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Abstract

The work in this thesis focuses on improving the understanding of two key
aspects of the interaction between dye molecules and metallic nanoparticles,
with particular relevance to Surface Enhanced Raman Spectroscopy (SERS).
This is manifested from two main branches of experimental work; the first
is concerned with improving the reproducibility of SERS sample preparation
using colloidal solutions while the second focuses on directly measuring the
absorption spectra of commonly used dye molecules on the surface of colloidal

silver nanoparticles.

In the first body of work of the thesis, a major step towards improving SERS in
colloidal solutions is achieved by highlighting a crucial, but unnoticed possible
source of error for such samples; by comparing average enhancement factor
measurements on colloidal solutions prepared using different analyte (dye) di-
lution methods, it is shown that large dye dilution factors can cause extreme
variations in nanoparticle coverage across the entire sample. This not only
causes analyte—dependent enhancement factors (which is highly undesirable)
but can also lead to false identification of single-molecule SERS experiments

using the well established bi—analyte method.

The errors associated with large dilution factors are interpreted as a competi-
tion between dye diffusion and adsorption kinetics. Time dependent fluorescence—
quenching measurements and finite element modelling (FEM) in COMOSL
show that in any system where adsorption competes with diffusion, large di-
lution factors should be avoided. A simple protocol of half-half dilutions of
analytes is proposed as a standard method to be adopted when preparing col-

loidal solutions for SERS to ensure uniform distribution of analytes is achieved.

The second body of work is an experimental investigation of the modification of
the energy levels of commonly used dye molecules adsorbed to spherical silver
nanoparticles at sub—monolayer concentrations. Through the use of a novel
integrating sphere setup, the absorption spectra of Rhodamine 6G, Nile Blue,
Rhodamine 700 and Crystal Violet are successfully measured on the surface
of silver colloids at ultra—low concentrations where dye—dye interactions are

negligible. These results indicate that for most dyes, absorption spectra on
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the colloid surface are shifted and/or broadened with respect to the free dye
in solution. In the most extreme case, a blue shift of almost 90 nm for Crystal

Violet suggests a strong chemical interaction with the silver surface.

A Mie—theory shell model of dye—coated silver spheres is found to accurately
reproduce the measured evolution of absorption spectra as the dye concentra-
tion on the colloid surface is increased but overestimates the enhancement in
absorption, which is interpreted as a result of the adsoprtion geometry of dyes

on the surface, not captured by the shell model.

Finally, through careful wavelength dependent SERS measurements, the SERS
Raman excitation profile of Crystal Violet is measured and shown to be closely
linked to the modified absorbance as obtained in the integrating sphere setup.
A standard optical transform model for computing the Raman excitation pro-
file from the modified absorbance is applied and gives good agreement with the
measured SERS data. These results represent a direct indication of chemical

modifications of resonant molecules used in SERS studies.
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“And the wise have pitied the fool
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Chapter 1

Introduction

Surface enhanced Raman spectroscopy (SERS) has had a tumultuous history
as a spectroscopic technique. Since its discovery in 1974 [1], its perception and
popularity has varied significantly. From a peculiar phenomenon confined to
the Surface Science community in the mid to late 1970s, to sparking interest
across a large breadth of the field of electromagnetism in the 1980s, to dying
off again due to its perceived niche applicability, to experiencing a complete
renaissance of interest post 1997, after the first (yet controversial) report of
single-molecule SERS (SM-SERS) detection, SERS has come and gone and
come again. Given the early teething problems, since those seminal reports of
SM-SERS by Kneipp [2] and Nie [3], interest in the technique has steadily in-
creased throughout the 2000s. Coupled with the emergence of nanotechnology
as a major pillar of global science in the past two decades, SERS as a go—to
method for ultra—sensitive detection is steadily gaining traction to become a
standard spectroscopic technique employed in a wide range of fields across re-
search chemistry and fundamental spectroscopy. One can easily consult the
literature and find the number of papers published related to SERS between
2014 and 2015 was almost 3000'. For thirty years now, SERS has been poised
to revolutionize analytical chemistry, but it has yet to reach this status. The
work in this thesis primarily builds on the vast amount of prior knowledge
developed around SERS and clarifies a number of outstanding uncertainties

surrounding, and hindering, the reliability and understanding of the technique.

'Web of Science, articles with either “Surface Enhanced Raman” or “SERS” in the title.
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1.1 A Brief History of SERS

1.1.1 Discovery of the SERS Effect

SERS was first discovered in 1974 when Fleischman et al. [1] were investigating
the adsorption of a monolayer of species to a surface. The ability to detect Ra-
man spectra of pyridine adsorbed on silver electrodes was originally assumed
to be a direct result of an increase in surface area due to roughening of the
electrodes and hence a larger number of molecules adsorbed at the surface. It
was Van Duyne and Creighton [4, 5] however, who independently attributed
the abnormally high Raman signals to some property of the electrode surface
not related to roughness acting to enhance the effective Raman scattering cross
section of the adsorbed species. Van Duyne and Jeanmaire [4] calculated that
the signal observed from the adsorbed pyridine was 10 - 10° times larger than
that of bulk pyridine. This clearly ruled out the idea that increased surface

area was the cause of the enhancement.

The matter of the origin of the enhanced signal was far from resolved and
over the course of the next few years a plethora of competing and contradic-
tory theories emerged that attempted to develop an accurate model to describe
the nature of this enhancement [6-8]. Moskovits [9] was the first to propose
that the mechanism was purely an electromagnetic one. It was Moskovits’ 1985
review article in which an extensive summary of the various theoretical mod-
els available at the time is provided, that sought to clear up the overwhelming
contradictions present in the field. It was concluded, in what is now widely
regarded as the main explanation for the SERS effect, that “SERS derives its
enhancement almost entirely from molecular coupling to electromagnetic reso-
nances of small, coupled metal particles” [10]. Thus the enhancement of the
electric field arises from the interaction of the incident light with the localized
surface plasmon resonance of the substrate. The excitation of these surface
plasmons leads to an electromagnetic field at the at the surface of the metal
that is much greater in intensity than the incident field. Molecules in the
vicinity of this local field, can exhibit enhanced Raman scattering up to 10!
times that in the absence of the metal. The origin of the enhancement will be

discussed in more detail in Chapter 3.
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The implications of SERS are immediately clear; it allows detection of the
characteristic “fingerprint” Raman spectra from molecules at concentrations
that would otherwise be practically impossible. Its applications in the fields
of biochemistry, forensics, explosive detection and any other field that requires
reliable identification of species at low concentrations are obvious. The massive
increase in sensitivity provided by SERS opens the door for molecular specific
analysis of systems previously out of reach of Raman spectroscopy. This was,
in fact, one of the original attractions of SERS and since its discovery, the
technique has been shown to be successful in a wide range of contexts. A

number of these applications are discussed in detail in [11].

The discovery of SERS prompted not only an increased interest in the study of
molecules adsorbed to surfaces; numerous fields such as classical electromag-
netic theory, optical properties of small particles, surface plasmon generation

and colloidal science all experienced a resurgence [10].

1.1.2 Single Molecule SERS

In 1997, Kneipp and Emory [2,3] both independently reported that detect-
ing Raman signals from single Rhodamine 6G (RH6G) and Crystal Violet
(CV) molecules using SERS was possible. These suggested (erroneously) [12]
that enhancement factors as large as 10'* were achievable. The idea of Sin-
gle Molecule SERS (SM SERS) has many attractions, the first of which is
obvious; the well established technique of single molecule (SM) fluorescence
detection [13,14] is limited by its lack of molecular specificity. SM-—SERS im-
mediately brings a new level of sprectral information that could open up new
applications beyond bio—physics and imaging [15] where SM—fluorescence is
predominantly used. Secondly, SM SERS has the characteristics of the ulti-
mate analytical technique; the unique detection of a single molecule pushes
the boundaries of the analytical tools available today. As well as the potential
practical applications of the technique, SM SERS is also of significant inter-
est to fundamental research; it could possibly provide a better understanding
of the SERS effect itself, where certain effects such as molecular orientation,

4

are no longer “washed out” due to ensemble averaging that occurs at higher
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probe concentrations [16]. Recent studies have shown the promise of SM-
SERS for investigation of fundamental spectroscopic phenomena such as the
homogenous broadening of spectral lineshapes [17] and the detection of natural

isotopic substitution [18].

With these ideas in mind, it is clear to see why SM-SERS caused a second
renaissance of SERS in general, sparking a renewed interest in a field that was

in reality losing its original momentum since its discovery [19].

