “ultra-low concentra-
tion” approaches. The difference in the reliability of these latter techniques and a
“contrast” method like BIASERS has been discussed in detail in the background
material (Section 2.3.2; see also Refs. [41, 42, 43, 56]).

137



CHAPTER 7. NON-RESONANT PROBES

For example, Ref. [111] makes no attempt to quantify the observed cross-sections
but rather points out that blinking might be considered as evidence for SM sen-
sitivity, while Ref. [112] works at ultra-low concentrations (~ 30 pM) and de-
rives estimates of cross-sections from vibrational pumping at room temperature,
which as we have discussed (Section 2.5), must be taken with several provisos
and are not a definitive measure, due mainly (but not exclusively) to laser heating
effects and non-radiative contributions to the cross-section (further discussed in
Ref. [72, 113]). Further evidence is given in the supposed existence of a Pois-
son distribution in the statistical analysis, which has also been shown to be an
erroneous proof, not least because of the limited number of statistics (only 100

measurements) taken in that case [42].

Apart from SM detection, there are many studies of the trace detection of non-
resonant molecules, most of which come from an applied focus, where the pa-
rameter of interest is usually the minimum measurable concentration of a given
analyte [114, 115, 116, 117]. This approach convolutes many different experi-
mental factors, including the laser power and objective, the substrate EF and its
distribution, along with the inherent properties of the probe. In this respect, it
is difficult to compare among different systems. In contrast, by referencing our
measurements to a reference standard and defining the EF appropriately, we are
able to obtain a value, which although analyte specific and subject to optimization

of conditions, is representative of the lowest detection limit of the substrate.
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7.2 Method for SM detection of Non-Resonant Probes

In many ways the time was ripe for a definitive demonstration of the SM detection
of non-resonant probes. This thesis so far has outlined several important tools that
can be used towards this goal. Critically, we have developed a rigorous method-
ology for identifying SM signals in SERS and for quantifying the EF to the best
degree possible. Accordingly, the previous work has given us a good basis to ex-
tend the exploration of probes beyond those typically used in SERS, to those with

low intrinsic Raman cross-sections.

The approach to SM detection essentially remains the same whether we are us-
ing resonant or non-resonant probes. However, in order to increase the inte-
gration time, we must turn to solid substrates, upon which (at least in princi-
ple) the molecule can be fixed in position; in reality, analyte-specific phenomena
such as surface diffusion and adsorption/readsorption may limit this locatedness
[57, 118, 119].

Essentially, our methodology is the same as in previous chapters, outlined as fol-

lows:

(1) Determination of the non-SERS characteristics of the analyte of interest;
(i) The use of BIASERS to unambiguously identify SM events;

(117) Characterization of the objective on the day of experiments and measure-
ment of a reference standard to allow calculation of the SMEF based on the

peak intensity of the SM event; and

(tv) Where possible, the use of isotopic analogues as ideal partners for the Bi-
ASERS experiment.

Although the approach is effectively the same, in the case of non-resonant species
we face a dramatic “change in scale” in terms of the experimental considerations.
These include a much greater concern with practical issues such as contamination

but also changes in fundamental aspects of the problem.
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Shift in scale: sampling the upper region of the EF distribution

The reduction in intrinsic cross-section of the molecule and the need for high
EFs means we are now sampling the upper region of the EF distribution of our
colloidal system; i.e. we are looking for molecules at the “hottest” hot-spots .
The spatial distribution of the EF around hot-spots has been studied in detail for
common colloidal systems [42, 43]. In this section, we will briefly outline the

basic elements of this discussion.

The probability p(F) of having a certain SERS EF F close to a hot-spot is always
a tail-like distribution (with a cut-off), as schematically depicted in Fig. 7.1. The
probability p(F) will normally follow a power law of the type ~ F~*% for the
vast majority of gap hot-spots between nanoparticles, or surfaces and tips [110].
For typical plasmon gap resonances in silver or gold we have typical values of
k ~ 0.12 — 0.15 [43] and a maximum “cut-off” enhancement of the order of
~ 10™. This type of probability distribution, which has its origin in the extreme
variations of the spatial distribution of the enhancements, is responsible for a big
fraction of the phenomenology of SM-SERS statistics observed experimentally.
Molecules with differential cross-sections of ~ 107% — 10728 cm?/sr can be read-
ily observed as single molecules around the ~ 10® enhancement range (in the

sense explained previously, i.e. for characteristic values of I} X T).

Non-resonant molecules, on the other hand, with differential cross-sections of the
order of ~ 1073 — 103! cm?/sr, require an additional boost of ~ 10° — 10* to
the SERS enhancement in order to observe them as SM events. Thus, SM-SERS
in this latter case can only come from the places with the largest enhancements in
the distribution at about ~ 10'° — 10'!,

This basic “change of scale” in the problem when going from resonant or pre-
resonant molecules to non-resonant ones introduces a few peculiarities. From a
purely electromagnetic point of view there is a much narrower range of enhance-
ments that are “usable” at the very top of the distribution to push signals above the

minimum SNR. Consequently, there is a much smaller effective area of hot-spots
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Figure 7.1: Typical long-tail probability distribution for the SERS EF on SERS sub-
strates suitable for SM detection [30]. Molecules with differential cross-sections ~
10727 cm?/sr are observable as single molecules above F ~ 108 for typical experimen-
tal conditions [56], while non-resonant molecules with do/dQ ~ 1073 cm?/sr require
typical enhancements of ~ 10!, at the high end of the distribution (and therefore of rare

occurrence).

providing sufficient enhancement to produce a SM-SERS signal. Depending on
the exact numbers we use, the effective area of hot-spots sufficient to observe sin-
gle molecules with do/dQ ~ 1073 cm?/sr is ~ 10? times smaller than that for
molecules with do/dQ ~ 107% cm?/sr. Accordingly, the statistics become much
sparser. Expressed in a different manner: a much finer “tuning” of the conditions
is required to see single molecules in this case. This covers only electromagnetic
aspects of the problems, but there are additional experimental complications pro-

duced by the change in scale, which we expand in the next section.
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General considerations

One of the main problems for SM-SERS experiments on probes with cross-sections
of the order of do/dQ) ~ 1073 cm?/sr is that there are many other spurious com-
peting molecules with similar (weak) differential cross-sections normally present
in standard experimental conditions. This is particularly true for organic molecules
because there are a myriad of spurious signals arising from organic moieties that
are similar, or closely related to, the target molecule we are trying to monitor. In
many cases, these spurious signals come from molecules present in the system
via the synthetic route of the SERS substrate or as impurities. For resonant or
pre-resonant dyes, this is not a problem because the dyes completely dominate
the signal owing to their much higher intrinsic cross-sections. However, it does
become an issue for non-resonant molecules. For example, in the standard Lee
& Meisel colloid recipe [73], citrate molecules are used as a reducing/stabilizing
agent [73]. When dried, these colloids are then left with an undesirable organic
species on the surface with a cross-section comparable to the probe, thus com-
plicating the analysis. Additionally, any inadvertent contaminants, particularly
anything with a comparable or greater Raman cross-section, will also present a
problem. Such factors mean careful optimization of the substrate and preparation

conditions is required.

The problem, in fact, is more acute than the mere presence of undesirable organic
species, because such organic molecules, particularly on dried substrates, are nor-
mally very susceptible to photodecomposition, thus creating “dynamic species”
that change over time. The latter problem has been studied in some detail by sev-
eral authors [118, 119], and leads ultimately (at high powers) to the well-known
amorphous carbon-like spectral features (a “double dome” with humps at around
~ 1350 and ~ 1600 cm™!). This amorphous carbon signal has a reported Raman
cross-section four orders of magnitude higher than that of benzene and has been
identified as one of the most difficult practical issues impeding widespread appli-
cation of SERS of non-resonant molecules [22]. Interestingly, such signals do not
appear to be such a problem for other metals such as gold and copper, suggesting

it may be attributable to an aspect of the chemistry of silver [120].
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For all the reasons described above, bi-analyte SERS (BiASERS) for non-resonant
molecules is considerably more challenging than a mere “scaling” of the problem
for resonant or pre-resonant probes. It means that a new dimension of problems
have to be dealt with at what was basically the noise level for BIASERS of reso-

nant or pre-resonant molecules.

7.3 Experimental Details

7.3.1 Substrate optimization

In an attempt to reduce contaminants arising from the substrate preparation we
considered alternatives to the usual Lee & Meisel colloids. Many initial mea-
surements using these colloids gave rise to amorphous carbon-like signals. As
an alternative to an organic reductant, we looked at colloids reduced with sodium
borohydride (see Section 3.3.1 for details). In this reaction, borate (BOi‘) is the
major byproduct, which as a non-carbonaceous species, would likely be less of a
contaminant than the citrate stabilizer. Other literature reports also bear this out
[121].

In terms of substrate preparation, a variety of different methods were trialled in-
cluding drop casting, spin casting, spray coating, and methods involving deposi-
tion using alternative solvents to water. Most of these techniques gave equivalent
results in terms of the level of spurious signals and decomposition. In fact, the
best results were obtained using a relatively simple method involving repeated
deposition of concentrated colloids under a heat gun. The results in this chapter

apply to these substrates (preparation described in Section 3.3.3).
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7.3.2 SERS experiments

To prepare samples of the analytes for SERS experiments, a drop (50 uL) of the
analyte solution at low concentrations (25 nM for all molecules presented here)
was deposited onto the bare SERS substrate (prepared as described in Section
3.3.1) and left for 30 min in ambient conditions. Finally, the drop was sucked
off with a glass pipette, and the sample rinsed in distilled H,O before final dry-
ing. This method was effective in preparing low concentration samples of the
non-resonant analytes without noticeable contamination. The final surface cover-
age/concentration of the analyte cannot be determined with this method, but the
SM nature of the SERS signals can be assessed with the BIASERS technique, and

the concentration adjusted if necessary.

7.3.3 Linear deconvolution analysis

As has been discussed, the identification of SM signals of non-resonant probes
is not as straightforward as for resonant or pre-resonant probes, due to the fact
that other spurious signals from contaminants or photodegradation compete with
the probe of interest. For this reason, techniques such as the Modified Principal
Component Analysis (MPCA) method [52] (described in Appendix A.6.3) are not
possible in general (because the principal components of the problem are not well

defined in a background of widely changing signals).

This problem can be circumvented by performing a fitting routine to the data
which deconvolutes the BIASERS spectra into a linear combination of the contri-
butions from experimentally obtained reference spectra of the individual molecules
along with a linear background (see Appendix A.6.2) The validity of the fit (or
“goodness-of-fit” value) is then determined by a y?-parameter, which is normal-
ized to the spectral intensity of the event. Fits below a certain intensity (below
noise level) and those with a “goodness-of-fit” below an appropriately chosen
threshold are discarded along with any remaining non-physical fits. This fitting
process, in combination with suitable selection criteria, can effectively discard er-

roneous events arising from photodegradation and contaminants, and ultimately
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Figure 7.2: (a) An example of typical spurious spectra observed frequently during maps.
(b) Characteristic double hump of amorphous carbon-like features resulting from pho-

todegradation.

recover the statistics of the two molecules of interest.