1.1.3 SERS - Where are we now?

Despite its widespread use in research and fundamental contexts, SERS is
still often viewed outside these confines as a technique plagued with problems;
contradictory claims (for example in terms of the SERS enhancement factors
(EFs) [20], unresolved questions (illustrated for example by the debate between
electromagnetic and chemical enhancements), uncontrolled large signal fluctu-
ations, and irreproducibility [21]. The first two items in this list are perhaps
intrinsic to any research endeavor, but the latter two are particular weaknesses
for a technique that should be more than mature enough to be an essential

part of the analytical chemists toolbox.

Procedures have been developed to avoid signal fluctuations and improve ir-
reproducibility, at least in specific contexts. Efforts in this direction include rig-
orous definitions and quantification of the SERS EFs [12] and promising quan-
tification/calibration studies [22-25], notably using internal standards [26].
The cause of the SERS fluctuations has also been better identified thanks
to progress in single molecule SERS detection [27,28] and studies of the en-
hancement factor distribution [29,30] and the closely related concept of hot-
spots [31], which are highly localized regions (a few nm) where the SERS
EF is extremely large [19]. The recognition of the presence of such hot-spots
goes a long way in explaining the origin of the fluctuation/reproducibility
problem [29, 32|, especially in view of the fact that hot-spot properties are
extremely sensitive to minute variations in the underlying geometry (for ex-

ample sub-nanometer changes in the gap between two metallic nanoparticles
(NPs) [33]).
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Recent and ongoing studies will no doubt improve dramatically the abil-
ity to seriously address the SERS fluctuation/reproducibility issue, both for
general analytical chemistry applications and for single-molecule or trace de-
tection studies yet a large proportion of recent papers published in the field
are still striving to produce SERS substrates that provide uniform and re-
producible signals, highlighting that there still exist a number of outstanding

issues associated with the technique.

The second, more subtle thorn in the side of SERS’ emergence as a stan-
dard technique is the debate over the existence, and role, of chemical enhance-
ments [34-36] in the SERS mechanism. Discussed in detail in Chapter 6, the
original debate around the mechanism of the SERS enhancement has been a
hotly contested topic that began in the early 1980s [37]. Today it is generally
accepted that the majority of the enhancement arises from electromagnetic
effects at the surface of the metallic substrate [38] and that chemical effects
will contribute at most a factor of 100 to the overall enhancement [39]. This
agreement among the field’s researchers has gone a long way towards moving
on from arguing over the subtle aspects of the technique, allowing much more
robust applications of SERS to be developed across many fields. The “Chem-
ical Enhancement” debate still is prevalent among the SERS literature, and
the advances in both large scale theoretical modelling [40] (Time Dependent
Density Functional Theory (TDDFT)) and control of nanostructure fabrica-
tion (colloidal synthesis [41], lithographically prepared substrates [42]) have
been crucial in investigating this elusive phenomenon. It is natural to say that
understanding this aspect of the SERS effect is the last piece of the puzzle in

fully describing the fundamental mechanisms at play.

1.2 Colloidal Solutions for SERS

The work presented in this thesis solely uses colloidal solutions of metallic
nanoparticles as the SERS substrate. As such an overview of colloidal solutions
in the context of SERS is briefly discussed.

A quick glance at almost any recently published article related to SERS

and one will find mention of the difficulty in obtaining quantitative, reliable
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and repeatable results from a SERS substrate. Although some aspects of these
issues arise from the nature of the technique itself, being extremely sensitive
to any change in the local environment of the analyte molecule (hot spot gap
size, surface roughness, molecular orientation, thermal effects etc) the source,
in general, can often be attributed to the use of colloidal solutions as SERS
substrates. Despite their widespread use as the workhorse of the field since
Lee and Meisel in the early 1980s [43], colloidal solutions have without doubt
been a double edged sword for the field’s development. On the one hand,
the properties of colloids allow an impressive simplicity towards performing
SERS experiments and probing the nature of molecule-nanoparticle interac-
tions. Their ease of preparation, cheap cost of manufacture, relatively long
term shelf life (on the order of six months to a year), and most importantly
large SERS enhancements make them a hugely attractive option for many
researchers looking to perform studies ranging from simple determination of
signal enhancements for a given molecule all the way down to single molecule
SERS experiments. Moreover, working in liquid brings significant advantages
over dried nanostructures in terms of spectral statistics; the Brownian mo-
tion of the colloids allows one to probe the entire solution by simply acquiring
large numbers of spectra, while the diffusive properties of solutions ensures
that photobleaching of dye molecules is less of an issue than when working
on dried substrates [44]. On the other hand, colloidal solutions, in particular
those made from silver, are known to exhibit large signal fluctuations and re-
sults can often be very difficult to reproduce. These drawbacks arise from a
number of factors, including batch to batch variation, polydispersity in particle
size and shape along with sensitivity to oxidation (silver in particular) and the
possible aggregation induced by analyte molecules themselves. Probably the
most significant drawback of using colloidal solutions (especially with spher-
ical nanoparticles) is the need to aggregate the particles to create hot-spots,
regions of large electric field intensity described in Chapter 3, where the enor-
mous signal enhancements originate from. Aggregation is normally induced by
the addition of electrolyte [24], such as salts, to the colloids and is by definition

an extremely difficult step to control.

To address the inherent problems associated with the traditional colloidal
SERS approaches, many stategies have moved away from colloidal solutions

and nano-lithographically prepared structures of gold and silver are becoming
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more common as SERS substrates [45,46]. Many still admire the colloidal
approach for simplicity its applicability to a broad range of analytes/systems
[47-49]. In this regard there has been a strong move towards removing the nec-
essary aggregation step with spherical particles by synthesising non-spherical
particles. In recent years, a plethora of silver and gold nanoparticle shapes
have been successfully synthesised [50] and applied to SERS detection [51].
Examples range from nano-rods, stars, and triangles to bi-pyramids [32], all
of which contain sharp features that act as electromagnetic hot-spots in place
of the gap mode hot spots present in spherical nanoparticle solutions. More
complicated architectures can be synthesised, such as core—shell particles with
tunable plasmon resonances [52]. Another promising approach in the last 3-4
years has been to gain better control over the aggregation step required to
create hot-spots by the use of DNA origami methods [53] and molecular link-
ers. This consists of developing a DNA architecture that essentially acts as
a linking bridge between nanoparticles. Due to the well established methods
in DNA linking, tailorable gap sizes between particles can be engineered to
assemble hot spots of desired distances between nanoparticles [39]. The down-
sides to such approaches are the lower limit on gap sizes achievable (due to
the minimum number of bases required for stable linking) and time consum-
ing methods must be employed to obtain gaps small enough to produce large

enhancements.

The past 5 years have seen the development of many promising alternative
approaches to traditional colloidal SERS and the maturity of these techniques
is impressive. There still however is significant interest in the traditional silver
and gold, citrate reduced colloids whose advantages have been discussed. While
the more advanced substrates using DNA origami are an excellent strategy for
analytical applications of SERS, there is no doubt that traditional colloids
still have their place among the SERS field. In particular, citrate reduced
silver colloids still outperform other substrates for single molecule detection in
solution and allow easy investigation of many fundamental aspects of SERS.
From this point of view, much of the work in this thesis uses, and significantly

improves the reliability of, these type of colloids.
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1.3 Thesis Motivation

With the considerations above in mind, the work in this thesis addresses two
separate but closely linked aspects of SERS that have to date not been stud-
ied. The first body of work identifies a crucially important source of error and
irreproducibility when performing SERS in colloidal solutions by demonstrat-
ing that different dilution methods of analytes into colloidal solutions can lead
to drastically different outcomes for analyte coverage across the sample. This
unexpected result has gone unnoticed up to now in the field and it is shown
that unless accounted for, serious misinterpretations can be made for the de-
termination of average enhancement factors (AEF), and more importantly for
the analysis of SM—SERS detection.

Secondly, a novel experimental setup, consisting of an integrating sphere
with a centrally mounted cuvette (CMCIS), was developed to allow, in conjunc-
tion with the new information provided by the dilution study, measurement
of the enhanced and modified absorbance of commonly used dye molecules
adsorbed to colloidal silver nanospheres. Direct measurement of this surface
absorbance is a significant step towards understanding the chemical effect in
SERS, particularly in the context of Surface Enhanced Resonant Raman Spec-
troscopy (SERRS).
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1.4 Thesis Layout

The layout of this thesis is as follows:

Chapter 2 presents a general theoretical background of all concepts relevant
to the experimental results presented in later chapters. First is an overview
of the relevant spectroscopic concepts including energy levels in molecules,
Raman and Resonance Raman spectroscopy. The electromagnetic theory gov-
erning the SERS effect, including a brief description of Mie-theory methods
for calculating the optical properties metallic particles is then discussed and
definitions of SERS enhancement factors, both average and single molecule are

introduced.

Chapter 3 presents a description of the general experimental details used in
this thesis. Most of these details are relevant to Chapter 4, in particular the
procedures for calculating average and single molecule SERS EFs; but some
extend to the results of Chapter 6.

Chapter 4 discusses the first part of the experimental section of the thesis,
namely dilution effects in SERS experiments. By measuring SERS signals from
colloidal solutions containing the same concentration of analyte but diluted in
different fashions, it is shown that the method by which samples are diluted
has a dramatic effect on interpretation of SERS spectra with further implica-
tions for single molecule SERS experiments. The results in Chapter 4 have

profound impacts on the work in the other chapters.

Chapter 5 introduces the concepts, experimental and theoretical, surrounding
the use of the novel integrating sphere setup developed for absorption measure-
ments of dyes on metallic nanoparticles. The underlying equations governing
the working principles of integrating spheres are presented. These are then
applied to the case of sample contained within the sphere cavity and the cali-

bration procedure for measuring absorption within the sphere is developed.

Chapter 6 presents arguably the most interesting results of the thesis. For
the first time, the optical absorption spectra of commonly used dye molecules

adsorbed to silver nanospheres in solution are measured, using the CMCIS
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setup described in Chapter 5, crucially at sub—monolayer dye coverages. Mie—
theory calculations are shown to accurately reproduce the observed changes
in absorption spectra. Modifications of the dye absorption spectra upon ad-
sorption are then discussed in the context of chemical modifications in SERS,

through careful wavelength dependent SERS measurements of Crystal Violet.

1.5 Scientific Outputs

Much of the work in this thesis has been the subject of two publications of
which I am the first author (see List of Publications). The work in Chapter 4
was published in the Journal of the American Chemical Society in 2014 and
the work in Chapter 5 and 6 was published in Nature Photonics in 2016. A
3rd publication was accepted in Physical Chemistry Chemical Physics in 2015

but the details of this work are not discussed in this thesis.

There are many instances throughout this thesis of extensions to the published
works that were not included in the final articles. In particular the COMSOL
modelling section of Chapter 4 is extended and the SERS REP data for Crystal
Violet were only alluded to in the original Nature Photonics paper. Also
there are a number of graphs that have been reproduced from the articles but
plotted in MATLAB and as such may look slightly different to those in the

publications, yet no modification to the data itself was done.
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Chapter 2

Theoretical Background

This chapter introduces the most relevant theoretical foundations governing
the experimental work presented in later chapters. The work carried out in
this thesis spans the broad fields of molecular spectroscopy, Raman scattering,
electromagnetism and plasmonics. As such, many of the concepts presented
have been studied in far greater detail elsewhere and only the details most
pertinent to this thesis are discussed below. For detailed description of molec-
ular spectroscopy, the Raman effect and Surface Enhanced Spectroscopies, the
reader is referred to the many great books on these topics [16,54-56]. The
Chapter is split into two main sections; the first presents the main ideas of
Molecular Spectroscopy with a focus on Raman scattering, while the second
introduces the underlying principles of Surface Enhanced Spectroscopies and

the origin of the interesting optical properties of noble metals.

2.1 Molecular Spectroscopy

In molecular spectroscopy, the interaction between light and molecules is used
to obtain information about the chemical structure of molecules. A wealth of
information can be extracted about the nature of the molecules being studied
by studying this interaction, from the energy levels of electronic transitions
(UV-Vis spectroscopy), the lifetimes of excited states (ultrafast fluorescence
spectroscopy), all the way down to the coupling between electronic and vibra-

tional states (resonance Raman spectroscopy) and complex non-linear optical

11



2.1. MOLECULAR SPECTROSCOPY

processes (e.g. Hyper-Raman scattering and second—harmonic generation). In
the context of this thesis, the main interest is in using optical spectroscopy
to understand the electronic and vibrational transitions that occur in dye
molecules when excited with electromagnetic radiation. As such this section
gives a brief overview of the related spectroscopic concepts, with particular

focus on Raman spectroscopy.

2.1.1 Energy Levels of Molecules

Most of the optical properties of atoms and molecules can be understood by
considering the energy levels of such systems. The formulations of quantum
mechanics describe the behaviour of an atom, or a many atom system (i.e.
a molecule) in terms of distinct energy levels. These energy levels can be
electronic (due to the energy of the electrons in the atom), vibrational (vibra-
tions of the nuclei about the bonds in the atom) and ro—vibrational (rotational

and/or vibrational motion of the nuclei) in nature.

These levels are depicted (neglecting rotational levels, that are not relevant
here) in Figure 2.1, for a simplified model of a molecule consisting of two
(electronic) levels, the ground state (denoted Sy) with energy Fy and an excited
state (denoted S;) with energy FE;. Each electronic state is made up of a
series of sub—states that are the allowed vibrational states associated with
the vibration of the nuclei about thier equlibrium position for that particular
electronic configuration. Both electronic and vibrational levels are drawn as
solid lines to represent thier quantization into distinct energy levels. This
simplified description allows a straighforward understanding of the transitions

allowed when a molecule interacts with light.

12
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Figure 2.1: Electronic and vibrational levels of a molecule represented by an
ideal two level system.

2.1.2 Optical Transitions in Molecules

When an atom (or molecule) interacts with electromagnetic radiation, the
molecule can undergo a range of transitions that are determined by both the
structure of the molecular energy levels and the energy of the incident radi-
ation. The types of processes that can occur, for the two—level system, are
depicted in Figure 2.2, known as a Jablonski diagram. The simplest process
to consider is the absorption of energy by the molecule (Figure 2.2 (a)). If
a photon of incident energy Ef, interacts with the molecule consisting of two
electronic states, the photon can be absorbed by the molecule and induce a
transition from the ground state, Fjy, to the excited state E, with the molecule
now being in an excited energy state with energy level Fy, = Ey + Ey,. For-
mally the probability for the transition to occur between the two states Fj
and F is determined quantum mechanically by the coupling strength between
the initial and final state wavefunctions, given by Fermi’s Golden Rule, but
for the treatment here it is sufficient to say that dipole allowed transitions
can promote electrons from lower energy states to higher energy ones by the
absoprtion of a photon. The reason the initial and final states are denoted Sy
and 57 is that they are considered singlet states, where the total spin number
of the electrons in each level is zero. Only transitions between states of the

same total spin can be excited by a photon, so the transition to an excited

13



2.1. MOLECULAR SPECTROSCOPY

state, for example the triplet, 7} in (d), that has a different spin number than
the ground state, is forbidden whereas the Sy — S; is allowed [57].

(a) (b) (c) (d)

Absorption Relaxation Emission I.S.C
(Fluorescence)
A 5 E—
E 'S4 — & & — & — »S,E
=0
\" ‘\\
‘\
\“
(S
| E<Ein T1:
Ein aVAYA 2
E<Ein
v=§ - S E
V= M
=2
= . —} o
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Figure 2.2: Jablonski diagram depicting the typical processes that a molecule
can undergo when a photon is absorbed.

Figure 2.2 the shows the processes the molecule can then undergo after
being excited to F; before decaying back to the ground state; because the
electronic states of the molecule are made up of a sub-structure of vibrational
energies, the incident photon can have energy higher than E; — Ey, and thus
the molecule can be in a higher vibrataional (excited) state, v; = 0,1,2, ...k
than it was in the ground state (Figure 2.2 (b). From this higher excited
vibrational state the molecule can non-radiatively relax down to the lowest
(excited) vibrational state, v; = 0. This relaxation typically occurs in the
picosecond timescale, after which the molecule can decay back to the ground
(electronic) state, Sy, through two processes; (1) the radiative emission of a
photon with energy Eoy less than that of the incident photon (Figure 2.2 (c))
or (2) by relaxation to a triplet state, T}, whereby the molecule can either pho-
tobleach through interaction with its enviroment or emit a photon at a much
later stage. Step (c) is the general description of fluorescence, while step (d)

is known as inter—system crossing (ISC) and is the origin of phosphorescence.
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Despite this simplified treatment, it can now be understood that the absorp-
tion of light by a molecule can give detailed information about the electronic
and vibrational states of the molecule. For real molecules, the system is signif-
icantly more complicated than a two-level system but the general principles
are the same. The main difference between the ideal system presented here
and a real molecule is the shape of the absorption spectra; for the two—level
system excited by a white light source, a series of sharp absorption and emis-
sion bands would be observed, each corresponding to the various electronic—
vibrational transitions between the ground and excited energy levels. In a
real molecule, the number of electronic states is much larger than two; the
vibrational sub—structure associated with each electronic state then causes the
absorption spectrum to be “smeared out” and the energy levels constitute
more of a continuum of states rather than the discrete ones observed for the
ideal system. As such, for large molecules like those used in this thesis, the
vibrational sub-structure is often not visible and the absorption spectrum will
exhibit a broad, continuous lineshape that represents the sum of all possible

electronic—vibrational transitions [57].