7.3.4 Optimizing laser conditions

As pointed out in the introduction, we are often limited [119] in the maximum
amount of (laser) power we can deliver to the sample, particularly with a dried
substrate, by photo-induced degradation on a sub-sec time scale. The observation
of photoproducts is particularly a problem for resonant of pre-resonant molecules
if the photo-stability of the probe is poor (which is the case, for example, of
dyes like malachite green [97]). But perhaps less intuitively, photo-degradation in

SERS experiments remain an issue for non-resonant molecules [121, 122, 123].
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Reference [122] shows explicitly how the photochemistry of degradation of aro-
matic non-resonant species evolves in time, resulting eventually—after some tran-
sient intermediate states—into a final photo-product that is similar to amorphous
carbon in its spectral characteristics (but with some of the details being determined
by the exact precursor). At high power densities (~ 5mW focused onto a 1.4 um
waist beam by the X50 air objective), such signals were indeed observed for many
of the analytes tested. At this power level transient photoproducts are seen on a
sub-sec time scale with randomly occurring peaks in the range characteristic of
typical organic moieties with sp* — sp>-hybridizations of carbon, with a spectrum
tending toward ‘“amorphous-carbon-like” for long expositions to the laser on the
same spot. Figure 7.2 gives examples of a random erroneous spectrum (a), and

the characteristic spectrum for amorphous carbon (b).

7.3.5 Choice of the non-resonant probes

In terms of the selection of appropriate probes, it would be desirable to find
molecules that have commercially available isotopic analogues so that we can
perform BiASERS with chemically identical probes (as outlined in Chapter 6).
Having the probes commercially available would then allow any researcher to
purchase the relevant molecules and perform SM experiments with the expecta-
tion that SM detection of the probes would be a valid guide to the fundamental
limits of their Raman system and SERS substrate. Again, the isotopic partners
need to have distinct spectral features for separate identification in BIASERS. For
this purpose, DFT calculations are an invaluable guide, in that they give us an in-
dication of the degree of spectral distinction between the analogues. Additionally,
they provide us with an estimate of the bare Raman cross-section (Section 2.1.6).

The experimental details for these calculations are given in Section 3.4.5.
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7.3.6 Initial experimental attempts

Several systems were explored for some plausible candidate probes known to have
commercially available isotopic analogues. After using DFT to confirm spectral
variation (or the potential for spectral variation given the limitations of DFT), the
natural version of the probe was first measured in a standard SERS experiment at
a variety of concentrations to see whether it could be detected at low levels. Ta-
ble 7.1 gives a summary of the probes tested at various concentrations and using
several different substrate preparations. For various reasons, the initial probes did
not give the SERS signals hoped for and it was not possible to unambiguously
identify the molecule at low concentrations. Although some time was spent on
each probe to optimize conditions, such as varying the pH, laser powers and in-
tegration times, it was decided that a sensible approach forward would be to first
identify probes that, although non-resonant, have larger intrinsic cross-sections
(up to ~ 107%cm?/sr) than the typical non-resonant molecules attempted so far
(~ 1073 — 107*2cm?/sr). If we could demonstrate success with such a system,

we could then explore the lower limits on a firmer footing.
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Table 7.1: Initial non-resonant probes tested in SM experiments. Despite attempts to
optimize the substrate preparation and SERS conditions, we had minimal success in iden-
tifying a characteristic signal above spurious events. This may be an indication that the

probes are photochemically unstable.

Probe Structure

Mercaptoethanol H3C—SH

Promethazine N
L0
N
\>—SH
Chloro-mercaptobenzoxazole o

7.4 Measurement of BPE/BTZ System

We next looked to find a non-resonant probe with an intermediate cross-section in
the range ~ 107%cm?/sr. After exploring several different probes, we selected
1,2-di-(4-pyridyl)-ethylene (BPE; obtained from Sigma-Aldrich). BPE is known
to attach efficiently to SERS substrates and has been used repeatedly in Raman
[124] and SERS experiments in the past [125, 126, 127]. DFT calculations sug-

gested vibrational modes with cross-sections on the order of ~ 107°cm?/sr.

As it was not possible to commercially obtain an isotopic analogue in this case,
and with synthesis likely to be an involved and time-consuming process, we looked
to other molecules which we had previous experience with as a BIASERS partner

to BPE [41, 56]. To this end, we decided to use the benzotriazole dye measured
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Figure 7.3: Chemical structures of BPE (a) and BTZ (b).

in Chapter 4, 3-methoxy-4-(5’-azobenzotriazolyl) phenylamine (dye no. 2 of Ref.
[88], denoted BTZ). The measured cross-sections of this dye are on the order of
1072cm?/sr (Table 4.4) and its characterization in SERS is given in Chapter 5.

7.4.1 Basic properties of probes

Importantly, BPE and BTZ have distinct spectral features for separate identifica-
tion, and similar bare Raman cross-sections. Before measurement in SERS, the

first step 1s to fully characterize the bare molecules.

The UV-Vis absorption spectra of the two molecules are shown in Fig. 7.4. Both
molecules are non-resonant at 633 nm excitation, with BTZ absorbing close to
the UV (A = 427nm) and BPE in the UV (A = 300nm). One could argue
that BTZ still exhibits a small pre-resonant Raman effect at 633 nm, and this is
indeed supported by its differential Raman cross-section of ~ 1072 cm?/sr in

water (Table 4.4). However, it is important to recognize that BTZ is used here
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Figure 7.4: UV/Vis spectra of BPE and BTZ molecules [88] taken at 10 uM concen-
tration. BPE was measured in ethanol because of its limited solubility in water. Both

molecules are non-resonant at 633 nm laser excitation.

as a convenient and well-understood BiASERS partner to BPE, rather than as an

example of a non-resonant probe.

7.4.2 Measurement of bare Raman cross-sections

For all the experiments, the standard setup (Section 3.1) was used with a 633 nm
HeNe laser. For the measurement of bare Raman cross-sections of BPE, a X100
Olympus water immersion objective (N.A. 1.0) was used, and Raman cross-sections
were estimated with respect to the 516 cm™! peak of the reference 2B2MP as de-
scribed in Chapter 4. Because BPE is only sparingly soluble in water, BPE was
measured in a solution of ethanol (1 mM). Immediately following measurement a
background signal of pure ethanol was measured under the same conditions and in
this way a BPE spectrum was obtained with the background removed. Serendip-
itously, most of the BPE peaks were in different positions than the ethanol peaks,

which would swamp any other peaks in the immediate vicinity owing to the much
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greater concentration of ethanol than BPE. Cross-sections of BTZ had already

been measured, as given in Chapter 4.

For the SERS experiments on solid substrates, a x50 Olympus long working-
distance objective (N.A. 0.5) was used, and X-Y maps were taken of selected
areas to give a large statistical sample of events. SMEFs were obtained after a
careful characterization of the optical setup on the day of the experiments, as de-
scribed in previous chapters. The scattering volume of the objective was estimated
by measuring the axial and confocal pinhole dependence of the intensity on a Si
wafer (given in Appendices A.4.2, A.4.3). The measured scattering volume of the
x50 objective (N.A.=0.5), was found by this method to be V = 152 um? (Table
3.1). The SM signals, as identified by the BIASERS procedure, were calibrated

1

with respect to the signal of the 2330 cmm™" mode of nitrogen at room temperature

and standard pressure (using long integration times).

7.5 Results and Discussion for BTZ/BPE System

7.5.1 BiASERS experiments

After preparing the dried samples, we performed a series of experiments to de-
termine suitable conditions for laser power and integration time. We found that
a reasonable power to use was ~ 0.5mW focused onto a 1.4 ym diameter beam
by the x50 air objective, which produced signals stable for ~ 1sec without an
overwhelming proportion of events with obvious signatures of photo-degradation.
These parameters then fix the minimum differential cross-section that can be ob-
served in this case, as has been discussed. All SERS maps were thus taken under

these laser conditions for moderate integration times of 1 sec.

BiASERS maps were then taken of the prepared substrates. The window selected
for fitting was quite small (1580 to 1680 cm™), because the BPE and BTZ peaks
in this region, although partially overlapping, were sufficiently distinct to allow
adequate deconvolution while allowing for any slight shift in wavenumber (up to
~ 3cm™h).
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Figure 7.5: Example of individual SM-SERS events of BPE and BTZ along with av-
erage SERS spectra obtained by measurement of each analyte separately. From these
SM-SERS events, and a careful characterization of the optical setup [56] and bare differ-
ential cross-sections, the SMEFs are then obtained. The spectral features at ~ 633, 1100,

and 1550cm™" in the SM-SERS events are also observed in spectra of the bare SERS
substrate and do not belong to BTZ or BPE.

From 4900 spectra, it was possible to identify 326 events that passed the noise
and “goodness of fit”” thresholds. Figure 7.5 shows examples of the SM spectra of
BPE and BTZ, along with the (reference) average SERS spectra of each molecule
obtained individually. For the BTZ SM event, it can be seen that the spectral reso-
lution of the vibrational modes is somewhat narrower for the SM event than for the
reference spectra. BTZ Raman peaks are almost all doublets and this narrowing
may therefore be attributed to different relative intensities within a doublet (as a
result of surface selection rules, for example). Studies by other authors [57] have
also suggested that such narrowing is a characteristic of SM spectra; however, the

exact origin of the linewidths has to be analyzed in general with uttermost care
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(because it can include instrumental components, like the exact position of the
image on the entrance slit of the spectrometer for different events). We make no
attempt here to interpret the linewidths, but rather focus on the integrated inten-
sity of the peaks. Figure 7.6 shows the corresponding intensity histogram of these
events, where the abscissa shows the relative contributions of each reference spec-
tra to the BIASERS spectra. From the histogram, it can be seen that there are 79
SM events of BPE (right side of the histogram) and 66 of BTZ (left side of the
histogram) in the map.

It is worth noting that these numbers do not necessarily have the normal statisti-
cal meaning as in the standard BiASERS of resonant or pre-resonant probes, for
there are many signals (of both types) that are not actually counted because they
are contaminated with spurious photo-product signals, i.e., peaks that belong to
unidentified carbonaceous species [122]. On the contrary, these numbers represent
the random chances of finding a “clean” signal in a background of spurious (and
comparable in size) peaks. Notably, the chances of finding each analyte as a sin-
gle molecule are equivalent, and situations in between are randomly distributed.
This indicates that we are effectively entering into the SM regime as defined by
the BIASERS technique [52].