2.1.3 Optical Transitions in Dye Molecules

The arguments above for an arbitrary set of energy levels can be extended
to understand the optical properties of organic dye molecules, of which this
thesis is mainly concerned. In a molecule with many atoms, the energy levels
are determined by how electrons fill the molecular orbitals of the molecule,
the highest energy of which is called the HOMO (highest occupied molecular
orbital) and corresponds to the Sy state as depicted before. The (unfilled)
energy level directly above the HOMO level is known as the LUMO (lowest
unoccupied molecular orbital) corresponding to the S; state. Since the elec-
trons in the HOMO are those furthest away from the nuclei, they are weakly
bound and can be easily excited into a higher state. The LUMO is the next
lowest lying orbital available for these electrons to be excited into. The energy
difference, AE between the HOMO and LUMO of a molecule will then deter-
mine the energy, or wavelength, at which light will be absorbed to promote
electrons from the HOMO to the LUMO. This is depicted in Figure 2.3.
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Figure 2.3: Depiction of the energy levels for a typical molecule. A typical
m — 7" transition is shown between the HOMO and LUMO levels.

The energy, or wavelength, at which the HOMO-LUMO transition occurs
depends on the type of orbitals that make up the HOMO and LUMO states. In
o orbitals, the electrons are more tightly bound to the nuclei than in 7 orbitals,
and thus require more energy (lower wavelegnth) to promote an electron to a
higher orbital than for 7 orbitals. In molecules like aromatic dyes, there exist
large conjugated systems of 7 orbitals, where the electrons are spread out
across the molecule, or delocalised, reducing the energy required to promote
electrons from the HOMO to the LUMO. The larger the conjugated system,
the easier it is to excite these 7 electrons and thus the absorption wavelength
is pushed into the visible region. The HOMO for these molecules will be a 7
orbital and the strongest transition in the visible region will typically be to a

so—called m — 7* transition.

As an example, the UV—Vis spectrum of Rhodamine 6G, a typical organic
dye with a large conjugated system is shown below in Figure 2.4. These dyes
tend to posess two main absorption bands, an Sy — S; and a higher energy
So — Ss transition [40]. In the context of SERS, it is only the lower energy
So — S transition that is of interest. This excitation occurs at 527 nm for
RH6G in water and corresponds to the HOMO-LUMO gap between the largely
de—localised 7 orbitals of the xanthene ring. The transition dipole moment for

the transition, pp, is oriented parallel to this xanthene ring as shown, and
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CHAPTER 2 THEORETICAL BACKGROUND

has been confirmed with TDDFT calculations [40]. The dipole moment of the
molecule, in particular its orientation, plays an important role in Surface En-

hanced Spectroscopy and will be used in Chapter 6 to understand the process

of surface enhanced absorption.

A = H27nm

Absorbance [Arb. Units]

400 450 500 550 600
Wavelength [nm]

Figure 2.4: Chemical structure of RH6G along with its absorption spectrum
in water. The blue arrow on the left indicates the orientation of the dipole
moment, pp, associated with the main Sy — S; transition that corresponds
to the absorption peak at 527nm. The dipole moment is oriented along the
main xanthene backbone of the molecule.

Much of the terminology presented up to now will be used in the rest of the
thesis to dicuss the processes that occur when molecules interact with light.
The treatment is by no means exhaustive but is sufficient for the understanding
of the topics discussed throughout the following chapters. While the processes
up to now have involved absorption of light by a molecule, the focus is now

switched to another possible light—-molecule interaction, scattering.
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2.2. RAMAN SCATTERING

2.2 Raman Scattering

When light interacts with a molecule, there is a probability that the light can
be scattered, i.e. absorbed and instantaneously re-emitted. The light can be
scattered elastically, with the same frequency as the incoming light, known as
Rayleigh scattering, or inelastically where the scattered frequency is different
to the incoming light. The latter process is known as Raman scattering. First
observed experimentally in 1928 by C.V Raman [58] and predicted 5 years
earlier [59], Raman scattering arises due to the interaction of light with the
vibrations of molecules. The three types of scattering processes possible are
depicted in the Jablonski diagram in Figure 2.5 for an incoming photon of

energy Fr.

e The first process (Figure 2.5 (a)), Rayliegh scattering, occurs where the
scattered photon has the same energy as the incoming photon and there
is no change in the energy level of the molecule before and after the
scattering process occurs. Thus the process is elastic and there is no

exchange in energy between the photon and the molecule.

e In the second process (Figure 2.5 (b)), the molecule absorbs some of the
incoming photon energy and is left in a vibrationally excited stated (but
with no change in the electronic state). In this case, the energy of the
emitted photon is less than the incoming photon, Fg = Ej, — hw,, where
hw, is the energy of the vibrational transition. This process is known as

Stokes scattering.

e If the molecule is in an excited vibrational state (¥ = 1) upon interaction
with the incoming photon (Figure 2.5 (c)), it can impart energy to the
scattered photon by relaxation to the ground vibrational state (v = 1).
The energy of the scattered photon is then greater than the incoming one,
by Es = Er, + hw,. This process is known as anti-Stokes scattering and
typically less intense than its Stokes counterpart because the molecule
needs to be in a vibrationally excited state, the population of which
is thermally related to the Boltzmann temperature. Thus anti-Stokes
scattering scattering intensity will be less than Stokes scattering by a

factor exp(—hw, /(kgT)), where T is the temperature of the molecule.
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Figure 2.5: Jablonski diagram depicting (a) Rayleigh, (b) Stokes and (c)
anti-Stokes Raman scattering.

The use of virtual levels in the diagrams of Figure 2.5 are to give a pictorial
view of the scattering process while omitting many of the finer details governing
the process. Because the scattering process is instantaneous, the molecule
in reality spends no time in an excited state; as such this virtual state is
considered an intermediate state of the molecule required for the scattering to
occur and provides a qualitative understanding of the process. The concept
of the virtual state orginates from the quantum mechanical treatment of the
Raman process, where in second order perturbation theory the oscillating field
of the incident photon perturbs the electron cloud for a very short period [56].
A full quantum mechanical treatment of the process can be found in Long’s
book [54] and the description here is limited to that presented in Figure 2.5
which is sufficient for understanding the most important aspects of the Raman
effect.

2.2.1 The Classical Description of Raman Scattering

Classically, Raman scattering arises because of the change in the polarisability
of a molecule due to the dipole induced in the molecule by an incident elec-

tric field. The linear optical polarisability tensor [16], ér(wy) of a molecule
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relates the induced dipole moment, p(wz ), to the incident electric field, E(wz),

oscillating at frequency wy,, by:

P(wr) = ar(wr) - E(wr), (2.1)

where the dipole and the electric field are both written in complex notation.
From this description, the field induces a dipole in the molecule oscillating at
the same frequency as the field, and the dipole response is linear, as charac-
terised by ap(w). In the case of Raman scattering, a dipole is also induced in
the molecule but now oscillates at a frequency wg, where for Stokes scattering
wr = wr, — w,. In the same vain as before, the Raman polarisability tensor
ar(wrp,w,) is now introduced to characterise the response of the molecule to
the field for a given mode at frequency w,. This then leads to the definition of

the induced Raman dipole that oscillates (and thus radiates) at wg:

BR(WR) = &L<WL7 w,,) 'E(WL) (2.2)

While above approach is a phenomenological treatment and gives no in-
dication of the physical origin of the Raman polarisability tensor for a given
molecule, the idea of a Raman dipole as being induced by the incident field
is sufficient for understanding many of the following processes relevant in the
thesis, especially in the context of enhanced Raman scattering at a metallic

surface.

2.2.2 The Raman Spectrum

In practice, Raman spectroscopy is performed by exciting a sample with a
laser and detecting the scattered light with a spectrometer. What is measured
by the spectrometer is the energy of the scattered light, which is most often
expressed as the Raman shift, v;. This is usually given in wavenumbers [cm ™|
and is the energy difference between the incident light, £ and the scatterd
light, i.e. the energy of the jth vibrational mode. For a Stokes mode this is:
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AEy = E — Es. (2.3)

A typical Raman shift will then be shown as intensity versus Raman shift
[56], where the laser line will be at a Raman shift of 0cm™'. The Stokes lines
will be positioned on the positive Raman shift axis and the anti-Stokes on
the negative side. Figure 2.6 shows a typical Raman spectrum obtained of
2-bromo—2-methylpropane (2B2MP) excited with a 633 nm laser. Each peak
the corresponds to scattering by a particular vibrational mode of the molecule.

In this thesis, only Stokes scattering is considered.
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Figure 2.6: Raman spectrum of 2B2MP taken at 633 nm.

2.2.3 The Raman Cross Section

A central parameter used throughout this thesis is the Raman cross—section
that essentially characterises the optical strength of a given Raman mode. Like
any cross section, the Raman cross section, o, describes the probability of an
incoming photon being Raman scattered; a cross section of 1072 implies that

for every 100 photons, only one will undergo Raman scattering. Physically,
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the cross section of a process describes the ratio of power produced by the

process, P [W] compared to the incident power density, Sy, [W m™2],

P
_S]n

o

(2.4)

In practice, o is almost impossible to measure because it is the cross
section for scattering in all directions. To measure this, one would have to
collect the scattered light from the full 47 steradians, which is not practical
with standard spectrometers. In reality, the spectrometer configuration will
be such that light is only collected over a small solid angle, d§2 [sr~!]. As such,
a more pratical metric for the Raman cross—section, the differential Raman

cross—section [16] be defined as:

dor [cm?sr!]

 dPg/dQ)
a0 - ‘

o (2.5)

In practice, the differential cross section of a given Raman mode can be
measured experimentally by comparing the Raman peak intensity to the inten-
sity of a reference molecule, measured under identical conditions, whose cross—

section is known. Normalising for concentration differences, this gives [16]:

<Ck£) _ (dUR) ISample CRef ' (26)
dQ Sample dQ Ref IRef CSample

The differential Raman cross—section is central to this thesis and is men-

tioned many times, simply as the “Raman cross—section”. It is directly relevant
to SERS, being the parameter that is used to estimate by how much the Ra-
man signal of a molecule is enhanced. Finally, typical Raman cross sections

ZSI.—I

for non-resonant molecules are of the order of 1073% cm , which when com-
pared with other optical processes such as fluorescence, whose cross—sections
are of the order of 1071 cm?sr~!, highlights the extremely weak nature of the

Raman effect.
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2.2.4 Resonance Raman Scattering

In the above treatment of Raman scattering, the process is depicted such
that the energy of the incident photon is much lower than the energy of any
electronic transitions of the molecule. As such, the virtual state lies somewhere

between the ground and excited electronic states, Fy and Ej.

The quantum mechanical treatment developed by Plazeck is required to
understand the underlying mechanisms of Resonance Raman scattering and is
particularly cumbersome to derive. A full treatment of the problem is given
in [54]. However the main ingredients relevant to SERS are captured by con-
sidering the transition probability, between an initial state (i| and a final state
|f) of the molecule, due to the (time-dependent) perturbation produced by
an incident electric field on the wavefunctions of the initial and final states.
It can be shown [54] that the transition polarisability, oy for the Stokes and

anti-Stokes scattering of a given Raman mode, is given by:

-ty {UBREAD | ey ) g

o’ Wrg —wp —wy — 'y wp Fwp 4wy il

Here p, and p; are the (quantum mechanical) dipole moment operators
for the given transitions, the terms (w, — w;) and (w, — wy) represent the
frequency of the scattered photon and wy, that of the incident photon. Thus
the left terms in the curly brackets represents Stokes scattering and the right
terms anti-Stokes. T, is the half-width of the the level (in rads™!) which is
related to the lifetime of the state. Finally the (r| represents the virtual state,
and the sum indicates all possible states (except for the initial and final states)

are included in the summation [54].

Without dwelling on the details of Equation 2.7, what is clear is that when
the laser frequency, wy approaches that of a molecular (electronic) transition
frequency, w, — w;, then the denominator in the left term will become small
and the response will become large; i.e. a resonance condition is reached.
This is equivalent of saying that the virtual state, r coincides with a real

absorption level in the molecule; this situation is then known as Resonance
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Raman Scattering (RRS). The corresponding intensity of Resonance Raman
is often orders of magnitude larger than “regular”, non-resonant Raman due

to the large denominator term in Equation 2.7.

A typical example of the enhancement in Raman cross—sections under res-
onant conditions is seen for RH6G, whose differential Raman cross—section
has been measured to be 2.3x1072* cm? st! at 532 nm excitation [60]. This is
6 orders of magnitude larger than typical non-resonant cross—sections. Such
large cross—sections exhibited by dye molecules in the visible region are the rea-
son for their predominant use in SERS, where the problems associated with
working at ultra—low analyte concentrations are mitigated by the intrinsically
large Raman response under visible excitation. In Chapter 6, the relationship
between excitation wavelength, absorption spectrum and the resonant Raman
cross section of dye molecules on metallic surfaces is investigated and the ter-

minology of this section is useful to keep in mind.
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2.3 Surface Enhanced Spectroscopies

The following sections introduce the concepts necessary for understanding the
origin of the SERS effect. The treatment follows closely that in [16] and begins
with a discussion of the optical properties of metals. This naturally leads to the
concept of surface plasmons, that are essentially responsible for the amplified

Raman signals from molecules adsorbed to metallic nanostructures.

2.3.1 Optical Properties of Noble Metals

To understand the origin of surface enhanced spectroscopic techniques using
metallic nanostructures as the antenna for localisation of the incident radiation,
it is necessary to first understand the optical properties of metals. This begins

with the Lorentz model for the interaction of light with oscillating dipoles.

The optical properties of a material can be characterized by its dielectric
function €(\), that describes the macroscopic optical properties of a material.
The simplest way to describe this response is through the Lorentz model [16].
Here the electrons are treated as a classical harmonic oscillators with a natural
frequency wqy excited by an external oscillating field. The system is then con-
sidered a forced harmonic oscillator with damping provided by the restoring
force of the nuclei on the electrons. In the case of metals, where the conduction
electrons can be considered as being free to move, wy = 0, and the displace-
ment of the electrons, x can be described as a damped harmonic oscillator
with no restoring force under an external electric field E at frequency w. The

equation of motion is then

d*z dx
mow + mo’}/oa = —cE (28)

where vy, the damping term, represents the rate of collisions of free electrons
within the metal and mg is the mass of the electrons. Note the electric field
is written as a complex field E = Re(Eg exp ™)
amplitude of the field [16].

where E, is the complex
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This is known as the Drude free electron model for metals. The solutions
are Equation 2.3.1 are of the form x = Re(xy,exp(—iwt)) again in complex

notation, giving:

€
= ———E,. 2.
T T ) >

If there are N free electrons in the material, then the total induced po-
larisation from the displacement of all electrons is P = —Nex and using the
fact that from Maxwell’s equations, the electric displacement, D = ¢ E + P,

it follows that the relative dielectric function is given by [16,57]:

Ne? 1
€omo w? + iyw

elw)=1- (2.10)

If the optical response of bound electrons and positive ions are taken into
account, the expression for the dielectric function of a metal can be written
as [16]:

(W) = e (1 - w_§> (2.11)

w? + iyw

and €., represents the contribution of positive ions and bound electrons to the
overall response. w, = y/ne?/mepes is known as the plasma frequency and is
the natural oscillation frequency of the conduction electrons, analogous to the

\/% term for the resonant frequency of a classical harmonic oscillator.

Finally by separating the dielectric function into its real and imaginary

components:

2 2
W 6OOL'(‘}pf}/O

Re(e(w)) = €x (1— r ) and  Im(e(w)) = —=2° _ (219)

P T eW )
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Figure 2.7: Dielectric functions of silver and gold obtained from the analytical
model in Appendix E of [16].