It also became apparent after the conclusion of this work, that there may be com-
plications with both the BPE and BTZ probes, in that there may be the possi-
bility of them undergoing photoisomerization around the double bonds, resulting
in the existence of both cis and frans versions. For example, there exist sev-
eral experimental and theoretical studies on the photoisomerization of azoben-
zene [128, 129, 130], which represents the ’core’ of the BTZ molecule. One study
showed isomerization of the trans form to the cis form at a wavelength of 450 nm
with a quantum yield of 0.25 [128]. A recent article has shown the observation of
isomerization of an azobenzene derivative in a SERS experiment [131], although
it should be emphasized that these experiments were conducted in the near-UV
(at 365 nm). In our case, while the possibility of photoisomerization can not be
excluded for the particular BTZ molecule under study, there were no signs in the
experiments that it was a problem, and it is expected given the results for azoben-

zene that excitation at 633 nm is too low to allow photoconversion, particularly as
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Figure 7.6: (a) Histogram showing relative proportions of BPE and BTZ reference spectra
for valid BIASERS spectra. The abscissa (a/(a+p)) represents the fraction contributed by
BPE (i.e. a/(a+B) = 0is “pure BTZ”, a/(a + ) = 11is “pure BPE”). The relatively large
number of SM events of either molecule indicates we are entering the SM regime [52]. (b)
Three representative cases of a pure BTZ or BPE spectrum, along with a mixed spectrum.
Linear deconvolution is for the 1580 — 1680 cm™! range, which contains distinguishable
Raman fingerprints for both dyes. Details on linear deconvolution are given in Appendix
A.6.2.
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it is thought that the isomerization is mediated via electronic transition.

7.5.2 SMEFs for BPE

Having identified SM signals, we can now obtain SMEFs following characteri-

zation of the objective and measurement of the 2331 cm™!

mode of N, (see Ap-
pendix A.5.1 for details). There is obviously no single SMEF that represents all
SM-events, but rather a distribution of SMEFs for single molecules in different
conditions. From the range of SM events observed, we focus on the maximum
EFs, i.e. those estimated from the first few largest SM-SERS events (examples of
which are shown in 7.5).

The results are summarized in 7.2. Here, we obtain maximum SMEFs in the range
of 1-5x10'° for both BTZ and BPE. Notably, however, there were also SM events
detected with smaller EFs, down to ~ 5% 10 for the non-resonant molecule BPE.
Being able to see these SM events at EFs below the maximum achievable EFs
for our system suggests the possibility of observing non-resonant molecules with

even lower intrinsic cross-sections (by a factor of ~ 5 — 10).

It is important to realize that these values come from: (i) independent charac-
terization of the bare probes, which implies a full calibration with respect to a
reference in liquid (2B2MP); and (i) comparison of the SM-SERS cross-section
with respect to another reference (nitrogen gas). The fact that all these determi-
nations can be put together to produce a number which is perfectly in agreement
with the expectations of maximum EFs at hot-spots is quite remarkable in itself,
and it shows a pleasing consistency of the underlying physics of the effect, which
has been for many years elusive due to the uncertainty in the number of molecules
being measured. This is the specific aspect that the BIASERS technique solves,

thus enabling quantitative comparisons that would not be feasible otherwise.

It is also worth noting the small discrepancy in maximum SMEFs measured for
different Raman modes of the same molecule or between those of BTZ and BPE.
One obvious interpretation for the latter is the presence of a small additional chem-

ical enhancement (of the order of ~ 2 — 4) for BPE. However, other mechanisms
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could also cause this small discrepancy, including:

(1) BTZ could be more susceptible to photo-degradation than BPE, and al-
though not observable as distinctive amorphous carbon features in the SERS
spectra, it is possible that the SMEFs of BTZ are limited in the highest EF

cases by photo-degradation within the integration time; and

(ii) surface selection rules [2, 94, 132] could also result in small discrepancies
of this order between Raman modes of a molecule or between two different

analytes.

For example, the SMEFs among the different modes of BTZ in the present case
(Table 7.2) differ in relative terms from the AEFs obtained for this molecule in
Chapter 5 (Table 6.4), indicating the possibility of surface-selection rules playing
a role. In this case, a specific mode may be enhanced for individual molecules
bound in a particular position, with this effect being washed out in the average
situation, which the AEF measures. The relatively poor peak fits for this molecule
prohibit definitive conclusions in this respect, however. It is not possible to con-
clude from our results here which mechanism (or combination of them) was at
play, and as this was not the object of the study we did not explore these differ-

ences further.

Finally, these EFs are generally larger than those obtained for the SM signals
obtained in Chapter 5 (Figs. 5.4 and 5.5). In an analogous manner to the anthropic
principle, this is simply a consequence of the “need” to have such EFs to see the
signals in the first place. In practise, the necessary experimental optimization and
troubleshooting to find a SM event in this case is much harder than for resonant

probes.
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Table 7.2: Main Raman active modes of BPE (in ethanol) and BTZ (in water). Also
shown are the corresponding typical maximum SMEFs, representative of the largest SM-
SERS events identified with the BIASERS method. Note that the results for BTZ are
much more uncertain because most Raman/SERS peaks are relatively wide and part of a
doublet. In the case of BPE, a single event exhibited SMEFs ~ 50% larger than those
shown here, but it was excluded from the analysis because of the lack of statistics on such

rare events.

7; (Raman) bare 4 7; (SERS) SMEF

dQ
[em™] [cm2/sr] [em™1] -
BPE 1001 26x107 1010 4.2 x 10"
1197 2.1 1202 4.8
1343 1.4 1342 1.9
1601 2.9 1608 34
1641 5.5 1639 3.2
BTZ 1108 1.0x 1072 1134 2 x 1010
1412 2.5 1410 1
1617 0.87 1617 1

7.6 Results and Discussion for Adenine System

The successful SM detection of the non-resonant probe BPE renewed our attempts
to detect probes with even lower intrinsic cross-sections (down to ~ 1073 cm?/sr).
It would also be preferable, for the many reasons outlined in Chapter 6, to return
to the methodology of isotopically edited probes. The use of isotopically edited
partners in combination with the BIASERS technique is arguably the ideal system
for exploring SM detection as both probes have the same chemical characteristics
in terms of surface adsorption and resonance properties [57, 133]. For these in-
vestigations, the DNA nucleotide base adenine was selected as the initial probe
because: (i) its SERS properties are well characterized [111, 112, 134]; (ii) it
contains nitrogen groups suitable for binding with the silver surface; (iii) it has
biological relevance; and (iv) it has a commercially available isotopic analogue.

Subsequent DFT calculations gave estimates for the Raman cross-sections on the
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Figure 7.7: Chemical structures of adenine and '®N-adenine.

order of ~ 107%° cm?/sr. Historically, as outlined in Section 7.1.2, adenine was
used in the first attempts at SM detection of non-resonant probes [112]. We be-
lieve, however, that our approach overcomes the concerns identified with the ini-
tial proof of SM detection and therefore represents the first unambiguous proof of

SM detection of adenine.

As a BiASERS partner to adenine, we used an isotopically substituted adenine,
(15N)2—1,3—adenine (henceforth referred to as >N-adenine, purchased from Isotec,
Sigma-Aldrich), for which the Raman/SERS spectrum is sufficiently different
from (natural) *N-adenine to distinguish them in a BIASERS experiment (see
Fig. 7.7).

7.6.1 BIASERS and SMEFs for adenine

We prepared substrates using borohydride colloids deposited on silicon in an iden-
tical manner as for the BPE/BTZ system (Section 3.3.3). A map of the substrate
was taken with a large number of spectra (5535) and SM events were identified by
linear deconvolution of adenine and ’N-adenine reference spectra measured indi-
vidually, along with a linear background. The reduction in intrinsic cross-section
was immediately noticeable, with a much greater proportion of events dominated
by spurious signals, either from contaminants or photo-degradation processes. For
this reason, it was not possible to find as many SM events as with the other probes.
Nonetheless, several examples of SM-events of each molecule could be isolated

(at the expense of a much larger sampling) as shown in Fig. 7.8. In this case, it
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Table 7.3: Main Raman active modes of adenine and ">N-adenine (in water) along with
their experimentally determined non-SERS cross-sections. Also shown are the corre-
sponding typical maximum SMEFs, representative of the largest SM-SERS events identi-
fied with the BIASERS method.

p{Raman) - pare 42 7SERS) - SMEF
[cm™] [cm?/sr] [cm™1] -
adenine 724 29x%x107° 735 7.1 x 10
15N-adenine 716 3.2 728 10.2

was not possible to obtain SMEFs for most of the modes because individual peaks
were difficult to resolve in the SM-SERS spectra. It was possible, however, to get
good fits for the peak at ~ 735 cm™' for adenine (~ 728 cm™! for 1°N-adenine)
and to obtain representative maximum SMEFs for these modes (see Table 7.3).
These maximum SMEFs, at 7 X 10 and 1 x 10"}, are consistent with the BPE
results, and represent the upper end of available EFs for this system. In the case
of adenine, these are also the minimum SMEFs for which SM-SERS events could
be detected.

7.7 Conclusions

Maximum EFs in the range ~ 10'° — 10! are perfectly within reach of classical
electromagnetic theory of gap plasmon resonances [2, 28, 29, 43, 110, 135, 136].
Like many situations in SERS, it is conceivable that this number has a small con-
tribution from a “chemical enhancement” [137]. The observed frequency shifts
are sometimes an indication that a small chemical component of the enhancement
might be present through the interaction of the molecule with the substrate. But it
is not the main topic here to separate the relative contributions of the “electromag-
netic” and “chemical” enhancements (which we cannot separate unambiguously
in any case) but rather to point out that EFs of ~ 10! — 10!! are sufficient to see
single molecules with some of the smallest differential cross-sections. Accord-

ingly, these results demonstrate that it is possible to detect non-resonant probes
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Figure 7.8: (a) SM events of adenine and >’ N-adenine along with a mixed event identified
from a BIASERS map. The reference average SERS spectra of each molecule are also
shown. The adenine/">N-adenine BiASERS experiment was performed using the same
substrate preparation and experimental conditions as the BTZ/BPE results. (b) Expansion
of the 700 — 780 cm™! range for the spectra in (a). This was also the range used in

performing linear deconvolution of the BIASERS spectra to analyse the SM events.
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with intrinsic Raman cross-sections down to ~ 1073 ¢cm?/sr. In that sense (as
pointed out in the introduction), we see the results presented in this chapter as a
fundamental proof of principle of the minimum yardstick detection level of the

technique at the SM level.

Interestingly, a study by Gu et al. on the non-resonant molecule p-aminothiophenol
resulted in an estimate for the minimum EF to see non-resonant molecules of
~ 10", This value was estimated by linear extrapolation to the SM regime based
on a range of low concentration measurements (0.5 — 6 nM), and an estimate
of the number of molecules adsorbed on the SERS substrate at these concentra-
tions [138], so the value is necessarily dependent on their underlying assumptions.

Nonetheless, their estimate is certainly consistent with our results.

As seen with the initial failures (Table 7.1), the possibility of doing SM-SERS
with other non-resonant molecules of interest can only be decided on a case-by-
case basis, depending on the stability of the molecules under given experimental
conditions, and the likelihood of spurious “carbonaceous” species of compara-
ble weak cross-sections (plus additional possible problems with photo-stability).
However, we have shown here that with the right preparation conditions, and suit-
able selection of experimental conditions, it is indeed possible to see SM events
of non-resonant molecules. The conditions involve an inevitable compromise be-

tween laser power, integration time, and sample preparation.