Figure 2.7 shows the real and imaginary parts of ¢(\) for both Silver and
Gold. These plots are based on analytical models (see Appendix E of Ref. [16])
that are in good agreement with experimental results [61,62] and illustrate the
optical properties of both metals as a function of wavelength. What is most
notable, and whose importance will become apparent in the following section,
is that for both metals, the real parts of the dielectric functions in the visible
region, (where w < w,) are negative and large while the imaginary part is
small. It is essentially this feature of metals that gives rise to the interesting
electromagnetic phenomena observed in the visible region, allowing effects such

as SERS to exist. This point will become clearer in the next section.
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2.3.2 Surface Plasmon Resonances - The Electrostatic

approximation

In this section the simplest case of a metallic sphere of radius a embedded
in a non absorbing medium with a dielectric constant €,; in the presence of
an external electric field is considered. This treatment, known as the Electro-
static Approximation (ESA) can be used to qualitatively demonstrate how the
electric field on the surface of the sphere can be enhanced by satisfying the
resonance condition of the system. The approach is valid in the limit that the
radius of the particle is much less than the wavelength of the light creating the
incident field, i.e. a < X\ where the electric field is essentially constant over

the spatial dimensions of the sphere.

Figure 2.8 illustrates this simple model. The electrostatic solution to this
well-known problem is described in detail in numerous textbooks [63] and in-
volves solving the Laplace equation for the potential [64], V?¢ = 0 from which
the electric field can be calculated as the gradient of the potential, E = —V¢.
For the purposes here, the electric field on the surface of the sphere at point

A is of interest.

Eo N
—3, —z,

Figure 2.8: Metallic sphere of radius a in the presence of a constant electric
field Eq

Firstly, solving for the potential inside and outside the sphere and applying the
appropriate boundary conditions, it can be shown [63] that the dipole induced

inside the sphere is given by

6()\)—_6]\47“3]30 - 4meg (2.13)

where €(\) is the (complex) dielectric function of the sphere material and ey,

is the dielectric function of the embedding medium. It is immediately evident

28



CHAPTER 2 THEORETICAL BACKGROUND

that a resonance condition, known as the dipolar localized surface plasmon
resonance (LSPR), is reached when Re [¢(\)] = —2¢),. For normal dielectrics,
where Rele()\)] is positive and Im[e(A)] is large in the visible region, this res-
onance condition is never satisfied. For metals however, and in particular Ag
and Au, it is clear from Figure 2.7 that in the visible region it is possible to
have Re[e(A)] negative and Im[e(A)] small. Thus the dielectric properties of
metals allow the resonance condition of the sphere to be satisfied.

A few points on LSPRs are noted here. This result is central to the origin
of the field enhancements in surface enhanced spectroscopies and illustrates
why silver and gold have been the predominant materials used in plasmon-
ics. LSPRs of nanostructures can generally be observed experimentally in the
extinction spectrum and in the particular case of colloidal silver spheres used
throughout this thesis, the LSPR is evidenced as a strong absorption peak
in the 400 to 450 nm regime (see Chapter 3). Equation 2.13 also highlights
the strong dependence of the LSPR position on the material properties. The
dispersion of € of the material imposes that for materials of different types, the
maximum LSPR excitation will occur at different wavelengths of the incident
light. As an example, the dipolar LSPR in for gold (in the ESA) occurs at
~512nm and for silver at ~387nm. Thus the plasmonic properties can be
tuned by the choice of material which has implications in applications where

the excitation wavelength of the light is important.

It follows from the solution of the electrostatic problem that the field out-
side, Eqyut, on the surface of the sphere assuming excitation along z is just the

sum of the incident field and the field of the induced dipole and is given by

Eoui(r =a) = Eo[(1 — fs)e, + 308s(er - €,)e;], (2.14)

where e, and e, are the surface normal and z-axis unit vectors respectively.

Finally,

= :((AA))J r (219)

As can be seen the field outside also experiences a resonance at the same
condition of Re[e(A)] = —2¢j,. This field is denoted the local field, Ey,., and

is the main component of interest for surface enhanced spectroscopies given
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that a molecule adsorbed to the sphere will be subjected to this field.

The Local Field Intensity Enhancement Factor (LFIEF) can now be intro-
duced. The LFIEF [11] expresses the magnitude by which the intensity of the
incoming field is enhanced at a point on the particle surface. Thus the LFIEF
is formally defined as the ratio of the intensity of the field at position r to the
intensity of the incident field:

. |ELoc(r, >‘)‘2

Herlt A= T O 210

Using the expressions above and the analytical expression described in
Appendix E of Ref. [16] for the dielectric function of silver, the wavelength
dependence of M. for a silver sphere in water at point A can be plotted.
Figure 2.9 shows that for the above electrostatic approximation, the LFIEF at
point A on the sphere is predicted to be ~ 4000 for an excitation wavelength
of 387nm.
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Figure 2.9: Electrostatic approximation of the LFIEF as a function of wave-
length for a silver sphere in water.
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Finally, the local field can be separated into its components parallel and

perpendicular to the surface given by:

Mioe = M=+ M) (2.17)

In most cases only the total enhancement, M., is of interest but in certain
contexts it is useful to know the value of the local field components. This
will be relevant in Chapter 6 when discussing surface enhanced absorption of

molecules at the metal surface.
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2.3.3 The E* approximation in SERS

The origin of the SERS effect can now be understood in the context of the
enhanced local field at the surface of the nanoparticle due to the excitation of
localised surface plasmon resonances. When the wavelength of incident light
matches the resonance condition, the LSPR of the particle can be excited. For
a molecule placed at, or very close to, the surface of the particle, the electric
field felt by the molecule will be greatly enhanced with respect to the field it
would experience in the absence of the sphere. It follows that the modified local
field will induce a Raman dipole at frequency wg in the molecule proportional
to the local field i.e.

PrR = CYRELOC(LUL) (218)

In the simplest approximation, ignoring any orientation or polarisation
effects, the magnitude of the dipole induced will be increased by a factor given
by .. compared to the free dipole in the absence of the metal. In the absence
of the metal, this dipole would then radiate into free space with an intensity
proportional to My... This process can then be extended to find the overall
factor by which the Raman signal radiated by the molecule is enhanced. By
assuming that the re-emission branch of the Raman process is enhanced by the
same amount as the local field, possibly the most important expression in SERS
[16], namely the |E|* approximation is arrived at. Under the two assumptions,
(1) that the excitation and emission branch of the Raman process are enhanced
equally and (2) the Stokes—shift for Raman mode is small (Wraman & Wiaser) the
|E|* approximations SERS EF for a single molecule, denoted SMEF, is given
by

E OC Y 4
SMEF (w;) ~ % (2.19)
0

A number of details have been left out in the preceding derivation of the
SERS Enhancement Factor. Firstly, the ESA described above is just that, an
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approximation. It fails to account for any higher order multipole excitations
and would not provide correct predictions for the plasmon resonance of non-
spherical objects (Chapter 6.2.1 Ref [16]), nor does it correctly account for
the size dependence of the plasmon resonances. More advanced electromag-
netic methods must be employed to predict the responses of such objects; Mie
theory [65] must be used to fully account for the size dependence of LSPR
and local fields for spherical objects and is treated briefly in Section 2.3.4. In
the case of complicated nano-structures for which there exists no analytical
solutoon, numerical electromagnetic methods jnot used in this thesis, must
be employed such as finite—element methods (FEM), finite—difference time—
domain (FDTD), boundary element method (BEM) and the surface integral
equation (SIE) method.

Additionally, arriving at the |E|* approximation for the overall enhance-
ment of the Raman signal requires a much more rigorous treatment of the
underlying processes involved than the one presented here. The approxima-
tion finds its origin in what is known as the optical reciprocity theorem and its
derivation is given in [66]. The approximation is in itself also a simplification
of the situation. It fails to consider a number of other factors involved such as
polarization and orientation effects. Nevertheless, both the ESA and the |E|*
approximation provide a qualitative framework in which the processes govern-
ing the SERS effect can be understood. Throughout the rest of the thesis, the
LFIEF and the SMEF will be referred to as My, and F', and more often the
average values, (Mr..) and (F) will be used, which are the surface averages of
the enhancement factors. These are more relevant experimentally especially

when working with colloidal solutions.

2.3.4 Mie Theory

As mentioned in Section 2.3.2, the electrostatic approximation is only valid
for small spheres, and fails to account for the size dependence of the surface
plasmon resonance of the sphere. While the ESA is informative for under-
standing the general processes underlying LSPRs, many experimental settings
will work with nanoparticles whose size is larger than the limit in which the
ESA is valid. As such, it cannot be used to predict the plasmonic properties

of these larger spheres.
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To study the LSP resonances of larger spheres, the full electromagnetic
problem of scattering of electromagnetic waves by a spherical objects must be
solved. Fortunately, there exist exact analytical solutions for this problem,
and its formulation is better known as Mie—theory, named after its originator,
Gustav Mie who first worked out the full solution in 1908. Since then, Mie—
theory has been used in a wide range of applications [67] far outside the realm
of nanoparticles, and is applicable to scattering by spheres of arbitrary size.
A more detailed treatment of Mie-theory is presented in Appendix A, while a

full treatment can be found in References [16, 68].

The “simplicity” of the solution of scattering by a sphere lies in the symme-
try of the problem, and the solution essentially consists of treating the incident
and scattered fields as vector spherical harmonics (VSHs) that allow for multi-
polar expansions of the fields in spherical coordinates. Through the application
of boundary conditions, the fields inside and outside can be solved for, allowing
the optical response of the sphere to be determined that are dependent on the
properties of the sphere. The equations are particularly complex because of the
nature of the VSHs but there exist many numerical packages that quickly and
accurately compute the response of spheres excited by electromagnetic waves.
The package used in this thesis is the SPlaC code [69], written in Matlab.
These codes compute the full solution of the problem and allow calculation of
both the near and far—field properties of the sphere. In all cases here, it is

assumed the sphere is subjected to plane—wave excitation only.

Without going into the details of the problem, in relation to SERS there are
5 major variables one wishes to solve for in Mie-theory that can be extremely
helpful in interpreting experimental measurements. The three far-field prop-
erties are the extinction, scattering and absorption cross section, ogy, Tscat
and oaps. The near field properties are the (surface averaged) LFIEF, (M)
and the SERS enhancement factor, (F'). In Figure 2.10 the wavelength depen-
dence of these 5 parameters is plotted as calculated using the SPlaC codes for a
30nm radius silver sphere embedded in a surrounding dielectric medium with
ey = 1.77, i.e. water. The LSPR of the particle is clearly evident in the strong
peak in the far-field spectra at 430 nm. The (average) local field and (average)
SERS EF also show the largest values at the wavelength corresponding to the
LSPR again highlighting that the maximum field enhancements occur at the

plasmon resonance wavelength (at least in the case of spheres). For the silver
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sphere, (M) is predicted to be a maximum of ~75 at the LSP resonance
and the corresponding average SERS EF, (F) is predicted to be ~5 x 103.

150 - - - - 15
a = 30nm ---(M_ )
1/2

’ e r—
Yoy =177 (F) <
" TExt 3]

(L A\ o

|,I \
100 :": ’:' | — %pbs 110 ©
.|| 1 "*\ \‘ O' ™
g :':l: e\ ! Scat X
2_] Vo r o \\" 5
i (] 1 \\\ -_'g
U5 A o
: L[} 1 \\\ $
50 B L 1 A YN .y 5
y 1 1 \\\ (V)]
¥ |‘\\ ,I \\\ 8
] Sl \\\\ -
E 2 s o
‘ R TR
O L L 1 O

350 400 450 500 550 600
Wavelength [nm]

Figure 2.10: Predictions from Mie theory of the far field (extinction, scat-
tering, absorption spectra) and local field ( (M) and (F')) properties of a
30nm radius silver sphere in water under plane wave excitation. Note that

(F) is plotted as (F)'/? for illustration.

These 5 parameters can be directly related to experimental observations
for a typical SERS experiment. As will be shown in Chapter 3, the far—field
properties can by used to compute the concentration of a solution of colloidal
nanoparticles and also serve as a tool to understand the size dispersion and
aggregation state of the colloids. The local field properties can be used to
understand the magnitude of the observed SERS enhancements for analyte
molecules placed on the surface of such colloids. This is of particular relevance
to Chapter 4, while knowledge of the predicted (My,.) for silver spheres is of
crucial importance to interpreting the surface enhanced absorbance results in
Chapter 6. As such, Mie-theory is a powerful tool that is utilised throughout

this thesis to understand many aspects of the systems being studied.

Finally while Mie-theory constitutes the full solution to the electromagnetic

scattering by spheres, in the case of plasmonics it does have some notable
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limitations for comparing predicted values to experimental observations. A

few of these are listed below:

e The method is only valid for perfect spheres, whereas in reality, most
nanoparticles synthesised by wet—chemistry methods, such as those shown
in Chapter 3 are not perfectly spherical. Particles are often more polygo-
nal in nature with sharp corners and irregular edges (See TEM images in
Chapter 3). Mie-theory does not account for these morphologies. While
not so important for the far—field properties (as seen later in Chapter
3 by the excellent agreement between theory and experiment for silver
colloids), the near—field enhancements may be underestimated by not

considering the sharp edges.

e The inevitable surface roughness of nanoparticles is not accounted for
which could increase the local field at the surface in a similar way to the

non—spherical geometrical effects.

Despite these shortcomings, Mie—theory correctly accounts for the majority
of the effects creating the SERS enhancements and discrepancies with theory

will be discussed on a case-by—case basic as they arise in later Chapters.

2.3.5 Hot Spots in SERS Substrates

Up to this point, the plasmon resonances and the SERS EFs obtainable by
exciting them, has been limited to single spheres as the nanostructure pro-
viding the electromagnetic enhancement. Central however to the generation
of the enormous enhancements often observed experimentally are the idea of
“hot—spots”, regions of highly localised electric fields, at the junctions between
particles [39] or at the tips of sharp metallic particles [32,70], that greatly ex-
ceed those for spheres. The most canonical example of hot spots is the dimer of
metallic spheres separated by distances of a few nanometers; in the gap region
between both particles, the extreme localisation of the electric field can lead to
maximum SERS enhancements of up to 10! for molecules positioned within
the hot—spot. These type of hot spots arise from the interaction between both

spheres, creating new “coupled” or “gap—mode” LSP resonances that strongly
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confine the incident electric field within the particle junction, and are respon-
sible for the enormous SERS enhancements that make SM-SERS possible.

The electromagnetic properties of SERS hot—spots can be understood by
using generalised Mie—Theory (see Reference [16] Appendix H) for the didactic
case of a dimer of silver spheres. Figure 2.11 highlights the main plasmonic
properties of such a system relevant to SERS, specifically for the case of two

25 nm silver spheres separated by varying distances, g.

Silver (Ag) dimer in water (a=25 nm)
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Figure 2.11: Predictions from Mie theory of the extinction spectra and SERS
EFs of a dimer of 25 nm radius silver spheres with varying gap sized, g. Re-
produced with permission from [16].

The first point of interest for the silver dimer is the predicted SERS EF;
for a point above the surface of one of the spheres, inside the gap region, the
EFs are large across the visible regions, ranging from 10° for a 10nm gap to a
maximum of 10*! at ~ 600 nm for a gap of 1 nm. Thus molecules placed at this
position will exhibit enormous Raman signals. Secondly, it is clear that the
maximum EFs are extremely sensitive to the gap size; a change in gap size of
only 1 nm the predicted maximum EF changes by an order of magnitude. This

point crucially explains why the observed EFs in SERS experiments can exhibit
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large fluctuations; slight variations in substrate geometry (i.e. a solution of
colloids in which there are dimers) across the sample can significantly affect
the observed Raman signals. For example, in the same solution of colloids, two
molecules residing within different dimer hot—spots, one with a gap of 1 nm
and the other with a gap of 3nm will have SERS signals that can differ by a
factor of 100. Thirdly, the average SERS enhancements (shown for a 2nm gap,
dashed line) are predicted to be lower than the maximum EF but still can be 2
orders of magnitude higher than those for a sphere. Finally as the dimer gap is
decreased, the main dipolar LSP wavelength redshifts from the LSP of a single
sphere, as observed in the predicted extinction spectra, tracking roughly the
same spectral shape of the local field. It follows that the far field properties
can be used as a (rough) guide to the wavelength where the maximum EF's

will occur [71].

The creation of hot—spots in SERS substrates is thus paramount to achiev-
ing high SERS enhancement factors. The simplest and most common method
for achieving this by aggregation of a colloidal solution of nanospheres which is
the preferred method in this thesis. This approach is simple way of producing
a large number of highly active gap-mode hot—spots that are often sufficient
for performing SM-SERS experiments. The drawback is the difficulty in con-
trolling the gap size. As such these substrates often display a large variation of
EFs due to varying gap sizes across the colloidal solution and many improved
approaches in controlling the aggregation step have been studied [39]. The

induced aggregation method will be addressed in more detail in Chapter 3.
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Chapter 3

Experimental Details

This chapter introduces the various experimental details and techniques gov-
erning the measurements related to Chapters 4, 5 and 6. The Raman spec-
trometer setup that was used for SERS measurements is described, and the
historical context of colloidal solutions as SERS substrates is discussed. The
types of colloids used are then presented along with the general scheme for
preparing SERS samples and calculating average enhancement factors for the
anlayte being studied. The spectroscopic and chemical properties of common
SERS dyes are then addressed, with regards their electronic and Raman spec-
tra and finally the exact procedures for calculating enhancement factors, both
for average and single-molecule SERS measurements are outlined. This chap-
ter should serve as a self-contained reference for the experimental work in the

following Chapters.