The results presented here show that, under the right conditions, differential cross-
sections of the order of ~ 1073° cm?/sr are indeed measurable, and this would be
approaching the lowest detection limit of the technique at the SM level. As many
of the molecules of widespread interest fall into this category, this is an important
result in terms of applications. If all experimental problems are overcome, we
are forced to conclude that in principle any molecule adsorbed on a substrate can
be observed at the SM level with SERS. This is a statement that has been made

several times in the literature in different contexts [139, 140], but never with a
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proper justification through a specific quantitative example. We believe the results
presented in this thesis provide a conclusive demonstration of SM-SERS for non-

resonant probes, and set the lowest detection limit of SM-SERS on a firm footing.
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Chapter 8

CONCLUSIONS

This thesis has outlined a rigorous and stepwise process towards the accurate

quantification of the SERS enhancement factor (EF).

The final estimates of the EF, we believe, represent the most accurate evaluations
of EFs to date and refute the massive values reported in the literature of up to
10' [40, 62]. Such values have been based on inappropriate normalization of
the EF, which does not take into account the fact that some molecules can have
much larger intrinsic Raman cross-sections than may be assumed. For example,
the cross-section of common dyes such as crystal violet and rhodamine are several
orders of magnitude greater than the non-resonant molecule methanol because of
resonance or pre-resonance effects. As a result, the bare Raman cross-section

must always be measured, if fluorescence does not limit its measurement.

In obtaining the EFs, a key part of our methodology was the use of an appro-
priate reference with a known cross-section. The selected reference, 2-bromo-2-
methylpropane (2B2MP) was shown to be ideal in terms of reliability and practical
convenience, and is expected to play a useful role as a reference standard in future
SERS experiments. Although a simple methodology, this is the first example of
the use of a reference compound for the estimation of Raman cross-sections in

SERS. In summary, the main elements of our approach are as follows:
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(1) Careful consideration of the appropriate EF definition;
(i1) Correct normalization of the SERS EF to the bare Raman cross-section;
(ii1) Use of a reference standard to calculate bare Raman and SERS cross-sections;

(fv) Beam profiling experiments to characterize the scattering volume or excita-

tion;

(v) The use of a liquid reference (2B2MP) or a gas reference (N;) to calibrate
the signal;

(vi) The use of bi-analyte SERS (BiASERS) to unambiguously identify SM

events;

(vii) The complementary use of BIASERS along with temperature dependent vi-
brational pumping (TDVP) for obtaining the SERS cross-section and single
molecule enhancement factor (SMEF); and

(viii) The extension of BIASERS to isotopically edited partner molecules.

It is notable that for a large proportion of the EFs quoted in the literature, very
few of these steps are performed. Instead, standard assumptions are made about
monolayer coverage, typical packing densities, and the characteristic values of
the objective may only be based on manufacturer guidelines. As such, the present
work represents a fundamental improvement in the rigour of the experiments, pro-

viding as a result much greater accuracy.

In the work of Chapter 5, the analytical enhancement factor (AEF) emerged as a
convenient measure of the EF for a given system prepared under identical condi-
tions. Notably, the AEFs for five considerably different molecules were all on the
order of ~ 10°, indicating that, in this case, chemical enhancement did not play a
signficant role (if we exclude the unlikely possibility of five such different probes
having identical chemical enhancements). This result demonstrates the value in
accurately measuring the EF in yielding insights into the fundamentals of SERS
itself. The work of Chapter 6 gave AEFs for rhodamine probes that were a little
higher, at ~ 1 x 10°, indicating that, despite some batch-to-batch variability, the
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AEF may be characteristic of the average enhancement of these substrates for a

variety of different analytes.

The single-molecule enhancement factor (SMEF), which becomes available through
the use of BIASERS, gave us a measure of the EFs required to see single molecules.
It turns out that values of 10® were sufficient to see SM signals of resonant dyes
such as rhodamine and nile blue. This is up to six orders of magnitude smaller
than some reports have suggested, and represents a significant rescaling in the per-
ception of what is required for SM-SERS. Put another way, these results showed
that SM detection could be observed in 0.05 sec for probes with differential SERS
cross-sections of 10720 cm?/sr, which is four orders of magnitude smaller than
what was usually assumed in the literature [40, 62, 141]. The extension of these
results is that, assuming ideal conditions and no photobleaching, at longer inte-
gration times SMEFs of 10° may be sufficient for the SM detection of dyes such
as rhodamine and CV at resonance. This is a staggering nine orders of magni-
tude smaller than what was normally assumed for many years in the literature,
although it should be noted that these ideal conditions may not be achievable for

many probes.

A natural extension of the work on SMEFs was the recognition that it should be
possible to achieve SM detection of non-resonant probes. In many ways, research
in SERS has “loaded the dice” in favour of detecting molecules with large cross-
sections, which benefit from resonance with the incident excitation. In terms of
applications, however, it is obvious that a great proportion of the analytes of in-
terest, from biological molecules, to common chemicals in the environment, are
non-resonant. Thus, an important question in this sense is: “What is the minimum
Raman cross-section that can be measured as a single molecule?” After careful
experiments, we were able to show that SM detection is possible for non-resonant
dyes with bare Raman cross-sections down to 10~*°cm?/sr under typical Raman
conditions. Such a low cross-section, measured in our case for the nucleotide ade-
nine, is representative of the majority of the probes of applied interest, such as
biological molecules or those of forensic or environmental interest. Thus this the-
sis offers positive news in terms of applications. Further, in our opinion, this work

provides the first rigorous proof of SM detection of non-resonant probes, given
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that re-analysis of previous examples of supposed SM detection has revealed some

controversial issues [41, 42].

Although these experiments necessitated careful optimization of the SERS sub-
strate and colloidal system to begin with, they nonetheless demonstrate a proof
of principle that has previously not been demonstrated satisfactorily in the field;
that is, non-resonant probes, which represent the majority of probes of practical

interest can be measured at the SM level.

Another important ingredient in this process was the use of isotopically edited
analogues as ideal partners in BIASERS experiments. When comparing SERS
substrates or conditions, the use of isotopic analogues in combination with the EF
protocol provides a valuable tool for a SERS practitioner. In many ways, such
isotopic probes can be considered a metrology standard for a variety of potential
experiments in SERS, with the expectation that a researcher could purchase such

probes and use them to quantify the lowest detection limit of their system.

Taken together, the results of this thesis show a remarkable consistency in that
the observed SMEFs point towards an upper maximum in the region of ~ 10!!
as a best-case scenario, which is perfectly in line with maximum EFs predicted
theoretically [2, 28, 29, 43]. This maximum was obtained in our work for sep-
arate experiments on both non-resonant and resonant probes, and for substrates
prepared from Lee & Meisel colloids and borohydride-reduced colloids. As ag-
gregated colloids are known to give amongst the greatest enhancements of any
SERS substrate [21], this value points towards a best-case scenario in terms of
SMEFs in SERS. Further, such a maximum value is supported by results obtained
by temperature dependent vibrational pumping (TDVP) experiments, which offers
a completely different method for obtaining the SERS cross-section and SMEF.
Other experimental approaches in the literature are also consistent with such EFs
[72, 138].

Importantly, the placement of maximum experimental SMEFs within the expected
limits of electromagnetic theory means that SM detection is possible for a wide
variety of potential analytes without the need for any extra enhancement from

chemical effects. While chemical effects and enhancements are of considerable
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interest and may be particularly relevant for certain analytes, we believe that for
too long some of the literature has assumed their existence on a prima facie basis

as a result of the erroneously large previous estimates of the SMEF.

In terms of general impact, the work of this thesis provides an interested SERS
researcher with an effective “toolbox” of methods for estimating EFs in several
common SERS situations, and highlights suitable reference standards for this en-
deavour such as the liquid 2B2MP; similarly, N, can be used as a reference to
calibrate SM events for air objectives. Not all the techniques described within
this thesis are new, but their use in combination, along with suitable definitions
and careful experiments, represents a new and powerful approach to illuminating
some of the most fundamental problems in SERS. It is expected that many people
in the field will be interested in these methods and results, as they enable one to
begin to put accurate values to the SERS effect and the enhancements available
for typical SERS substrates and conditions. In terms of applications, we have
obtained an experimental value for the lowest bare Raman cross-section measur-
able as a single molecule under typical SERS conditions. The new information
provided in this thesis would be particularly encouraging to those looking at SM-

SERS of non-resonant probes, in particular for biological applications.

Finally, the results represent a fulfilment of the goals of this thesis in terms of the
EF problem. Since the first reports of SM detection, EFs of 10 have continued
to proliferate amongst the literature, becoming a standard feature of introductions
and reviews on the topic. With the benefit of a more structured and rigorous
approach, we have been able to provide more reliable values for maximum EFs in
SERS.
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Appendix A

MEASURING THE SCATTERING
VOLUME

A.1 Theoretical Considerations

A.1.1 The need to characterize the scattering volume

A proper characterization of the scattering volume of specific objectives is a criti-
cal part in the quantification of the SMEF (explored in Chapter 5). This is neces-
sary because when measuring the SMEF we are no longer comparing like-with-

like signals in terms of the Raman and SERS experimental situations.

When measuring the AEF, we simply compare Raman signals of two solutions
under exactly the same conditions. The cross-section of one can then be deduced
from that of the other provided the concentrations of the samples are known. In
contrast, measurement of the SMEF is not as straightforward. To obtain the SERS
cross-section for a SM event for calculation of the SMEF, we must compare the
SERS signal, I3M ., to the average Raman signal of a single reference molecule,

> ISERS?
(Iﬁﬁ, ) at the centre of the focal plane under the same experimental conditions.

However, experimentally we only have access to the total Raman signal Ilz(e’; aris-
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ing from many reference molecules at concentration c. It is therefore necessary to
precisely characterize our scattering volume (excitation and collection) to obtain

the desired quantity (I2Y}).

The following gives an overview of the background and experimental methods
for determining the scattering volume of a given objective. This work is not part
of the thesis, as such, but is necessary to understand the calculation of the EFs.
Readers interested in further details are directed to Refs. [56, 142].

A.1.2 General Principles

The scattering volume is effectively characterized by the excitation and detection
profiles of the system, which are naturally intertwined but can be deconvoluted
by performing appropriate experiments (e.g. changing the confocal pinhole or slit

sizes).

The excitation intensity profile, I(p, z) [W m™2] (axial symmetry is assumed here)
describes the laser intensity as a function of position, which is inevitably non-
uniform. The detection efficiency profile n(p, z) is strongly dependent on the par-
ticular experimental setup. In our case, the collected light enters a square confocal
pinhole, which also serves as an entrance slit for the monochromator. In this setup,
only light emitted from a point source at the centre of the focal plane is detected

with maximum efficiency 1.

Assuming I(p, z) and 1(p, z) are known we can define an effective scattering vol-

p=e e I 7 7
Vgt = f 27'cpf (p,2) n(p Z)dpdz. (A.1)
p

=0 z=—00 Iy Mo

ume Vg [m?] as:

Vgt corresponds to the volume from which the same Raman signal would be ob-
served if the excitation and detection efficiency were both uniform and equal to
their maximum values, Iy and 19. Note that Vg is smaller than the actual vol-
ume probed by our system. This approach is an extension to that described in Ref.
[61], where an effective height was defined to characterize the detection efficiency

(non-uniform excitation was then ignored).
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We now show how we characterize and measure the effective scattering volume.
Our approach here is to present the simplest approximations, which still capture
most of the important aspects of the problem. More elaborate treatments can be
found in the literature [2, 56, 142]. We then give a description of how these ideas
of confocal microscopy apply to the problem of obtaining the SMEF.

A.2 Excitation Profile

To determine the excitation, we first approximate the laser as having a Gaussian
beam profile with axis along z. Following standard definitions [143, 144], the

intensity profile is therefore:

0 207
I(p, Z) = IO w(z)2 exp(—m), (AZ)

where Iy [W m™2] is the intensity at the centre of the focal plane, wy [m] is the

waist of the Gaussian beam, and

72 W,
w(z) =wy 4|1+ - ,where zj=—. (A.3)
zg A

The power Py [W] of such a Gaussian beam is:

(=N

nw;
Po = TIQ (A4)

Since Py is easily measured (with a power meter), the only unknown parameter is

the waist wy.

A.3 Detection Efficiency Profile

The detection efficiency profile is largely determined by the shape and size of the
entrance slits of the monochromator. An image of the spot area is formed on this
aperture, and in a first approximation, the part of the image that is inside the aper-

ture is detected while the rest is simply cut out. This ignores diffraction effects,

171



APPENDIX A. MEASURING THE SCATTERING VOLUME

which is almost always correct since most spectrometers magnify the size of the
real spot on the entrance slit. The dimensions of the image on the slit is related
to the actual dimensions at the sample by a factor X, which is the magnification
factor of the microscope objective times any other magnifications introduced by
the collecting optics (in our case it gives a factor of 0.56 X the magnification of

the objective).

For our setup, in which the slits form a square aperture' of dimension 2L [m]

(edge length), the detection efficiency is:

n(x,y,z)=n.(z) if-L/X<x,y<L/X,
n(x,y,z) =0 otherwise. (A.5)

The axial detection efficiency 1, (z) also depends strongly on the optical setup, in
particular the wavelength, microscope objective, and confocal pinhole size. It is
a maximum at z = 0 and decreases away from the focal plane. In our confocal
setup, this decrease is over a very small distance, characterized by the confocal
depth.

Within these assumptions it is possible to further simplify the integrals in Eqn.
A.1 when the entrance slit is sufficiently open. More precisely, if L > wy X,
then only a negligible part of the image of the Gaussian beam excitation is cut
out by the slits, and the effect of the lateral detection efficiency can be ignored.
In this approximation, the signals are independent of L. This condition is easy
to check experimentally by gradually closing the slits (to the point where this

approximation is no longer valid).

In this case, the p dependence of 1) can be ignored, and the integral over p in Eqn.
A.1 becomes independent of z and is simply equal to Py, the incident power. This

leads us to introduce an effective height, He¢ [m], defined as:

Heu = f e dz. (A.6)

z=—c0 10

'In our system, a Jobin-Yvon LabRam, the pinhole size d actually corresponds to the length of

the diagonal of the square aperture and is accordingly related to L by d = 2 V2L.
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We can then express the total signal obtained from the Raman reference 't as:

Ref :
I = co4PoHesr, (A7)
and the effective scattering volume V¢ as:
nw;
Vet = ActiHerr, wWhere Agg = Po/ly = — (A.8)

is the effective surface area [m?] of the Gaussian excitation. This generalizes the
concept of effective height of the scattering volume, introduced in Ref. [61], to
the common case of non-uniform (Gaussian) excitation. It is important to note
however that this approach is only valid when the entrance slits are sufficiently
open, which allows one to “factorize” the respective contributions of excitation
and detection. As discussed later, it is no longer valid for smaller slits and will
therefore fail in a truly confocal regime. H.g cannot be simply viewed as the

confocal depth of the microscope [56].

Having defined more accurately the excitation profile and detection profile, we
now describe the experimental methods to measure their respective characteristics,
and in particular wy (and therefore A.) for excitation, and 1, (z) (and therefore

H,¢) for detection.

A.4 Beam Profiling Experiments

A.4.1 Scan over an edge

One simple approach to determine the waist of the excitation profile is to mea-
sure the Raman signal of a strongly absorbing thin film (typically silicon) as the
objective is focused on the film and scanned laterally over a sharp (cleaved) edge
(scanning knife-edge method [145]). Because of strong absorption, all the Raman
signal comes from the Si wafer surface (and therefore from the focal plane z = 0).
The first step is to ensure that the slits are sufficiently open to collect all the signal

from the laser spot, which can be checked by monitoring the Raman signal while
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Figure A.1: Raman signal from a Si substrate at 633 nm as a function of entrance slits
sizes. A X100 immersion (water) microscope objective with N.A. of 1.0 was used here
and an additional scaling factor of 0.56 exists for our particular optical setup, resulting in
a magnification of X = 56 from sample to its image at the square aperture of the entrance
slits. Symbols correspond to experimental values at laser focus on the Si substrate and the

solid line is a fit to the data using Eqn. A.10.

closing the slits. We are then in a situation where the detection efficiency is uni-
form (no lateral restriction by the slits, and no z dependence since all the signal

comes from the focal plane).

Assuming we scan the spot along the x axis and that the edge is at x = x (silicon

wafer on x < xp), the Raman intensity dependence is then:

I(x) = Lmax [1 4 erf[m]l, (A.9)

2 wWo

where erf(x) is the error function. This intensity profile is quite sensitive to the
value of wy, and this parameter can therefore be extracted from a fit to the experi-
mental data. An example is shown in Fig. A.2. Note that there is a slight overshoot
of the signal as we reach the Si edge; this is purely an “edge” effect to do with the
additional contribution from the diffracted beam on the side of the wafer when the
beam is half-way through the edge and can be ignored when fitting to the above
expression. For a X10 objective as in our example, a waist of wy = 4.6 um is

derived. The same experiment can also be done out of focus (4 = 150 um beyond
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Raman Intensity [a.u.]

300 310 320 330 340 350
Lateral displacement x [um]

Figure A.2: Raman signal from silicon at 633 nm as a function of displacement while
scanning over a Si substrate edge. A X10 microscope objective with N.A. of 0.25 was
used here. Symbols correspond to experimental values at laser focus on the Si substrate
(solid squares) and at a distance f = 150 um beyond focus (open circles). Solid lines
are fits to the data. The overshoot observed when reaching the Si edge is not taken into

account for the fits.

focus in the example of Fig. A.2). The derived waist is then w(h) ~ 8.5 um, which
for a Gaussian beam can also be predicted from Eqn. A.3 to be w(h) = 8 um, in

good agreement with the measured value.

It is important to note that the accuracy of this technique decreases substantially
for narrowly focused beams, typically for wy < 2 um. It is in fact impractical for

high-magnification, high-N.A. objectives with near-diffraction-limited spot sizes.

A.4.2 Slit size dependence

One method to determine the waist, @y, of the excitation profile is to use the
monochromator’s slits (which in our system is also the confocal pinhole) as a
spatial filter. When closing the slits in a controlled way, an increasing part of the
spot image is cut out from detection, and the signal decreases correspondingly.
The laser is set at focus, z = 0, on a Si substrate to avoid any influence of the

z-dependence.
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We take our setup, in which the slits form a square aperture of dimension 2L. An
image of the Gaussian excitation, with waist Wy = w X, is formed in this aper-
ture and centred on x = 0,y = 0. (As explained in Section A.3, the waist of the
image W is related to the actual waist of the beam by the magnification factor X.)
We will allow for a possible (almost always present) slight misalignment, which
means that the aperture may be slightly off-centre, at x = x., y = y. compared to
the beam image. The dependence of the Raman intensity with slit size (character-
ized by L) can then be predicted by integrating the intensity profile of the beam

image within the aperture, as given by [56]:

I(L) _1 lerf (%(xc + L)) - erf(%f(xc - L))]

Imax 4 0
V2 V2
erf(WO(yC + L)) —erf (Wo(yc - L))] . (A.10)

X

This expression simplifies for a perfect alignment to:

2
UG = [erf( ‘/EL)] , (A.11)

~

max WO

where erf is the error function. We then fit the above expressions to experimental
data to derive Wy. Figure A.1 shows an example of the intensity profile as a
function of entrance slit sizes for the X100, N.A.=1.0 water immersion objective.
From the above considerations, a waist of wy =~ 0.625 um is deduced along with

the existence of a slight misalignment (x, = y, = 22 um).

A.4.3 Axial detection efficiency

Once wy is determined, the excitation profile is fully characterized and we can
now focus on the axial detection efficiency 7, (z). A standard approach here is
to measure the Si Raman signal I(f) as a function of distance f from the focal
plane on the substrate [61]. A bell-shaped profile is obtained, whose FWHM is
defined as the confocal depth. However, concluding that this profile corresponds
to the axial detection efficiency 1, (z) can be erroneous for at least one reason: the

size of the illuminated area on the Si substrate increases when going away from or
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g(f) lines - n(f) symbols

Distance from focus, f [um]

Figure A.3: Raman intensity from a Si substrate at 633 nm as a function of distance f
from the focal plane (symbols). A X100 immersion (water) microscope objective with
N.A. of 1.0 was used here and the slits were fully opened (L = 354 um). The solid lines
show the function g(f) obtained from Eqn. A.13 for four representative slit sizes. For the
largest slit size, g(f) remains nearly constant in the range of interest, and the symbols are

therefore a faithful representation of the axial detection efficiency profile 1, (f).

beyond focus (due to the Gaussian beam profile). The periphery of this area may
then be cut out from detection because of the lateral detection efficiency (which

depends on the entrance slit size).

Because of this, a bell-shaped curve can be obtained from I(f) even if 1, (z) was
constant. It is therefore necessary to deconvolve this effect from the actual con-
tribution of 717, (z), or at least ensure that it does not play a role. If we neglect the
finite penetration depth into Si, all the Raman signal comes from the Si surface at
z = f and we then have for a given slit size L, I(f, L) = Imax1.(f)g(f, L) with

x=L y=L
g(f,L) = f f dxdy 1(x, Y, f)/Imax- (A.12)
x=—L Jy=-L
g(f, L) contains contributions from both the non-uniform excitation and the lateral
detection efficiency (governed by the slit size L). It can moreover be calculated

from Eqn. A.10, or in the case of ideal alignment from Eqn. A.11:

2
o(f,L) = [erf(%)] , (A.13)
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where w(f) is given in Eqn. A.3. The function g(f, L) is precisely the origin of
the problem discussed above. If this function is not constant, then I(f) does not
directly reflect the axial detection efficiency, but a convolution of it with a complex

function of excitation profile and lateral detection efficiency.

We illustrate this on a specific example, where a X100 N.A.=1.0 water immersion
objective is used at 633 nm. The magnification factor between spot and image
is then X = 56. The waist of the Gaussian beam excitation measured by the
slit dependence experiment was: wy = 0.625 um, corresponding to a waist of
Wy = Xwy = 35um in the image. Examples of the profile of g(f) for these
parameters, calculated from Eqn. A.13, are given in Fig. A.3 for different slit
sizes L. It is clear from these that for the smallest slit sizes, a bell-shaped curve is
already obtained from g(f) and is not a result of the axial detection profile. This
effect must be taken into account for an accurate determination of the confocal
profile. For the largest slit size, however, g(f) remains almost constant over a

wide range of distances.

As such, it is critical in measurement of the axial dependence to have the slits
sufficiently open so as to ensure than none of the signals emitted from the scat-
tering volume are cut out, the reasons for which are expanded in detail in the
supplementary material of Ref. [56]. As long as the slits are fully open, the lateral
detection efficiency does not influence the signals. For smaller slit sizes, I(f) is

not a truthful representation of 1, (f).

What we need for our purpose here is the best possible characterization of the scat-
tering volume. From the previous arguments, this is more easily achieved when
the slits are fully opened since g(f) ~ 1 and has only a negligible effect. In this
case, I(f) oc n,.(f) is a faithful representation of the axial detection efficiency and
the value of Heg can be taken from the FWHM of the bell-shaped curve result-
ing from the axial dependence. We then have the two parameters we need, Acg
and Heg to calculate the scattering volume by Eqn. A.8. The characteristic values
obtained for the beam profiling experiments of objectives used in this thesis are

given in Table 3.1.
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A.5 Obtaining the SMEF

A.5.1 Calculating the SMEF from SM-SERS event

Now that we have characterized the beam profile in terms of A and Heg, we
can estimate the effective scattering volume by Eqn. A.8. This is then used to
determine the number of molecules in the scattering volume for a reference com-
pound (liquid or gas) with a known cross-section, which is measured under Raman
conditions immediately after the SM experiments. The intensity of the reference
compound per molecule along with the known cross-section for that molecule then
gives us a calibration factor to get the effective SM-SERS cross-section. In order

to determine the SMEF (or apparent SERS cross-section) for a given SM-SERS

SM
ISERS

) under exactly the same conditions. By

event, one needs to compare the SM-SERS signal

nal of a single reference molecule (I3

choosing only the strongest SM-SERS events, we ensure that they correspond to a

to the average Raman sig-

molecule at the centre of the focal plane, where the excitation density Iy and col-
lection efficiency )y are maximum. Only the total signal Ilg‘;} of the bare Raman
intensity of a large concentration of reference molecules is measurable in prac-
tise. This must be measured under experimental conditions where the scattering
volume can be accurately characterized, i.e. with slits fully open. The average

Raman signal of a single reference molecule, (Iﬁﬁ), can then be obtained as:

Tot

Refy = _ReL_ A.14
< M CNaVeff ( )

where N, = 6.02 x 10?® is Avogadro’s number, and c is the concentration of the

. . . do™M
reference. We can then obtain the estimated SM-SERS cross-section, %, from
. . SM .
the fitted intensity of the SM event, I3 ., by:
SM SM
doggrs _ I3rrs (A.15)
aQ (ISMy” '
Ref

Values for the concentrations and cross-sections for the 2-bromo-2-methylpropane

(2B2MP) (liquid reference) and N, (gas reference) are given in Table A.1.
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Table A.1: Table of the properties of the references used for calibration of the SM signals

obtained from BiASERS measurements. c is the concentration and ¥; and % are the

frequency of the reference mode used for calibration and its absolute differential Raman
cross-section, respectively. The reported cross-sections were obtained from Ref. [6]. See

Chapter 5 for further details.

_ do
Reference c 7 ol
M] [em™] [em? / sr]
2B2MP 8.76 516 5.4 x 107% (liq)
N, 0.0319 2331 2 x 1073 (gas)

As an example, for the BIASERS experiments presented in Chapter 5, the 516 cm™
mode of 2B2MP had a total Raman intensity of IIT{QE = 1.7 x 10* cts/s. The con-
centration of pure 2B2MP is ¢ = 8.76 M, so according to Eqn. A.14, a single
molecule of 2B2MP at the centre of the beam has a reference average Raman in-
tensity of (Igfg) = 2.5 x 107 cts/s. This estimate can then be compared to the
SM-SERS signals of a single dye molecule in the BIASERS method to derive the

SERS differential cross-section and the corresponding SMEF.

It is important to note that even if these things are measured as thoroughly as
possible, some uncertainty will still exist in the exact SMEF, possibly by a factor
of ~ 2. Such accuracy is sufficient, however, for comparison of most SERS
substrates or SERS probes, and it represents an unprecedented degree of accuracy
compared to the many-orders-of-magnitude spread found in the different claims

in the literature.

A.5.2 Calculating the SMEF from TDVP

Temperature-dependent vibrational pumping (TDVP) measurements provide us
with pumping cross-sections, which cannot be readily compared to the non-SERS
cross-sections to obtain an SMEF for two reasons. Firstly, they correspond to a

statistical average, heavily biased towards the largest cross-sections [69] exhibited
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by the SERS substrate. For a collection of SERS hot-spots, this was shown [43] to
be approximately half the maximum cross-section. Secondly, the pumping cross-
section is a fotal SERS cross-section. In order to deduce the differential SERS
cross-section, we must first assume that the non-radiative contribution is negligi-
ble compared to the radiative part. This approximation is in fact implicit in the
use of the corrected lifetime method outlined in the background material (Section
2.5). We believe it is a reasonable approximation for a hot-spot (which must have

a large radiative enhancement).

Moreover, by integrating the differential SERS cross-section at a hot-spot over all
possible emission directions, one can show there is a factor 87t/3 between differ-
ential and integrated radiative SERS cross-section at the hot-spot. Also, because
the pumping cross-section is an average of molecules at hot-spots with different
EFs, we may apply a correction to obtain the maximum cross-section depending
on the colloid system and EF distribution. For a Pareto distribution, an effective
model for such colloid systems, it was found that the average pumping enhance-
ment was a factor ~ 2 smaller than the maximum enhancement [43]. With these
corrections, the maximum differential SERS cross-section dosgrs/d(2 on the sub-

strate can be deduced from the pumping cross-section 0pump using the relation:

dosgrs 3 "
dQ 4 PHP

(A.16)

From there the maximum SMEF can be deduced as before, taking into account

the non-SERS cross-sections derived before.

A.6 Spectral Analysis

As with all spectroscopies, curve fitting and determining the area under peaks
forms a considerable part of the analysis in Raman spectroscopy and SERS. We

describe briefly here the main methods used in this thesis.
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A.6.1 Least-squares fitting to pseudo-Voigt function

A pseudo-Voigt function is a mixture of a Gaussian and a Lorentzian function

[146] and can be expressed as:

(x - x0)2 + (1 B a)Imax

2 A(x—x)2
T 1+ )

I(x) = almax |[exp —41In2 (A.17)

where « is the relative proportion of Gaussian to Lorentzian in the function (i.e.
a = (0 is a Lorentzian), I, is the maximum peak intensity at x = x(, and I" is the
peak width. Spectral peaks are fit to this function by solving a linear least-squares
fit. Note that this form of the equation normalizes the Gaussian and Lorentzian
to a single peak width, I', for fitting purposes. Routines in Excel (for a singlet or
doublet peak) are then used to apply the fittings to a time-series of many spectra

with the user having the ability to fix parameters such as &« when appropriate.

A.6.2 Linear least-squares deconvolution

To select valid events from a large number of BIASERS spectra, which may also
include erroneous spectra arising from photodegradation products or contami-
nants, linear least-squares deconvolution is a particularly useful technique (used
mainly in Chapter 7). For this technique, two linear spectral components are ob-
tained from experimental SERS spectra of the two probe molecules measured
individually. These reference spectra are then used in the linear deconvolution
along with a linear background to obtain fits of the relative proportions of each

individual molecule in each BIASERS event (for a time series of many events).

Igiasers(Vi) = alppe(V;) + Blerz (Vi) + Y7 + 6, (A.18)

where Ipiasgrs(V;) is the bi-analyte SERS (BiASERS) spectrum to be fitted and
Igpe(V;) and Igyz(V;) are the average SERS reference spectra of the two molecules
obtained experimentally by separate measurement under identical conditions. The

fit also includes a linear background characterized by slope ) and intercept o. «, ,

182



A.6. SPECTRAL ANALYSIS

y, and 0 are the only fitting parameters and are uniquely (and easily) determined

by the linear least-squares fitting routine.

The inclusion of a linear background would be sufficient to deal with any fluctuat-
ing SERS background (broad background feature) as long as the spectral window
for fitting was small enough (i.e. ~ 200 — 300 cm™!). Indeed, in the case of non-
resonant probes, a small spectral window is usually desirable, because the strong
likelihood of spurious peaks in various parts of the spectra would hinder analysis

over the entire spectral window.

The validity of the fit (or “goodness-of-fit” value) was determined by a y2-parameter:

. — £)2
2o 2 A (A.19)

L y;
which was normalized to the spectral intensity of the event, where y; and f; are
the spectral intensities of the actual data and fit, respectively. Fits below a certain
intensity (below noise level) and those with a “goodness-of-fit” below an appro-
priately chosen threshold were discarded along with any remaining non-physical
fits. In practise, the linear deconvolution was performed using a customized Mat-

lab script.

A.6.3 Modified principal component analysis (MPCA)

Principal component analysis (PCA) is a mathematical procedure that effectively
reduces a set of data to a number of “principal components” that are most repre-
sentative of the data. The technique is used in a large number of applications in
data processing and file compression, where it is effective in compressing images
while retaining the main features of the image. In our case, the technique is an-
other in a suite of methods for analysis of large numbers of spectra, as obtained
from time series or map measurements. We present here a basic overview of the

approach and refer the reader to other sources for further details [52, 147].

PCA is mathematically defined [147] as an orthogonal linear transformation that
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transforms a set of data to a new coordinate system such that the greatest variance
by any projection of the data comes to lie on the first coordinate (called the first
principal component), the second greatest variance on the second coordinate, and
so on. PCA is theoretically the optimum transform for the given data in least-
squares terms. In statistical terms, the technique performs multivariate analysis

by eigenvalue decomposition of a data covariance matrix.

In this work, we use a modification of the PCA method (MPCA), developed ex-
actly for the purpose of resolving large numbers of BIASERS Raman spectra into
two main components (those of the individual analytes) [52]. Briefly, a time series
(or map) of spectral intensities is formulated as a T' X N matrix, M, where T is the

number of spectra and N are the wavelengths of the spectral region of interest.

N-wavelengths

A A A
T A
Mo Y
M=|"2 'k f2 T — times. (A.20)
A A A
D e

We then subtract the mean of each spectra to obtain a spectrum of zero mean
intensity. Then, the covariance matrix V (N X N) for the N column vectors of the
matrix M (T x N) is calculated:

vy

V = (cov(i,’, 1)) (A.21)

t /7t
v A1 9N Al . . .
where cov(l,’, [[¥) = cov(l;*, I,”) is the covariance of the intensity columns at A;

and Ay, calculated here using the unbiased estimator for the covariance:

s j/\k) — i (fzj - <fA]>) (T;}k - <j/\k>)

cov(l,’, I} T-1)

, (A.22)
i=1

with (...) denoting the time-average:

<TM> - % ZT" I, (A.23)
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The next step is where the “dimensionality reduction” concept comes into play.
We first obtain the N eigenvalues and N corresponding eigenvectors of the co-
variance matrix V. The eigenvalues are all real and positive since this matrix is
real and symmetric, and can therefore be ordered from largest to smallest. The
corresponding eigenvectors are the principal components in order of significance
(greatest variance). The first eigenvector flA ( j = 1..N), for example, can be con-
sidered to be a function of wavelength that captures the most important feature in
the overall set of data. Similarly, the second eigenvector f; ’ captures the second

most important feature in the data, and so on.

The last step is to obtain the table of coefficients; i.e. we need two coefficients
(a, p) per spectrum (2X T in total) in the original series that will tell us which
linear combination of the first two eigenvectors flA " and f; ’ we need to represent
a particular spectrum. That table is obtained from the following matrix operation
(equivalent to the various scalar products of the spectra with the first two eigen-

vectors):

a1 P A
Ap A2
(84 ~
c=|2 Plop| L (A24)
ar  Pr YA

This completes the standard PCA and gives us all the information needed to recon-
struct the data: (i) the coefficients matrix C (T X 2); (ii) the first two eigenvectors
of the covariance matrix flA " and f; ’ (each 1 X N); and (iii) the original mean of
each spectrum Ttl. (T x 1). This represents a massive reduction in the amount of
information that still captures the essential features of the data (i.e. from T X N in

the original data matrix, to 3T + 2N in the final arrays).

The i-th spectrum in the time series (t;) is reconstructed as a function of A; as:
Itl-] = az-fl T+ lBifZ] + It,-- (A.25)
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APPENDIX A. MEASURING THE SCATTERING VOLUME

Modified PCA for BiIASERS

The particular application that we are interested in is the resolution of BIASERS
spectra into their two components. In the PCA process outlined so far, it may well
occur that the obtained principal components include contributions from both of
the two analytes, in differing degrees, rather than as separate components. This is
because the principal components are not based on the“physical meaning”of the
signal, but rather on orthogonality and maximal variance conditions. This can be
easily demonstrated visually. If we plot the eigenvectors obtained from standard
PCA, we observe that often they include contributions from both molecules we are
interested in. In coefficient space (8 vs a) we observe this as the principal two axes
not being perpendicular (see Fig. A.4(a) and (b)). To tailor the PCA method to
our purposes, we must apply a linear transformation in coefficient space to rotate
and rescale the eigenvectors (and coefficients) to obtain the two components as

the individual probes.
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Figure A.4: (a) The two dimensional (2D) representation of the matrix C in coefficient
space; (b) the first two eigenvectors of the PCA analysis as a function of the reduced
energy w/wg. The first two eigenvectors of the covariance matrix do not necessarily
separate the features we are trying to differentiate. In this example, both eigenvectors
contain a mixture of signals from dye 1 at w/wg = 0.33 and from dye 2 at w/wy = 0.66.
By applying a linear transformation to C through the matrix R defined in Eqn. A.27,
we achieve the 2D representation of the coefficients shown in (c), together with the two
(transformed) eigenvectors shown in (d). The principal axes for pure dye events are now
perpendicular and the intensities are automatically re-scaled in the transformation (which
would account for possible differences in the intrinsic cross-sections or concentrations of
the dyes). The new (transformed) eigenvectors are now directly related to the independent
contributions of the two dyes to the total signals, and a histogram of intensities can be

obtained.
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We briefly outline this process below:

(i)

(if)

(i)

We define two vectors & = ni & + 1} &, and & = n} &, + n; €, that are two
unit vectors ((¢; - €, = 1 and &, - & = 1)) along the principal directions rep-
resenting “molecule 1” events and “molecule 2” events in coefficient space,
as depicted schematically in Fig. A.4(a). This step is carried out manually
by visual inspection of the plot. This approach is therefore not purely al-
gorithmic, as would be a non-negative matrix factorization or independent

component analysis approach, but is arguably more physical and intuitive.

We take the average spectrum (with zero mean intensity) and decompose it

as a sum of the two main eigenvectors of the initial PCA, i.e:

A A
1 2

R R R A2 fAz
(@ p)=({In) (=) ... ()0 2] (A.26)
A
1 2
We therefore obtain two coefficients a and  (as we did for each individual

spectrum in Eqn. (A.24)), which tell us how much of the first and second

eigenvector we need to represent the average.

We now need to find the linear transformation R that rotates ) into &y, and &,
into e}, with possible scaling factors. These scaling factors must be chosen
so that the transformed coefficients & and § of the average spectrum are
in the same ratio as the known dye concentrations ¢; and ¢; (¢c; = ¢; in
BiASERS assuming equivalent adsorption of the probes to the surface). One
can show that R must then be defined as [52]:

-1
R=|fm k) (A.27)
k1 1’l¥ k2 7’15
where .,
ky _ iy cony a (A28)
kz C11’l¥ Czi’lg ‘8 . .
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(1v) The transformation R is applied to the coefficient matrix C by standard ma-

trix multiplication, thus defining a new table of coefficients C’ = C (‘R).

. . . Aj
(v) The first two eigenvectors must also be transformed accordingly into g’
Aj Aj
-1
(g}j] = (‘R) [f h,)- (A.29)
8> f

Using this approach we obtain the separated eigenvectors and perpendicular coef-

A
and g, as:

ficients as shown in Fig. A.4(c) and (d). We can now directly obtain the statistics
on the relative proportions of “molecule 1” and “molecule 2” that contribute to
each BiASERS spectrum and plot histograms as with other data analysis tech-
niques. In practise, this analysis is done using in-house Matlab software with a
handy visual GUI interface (Courtesy of Dr M. Meyer).

Benefits and drawbacks of the MPCA approach

The MPCA technique is ideally suited to the analysis of large numbers of spectra
as it is a means of obtaining the most important peaks without having to actually
fit the data, thus removing any consideration of the suitability of the function for
fitting. Additionally, there is no need to obtain experimental reference spectra as is
the case in linear deconvolution. The distinct spectral elements simply “appear”
due to their presence in the data, even if they are often mixed. The drawback
with this technique is that the data must be of sufficient quality (and quantity)
to reliably obtain the features of each molecule. If there are large numbers of
spurious signals in the region of interest, or if the signals are minimally above
the noise, it will not be possible to obtain two distinct eigenvectors. For example,
cosmic rays incident on the CCD detectors can sometimes be a problem, because
within the small spectral windows normally analyzed they provide a large variance

and can therefore be selected as one of the main eigenvectors.
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RAW SPECTRAL DATA

This section provides the raw data for characterization of the synthetic probes
used in Chapter 6, including mass spectroscopy, 'H-NMR, and '*C-NMR. For

summaries of the NMR, mass spectroscopy, and synthetic details see Section 3.5.
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Natural Rh6M

Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 5.0 mDa / DBE: min =-1.5, max = 50.0
Selected filters: None '

Monoisotopic Mass, Even Electron lons

90 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)
Elements Used:

C:0-50 H:0-100 N:2-2 0:0-50

Evan Blackie 19-Nov-2007
EBRH6M 30 (0.513) AM (Cen,4, 80,00, Ar,10000.0,413.27,0.70); Sm (SG, 1x7.00}; Sb {15,10.00 }; Cm (2:30) TOF MS ES+
429.2174 4.45e4
100
o/°¥
4 430.2208
" 431.2242 443.2139
331.208 4011882 413.2668 [ - 459.231
0= I T T T e e T [T e o e e e e oo 2
340 350 360 370 380 330 400 410 420 430 440 450
Minimum: -1.5
Maximum: 5.0 5.0 50.0
Mass Calec. Mass mDa PPM DBE i-FIT Formula
429.2174 429.2178 -0.4 -0.9 14.5 43.0 C27 H29 N2 03
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d4-Rh6M

//Elemental Composition Report Page 1
4

/ Single Mass Analysis

Tolerance = 5.0 mDa / DBE: min =-1.5, max = 50.0

Selected filters: None

Monoisotopic Mass, Even Electron lons

206 formula(e) evaluated with 1 results within limits (up to 50 closest resulis for each mass)
Elements Used:

C:0-50 N:2-2 0:0-50 1H:0-50 2H:4-4

Evan Blackie 19-Nov-2007
EBD4RHEM 25 (0.428) AM (Cen,4, 80.00, Ar,10000.0,413.27,0.70); Sm (SG, 1x7.00); Sb (15,10.00); Cm (2:30) TOF MS ES+
433.2425 4.54e4
100+
%]
1 434.2462
) 429.2187 435.,2483
4 413.2
ol 3.2668 419.2282 420.2256 | A302238 347.200% 1,
T T R A A T T T T T T T T T
415,0 417.5 420.0 422.5 425.0 427.5 430.0 432.5 435.0 437.5 440.0 442.5 445.0 447.5
Minimum: -1.5
Maximum; 5.0 5.0 56.0
Mass Calc. Mass mbDa PPM DBE i-FIT Formula
433.2425 433.2429 -0.4 -0.9 14.5 109.7 C27 N2 03 1H25 2E4
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Natural Rh6M 'H-NMR

193

/ EA crystals INDEX  FREQUENCY PPM HEIGHT
1 2080.964 6.942 71.1
File: Proton 2 2054.586 6.854 40.9%
3 2053.560 6.851 a1.3
Pulse Sequence: s2pul a 1465.336 4.883 684.3
5 1214.748 4.053 28.3
6 1207.714 4.029 29.1
? 1102.788 4.679 56.4
8 1082.859 4.613 25.9
! . g 1079.782 4.602 161.5
e 10 1075.825 4.589 26.1
- 11 1063.955 4.550 6.5
i @ 12 1056.775 4.526 48.5
\ AD 13 1049.594 §.502 16.1
N S Il\\\ 14 933.761 4.315 135.6
~ S - 15 393.028 4.313 4z2.4
- 18 992.149 d.310 272
~N 0 17 991.416 d.308 74.9
1 -~ == L 18 330.537 3.305 392.1
\r\ 19 888.779 9.299 265.9
\.(_ > 20 988.0456 H.235 3.1
& o [ 21 987.167 J.283 134.8
- ~ 3 | 22 637.515 4.127 128.3
— @ Me 23 536.488 7.123 181.0
_ \ 24 417.554 4.388 52.1
) 254 410.373 .36  145.2
s 26 408.468 1.363 22.2
i 27, 403.046 1.345 60.6
(#) ol 28 389.125 1.238 32.0
o 29 383.091 1.275 61.3
of (e, 30 374.910 1.251 30.6
31 358.544 1.195 30.0
39 351.610 1.173 58.0
33 344.576  1.150 28.5
e U4
Moo Gy XN Et
‘ sk (ni
™
EA
L J 3
T T T —r . . T : T T T T T : T . . T T T : T : . . . :
7 6 5 4 3 2 1 ppm
W — W o e
3.6317 2.53 7.03 12.63 4.14
0.3544 1.58.26 12.543.90



APPENDIX B. RAW SPECTRAL DATA

d4-Rh6M 'H-NMR

INDEX ~ FREQUENCY PPHM HEIGHT
\Q:A\ - ﬂwY ﬁ? -0 >>$ 1 2073.343 6.917 27.3
2 1455.043  1.888 158.7
\ ¢ y@.)k 3 1102.203 3.677 172.5
T Q‘? Agn b 4 1080.075 3.603 63.2
S u 5 992.003 3.309 30.7
. [} 990.391 3.304 42.5
\ l ? 988.779 3.299 29.2
(N C b@ 'R .web Mrr 8 977.348 3.261 46.3
/ 3 713.571 2.381 27.6
10 635.317 2.120 51.5
11 £634.438 2.117 48.2
12 415,209 1.285 22.9
13 408.029 1.361 56.7
14 400.848 1.337 22.7
0 15 246.774 1,157 20.5
nﬁ 1
.
it \ | S \ f
— —————— — . — —— — — *
7 6 5 4 3 2 ppm
Woow - p— L W oo T ——
0.55 1.13L.05 25.01 8,8591  §.92 3.75 0.23 1155
6.66  3.3926 0.86 i.23.54 1.00 10.30.37 4.87
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Natural Rh6M C-NMR

Automation directory: shomeseveryone/studiessauto_2007.08.18

Zc7\§

File : \:o;w\n<mﬂ<csm\m<m:\5=umaln_._0nmaﬁ ne6GOMeCarhoncdc13500.fid

Sample id : $_20070924_09
sampie : 070924_RhodamineSGOiMe

Pulse Seguence: s2pul
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|

&0

LR

60
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20783.642
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19676.632
19572.605
16888.163
16708 .647
16500.134
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16352.378
16312.794
16134.658
15877.814
14287.955
11839.644
9712.159
9679.938
9648.178
6604.245
4858.8405
2323.48%8
1743.067

PPH
165.384
156.98%
156.57
155.74
134.38
132.95
131.29
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11pB.69
54218
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APPENDIX B. RAW SPECTRAL DATA

d4-Rh6M *C-NMR
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Appendix C

PUBLICATIONS

For the interested reader, here are the headers of papers published during the

course of the thesis.

CIS

A RTTITOCULE S
Published on Web 09/17/2009
Single-Molecule Surface-Enhanced Raman Spectroscopy of
Nonresonant Molecules
Evan J. Blackie, Eric C. Le Ru, and Pablo G. Etchegoin*

The MacDiarmid Institute for Advanced Materials and Nanotechnology, School of Chemical and
Physical Sciences, Victoria University of Wellington, P.O. Box 600, Wellington, New Zealand

Received July 2, 2009; E-mail: pablo.etchegoin@vuw.ac.nz

Abstract: Single-molecule surface-enhanced Raman scattering (SERS) detection of nonresonant molecules
is demonstrated experimentally using the bianalyte SERS method. To this end, bianalyte SERS is performed
at 633 nm excitation using the nonresonant molecule 1,2-di-(4-pyridyl)-ethylene (BPE) in combination with
a benzotriazole derivative as a partner. The results are then extended to the even more challenging case
of a small nonresonant molecule, adenine, using an isotopically substituted adenine as bianalyte SERS
partners. In addition, SERS cross sections of single-molecule events are quantified, thus providing estimates
of the enhancement factors needed to see them. It turns out that an enhancement factor on the order of
~5 x 10° was sufficient for single-molecule detection of BPE, while maximum enhancement factors of ~5
x 10'° were observed in extreme cases. In the case of adenine, single-molecule detection was only possible
in the rare cases with enhancement factors of ~10'". This study constitutes a quantitative fundamental
test into the lowest detection limits (in terms of differential cross sections) for single-molecule SERS.
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THE JOLRNAL O 8117
[’HYSICALC

CHEMISTRY

LETTERS

2008, 112, 8117-8121
Published on Web 05/03/2008

Experimental Verification of the SERS Electromagnetic Model beyond the |EI*
Approximation: Polarization Effects

E. C. Le Ru,*' J. Grand,* N. Félidj,* J. Aubard,’ G. Lévi, A. Hohenau,* J. R. Krenn,}

E. Blackie,” and P. G. Etchegoin®

The MacDiarmid Institute for Advanced Materials and Nanotechnology, School of Chemical and Physical
Sciences, Victoria University of Wellington, P.O. Box 600, Wellington, New Zealand, Laboratoire ITODYS,
Univer Paris 7, Denis Diderot, CNRS UMR 7086, 1 Rue Guy de la Brosse, F, 75005 Paris, France, and
Institute of Physics, Karl Franzens University, Universititsplatz 5, A-8010 Graz, Austria

Received: March 13, 2008

The failure of the so-called IEI* approximation of the surface-enhanced Raman scattering (SERS)
electromagnetic (EM) enhancement factor is demonstrated experimentally using arrays of highly uniform
gold nanoparticles specially designed for this purpose. This is first demonstrated for unpolarized detection,
and the interpretation of the results then becomes evident by studying the case of polarized detection. These
results provide, at the same time, a clear experimental verification of the generalized EM theory of SERS
beyond the |IEI* approximation (Chem. Phys. Lett. 2006, 423, 63). A nontrivial consequence of these concepts
is the almost complete polarization rotation of the SERS signal with respect to the incident polarization. This
occurs for a prolate nanoparticle with plasmon resonances peaking on either side of the main spectral range
covered by the Raman spectrum of the probe. Finally, we discuss how such experiments can be used to
extract some information about the molecular adsorption orientation of the probe.

JOURNAL OF RAMAN SPECTROSCOPY

J. Raman Spectrosc. 2008; 39: 1127-1134

Published online 26 March 2008 in Wiley InterScience
(www.interscience.wiley.com) DOL: 10.1002/jrs.1945

Advanced aspects of electromagnetic SERS
enhancement factors at a hot spot

E. C. Le Ru,* M. Meyer, E. Blackie and P. G. Etchegoin

The MacDiarmid Institute for Advanced Materials and Nanotechnology, School of Chemical and Physical Sciences, Victoria University of Wellington,
Wellington, New Zealand

Received 18 September 2007; Accepted 2 December 2007

In this paper, we discuss some advanced theoretical aspects of electromagnetic enhancement factors (EFs)
in surface-enhanced Raman scattering (SERS). We focus in particular on the influence of surface selection
rules (SSRs) on SERS EFs at hot spots, and the determination of SERS depolarization ratios. Both aspects
could be viewed as secondary (compared to the overall magnitude of the SERS EF), but are nevertheless
observable experimentally and crucial for a fundamental understanding of SERS. They also share the
property that they cannot be studied within the ly used |E|* app ion to the SERS EFs, and
appropriate tools are developed here to make predictions beyond this approximation in the case of a SERS
hot spot. In addition, theoretical estimates of different types of (previously defined) EFs are provided,
and their origins discussed for the typical example of a SERS substrate dominated by SERS hot spots.
Finally, experimental measurements of SERS depolarization ratios are presented to support the theoretical
predictions. Copyright © 2008 John Wiley & Sons, Ltd.
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PAPER

www.rsc.org/pccp | Physical Chemistry Chemical Physics

Bi-analyte SERS with isotopically edited dyes

E. Blackie,** E. C. Le Ru,”> M. Meyer,”> M. Timmer,” B. Burkett,”

P. Northcote® and P. G. Etchegoin®®

Received 4th March 2008, Accepted 21st April 2008

First published as an Advance Article on the web 3rd June 2008

DOI: 10.1039/b803738h

Isotopically substituted rhodamine dyes provide ideal probes for the study of single-molecule
surface enhanced Raman scattering (SM-SERS) events through multiple-analyte techniques.
Isotopic editing should, in principle, provide probes that have identical chemical properties (and
surface chemistries); while exhibiting at the same time distinct Raman features which enable us to
identify single-molecule SERS events. We present here a specific example of two-analyte
SM-SERS based on the isotopic substitution of a methyl ester rhodamine dye. The dyes are

carefully characterized (in both standard and SERS conditions) to confirm experimentally their
similar chemical properties. We then demonstrate their utility for bi-analyte SERS (BiASERS)
experiments and, as an example, highlight the transition from a single, to a few, to many

molecules in the statistics of SM-SERS signals.

Anal. Chem. 2007, 79, 8411-8415

Technical Notes

Statistics of Single-Molecule Surface Enhanced
Raman Scattering Signals: Fluctuation Analysis
with Multiple Analyte Techniques

P. G. Etchegoin,* M. Meyer, E. Blackie, and E. C. Le Rut

The MacDiarmid Institute for Advanced Materials and Nanotechnology, School of Chemical and Physical Sciences,
Victoria University of Wellington, P.O. Box 600 Wellington, New Zealand

The mathematical background, based on a variation of the
principal component analysis (PCA) method, is developed
for the under ding of fl i Itiple analyte
single-molecule (SM) surface enhanced Raman scattering
(SERS) signals; with emphasis on the bianalyte SERS
technique developed recently. The method and its signifi-
cance are presented to provide a systematic framework
with which several aspects of the statistics of SM-SERS
signals can be analyzed in general. We also apply the
method to a concrete le of bianal istics in
silver colloidal solutions and discuss related topics around
experimental issues and the interpretation of single-
molecule SERS data.

that purpose by other authors,*® but a few questions remain;
among them: (i) how much can we obtain or learn from the
statistics of single-molecule events in BIASERS? and (ii) is there
a systematic and reliable method for the study of single-molecule
statistics in SERS from two or many analytes?

It is the purpose of this paper to develop further the ideas and
tools needed to understand single-molecule fluctuations in SERS
with multiple analytes. To this end, we shall develop an analysis
tool based on a variation of the principal component analysis (PCA)
method. We shall assume no previous exposure to the PCA
method and, therefore, we shall explain the relevant steps in some
detail in the Supporting Information companion material to this
paper, making emphasis on the physical meaning of the results.
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13794

J. Phys. Chem. @007,111,13794-13803

Surface Enhanced Raman Scattering Enhancement Factors: A Comprehensive Study

E. C. Le Ru,* E. Blackie, M. Meyer, and P. G. Etchegoiri

The MacDiarmid Institute for Adanced Materials and Nanotechnology, School of Chemical and Physical
Sciences, Victoria Unersity of Wellington, PO Box 600, Wellington 6140, New Zealand

Receied: December 21, 2006; In Final Form: July 17, 2007

This paper presents an in-depth study of Surface Enhanced Raman Scattering (SERS) enhancement factors
(EFs) and cross-sections, including several issues often overlooked. In particular, various possible rigorous
definitions of the SERS EFs are introduced and discussed in the context of SERS applications, such as analytical
chemistry and single molecule SERS. These definitions highlight the importance of a careful characterization
of the non-SERS cross-sections of the probes under consideration. This aspect is illustrated by experimental
results for the non-SERS cross-sections of representative SERS probes along with average SERS EFs for the
same probes. In addition, the accurate experimental determination of single molecule enhancement factors is
tackled with two recently developed techniques, namely: bi-analyte SERS (BIASERS) and temperature-
dependent SERS vibrational pumping. We demonstrate that SERS EFs as loW as dpposed to the

figure of 10+ often claimed in the literature, are sufficient for the observation of single molecule SERS
signals, with maximum single molecule EFs typically on the order 6.
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