3.1 SERS Experimental Setup

The experimental configuration for SERS measurements used in this thesis
is depicted in Figure 3.1. The spectrometer used was a Jobin-Yvon LabRam
microscope—based Raman spectrometer equipped with a liquid nitrogen cooled
Symphony CCD detector and holographic notch filters for rejection of Rayleigh
scattered laser light. The laser is delivered to the sample via a series of mirrors

and focused into the sample by a microscope objective whose magnification is
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Figure 3.1: Optical schematic of the LabRam Raman microscope spectrom-
eter.

chosen dependent on the experiment in question. The adjustable pinhole can
be used to increase or decrease spectral resolution and reject stray light. The
scattering volume for both the x20 and x100 objectives have been charaterised
previously [12] using scan—over—edge and z—scan depth profiling methods. The
x100 effective scattering volume was found to be ~ 13um3 that is used in SMEF
calculations (as outlined in Chapter 2). Prior to acquisition of SERS spectra,
the spectrometer is aligned and calibrated using the 520 cm™! line of a silicon
substrate. All spectra were acquired in the 20kHz readout mode of the CCD
in the high—gain setting.
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3.2 Colloidal Solutions as SERS substrates

This section presents various aspects of colloidal solutions for SERS measure-

ments and their properties are discussed.

3.2.1 Lee and Meisel Silver Colloids

The workhorse of the SERS community, in terms of substrates, for the last 30
years have been citrate reduced silver colloids synthesised by what is generally
referred to as the Lee and Miesel method [43]. First developed in 1982, this
simple procedure yields large volumes of roughly spherical silver particles in
aqueous solution. The procedure followed in this study was a modified version

of the synthesis outlined in Reference [72] as follows.

90 mg of AgNOj3, weighed out using a plastic pipete tip (to prevent reaction
with metal spatulas), was added to 500 mL of MilliQ (18.3 MQcm) water in
a conical flask. A clean magnetic stirrer and plastic thermometer added and
the solution brought to the boil under moderate stirring and covered with
aluminium foil to prevent evaporation. Upon boiling, 10 mL of sodium citrate
(1% weight) was added dropwise to the solution. Boiling was continued then
for 1 hour until all of the AgNOj3 was reduced. The resulting solution is a
cloudy grey/yellow suspension which was cooled immediately in an ice bath

and stored in polystyrene bottles at 4°C.

Figure 3.2 shows SEM images of the nanoparticles obtained by the Lee
and Meisel method (a) and (b) along with their UV-Vis extinction spectrum
at one tenth concentration. The extinction spectrum exhibits a clear peak at
~430nm corresponding to the main dipolar resonance of a 60 nm diameter
silver sphere, indicating that the colloids are primarily made up of spheres
of this size. SEM images and the presence of the long wavelength (~ 500 to
~700) tail in the extinction spectrum however indicate that there are many
other nanoparticle geometries present in the solution along with spheres. These
range from elongated rods to plates and other non-spherical shapes. The
significant polydispersity of the colloids are suspected to be one reason for

the often large fluctuations observed in SERS measurements; the diffusion of
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Figure 3.2: (a) - (b) SEM images of 60nm silver colloids produced by the
Lee and Meisel method. (c¢) The measured extinction spectra at one tenth
concentration, along with the predicted Mie-theory extinction spectrum for a
60 nm silver sphere are shown on the right. There is a clear broadening of
the measured extinction spectrum compared with theory due to the presence
of many different shapes and sizes of nanoparticles, as evident in the SEM
images. SEM images were taken from Reference [16].

colloids in and out of the laser scattering volume means that particles with
largely different plasmon resonances (spheres vs rods for example) will couple
differently to the incident laser and thus all molecules in the sample will not

feel the same signal enhancements.

Nevertheless, the shortcomings of polydispersity are more than compen-
sated for in Lee and Meisel colloids by the enormous enhancements they can
exhibit under the right conditions and as such have been adopted over the past
thirty years as the primary substrate for SERS studies and feature in many
of the seminal papers on single molecule SERS [2,3]. For a more detailed dis-
cussion of the chemical properties of Lee and Meisel colloids one can refer to
Chapter 7 of Reference [16].
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3.2.2 Nanocomposix Colloids

The nanoparticles used in Chapter 6 are a much improved version of the tra-
ditional Lee and Meisel colloids that are commercially available. Produced by
Nanocomposix!, the NanoXact nanoparticles are 60 nm diameter silver spheres,
in aqueous solution and capped with citrate. The concentration of particles is
roughly 0.02mgmL~! which corresponds to about 2 x 10'° particles per mL,
or 28 pM. TEM images (provided by the manufacturer) and the measured UV-
Vis extinction spectra are shown in Figure 3.3. As can be seen, these colloids
show a dramatic improvement in size and dispersity control as compared with
Lee and Meisel colloids. There are almost no non-spherical particles present
and as such comparisons with Mie theory are more reliable, as seen in the

theoretical extinction spectrum overlaid in Figure 3.3 (a).
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Figure 3.3: (a) The measured extinction spectra at one quarter concentra-
tion, along with the predicted Mie-theory extinction spectrum and (b) TEM
images of commercially available 60 nm silver colloids. The measured extinc-
tion spectrum much more closely resembles the theoretical predictions due to
the improved size dispersity of colloids, also seen in the TEM images. TEM
images are those provided by the manufacturer.

Lwww.nanocomposix.com
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The reliability in colloid size, dispersity and concentrations provides a num-
ber of advantages; most importantly, estimations of dye coverages are signifi-
cantly more accurate than with Lee and Meisel colloids, where the assumption
that the solution contains only 60 nm spheres for concetration estimations is
quite crude. The results in Chapter 6 rely crucially on the estimation of dye
coverages to model the dye—dye interactions on the surface of the nanoparti-
cles. Furthermore the differential absorbance method used in Chapter 6 relies
fundamentally on the fact that dyes do not induce aggregation of the colloids.
Aggregation of particles is normally evidenced as a long tail feature appearing
in the 600 to 700 nm region of the colloid UV-Vis extinction spectrum. This
feature is often very difficult to evidence with Lee and Meisel colloids since the
polydispersity of the as—synthesised solution shows a broad tail in the 600 to
700 nm region. For the Nanocomposix particles, there is a much finer control
on particle size and thus any aggregation is more easily visible in the extinction

spectra.

Given these points, the move to Nanocomposix colloids as the standard
substrate for SERS and dye-particle interactions removes many of the uncer-
tanties present with Lee and Meisel colloids and allows investigations of subtle
phenomena such as the results presented in Chapter 6, that require precise

knowledge of the system parameters.

3.2.3 Nanoparticle Concentration Estimations

All colloid concentration estimations were performed by comparing the mea-
sured extinction of a solution of colloids with that predicted by Mie theory.
The method is followed from [16] and is relatively straighforward: the extinc-
tion cross section, 0., [cm?] of a particle can be calculated from Mie theory [68]
and represents the optical strength of a single particle of radius a. The Beer—

Lambert law can then be used to calculate the particle concentration, cp by

_ Aln(10)

=—— "7 1
w Naeth 7 (3 )

where L is the path length of the cuvette used and A is the (wavelength

dependent) extinction. The concentration obtained by this method are shown
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in Figures 3.2 and 3.3 for Lee and Meisel colloids and Nanocomposix col-
loids respectively. Estimated particle concentrations for Lee and Meisel and
Nanocomposix colloids are found to be 4x 10 and 1.2x10'° particles per mL
respectively. The drawback of this method is that is does not account for the
polydispersity of the sample as the Mie theory calculation assumes particles
of only one size. Nevertheless given the uncertainties present in the colloid
synthesis and particle shape varitions, the values obtained are a reasonable
estimate in the context of SERS. Interestingly, Nanocomposix report that the
NanoXact colloids have a concentration of 1.9x10'° particles per mL, indi-
cating that the Mie—theory calculation underestimates the concentration by
about 35%. As such the broadening of the real colloids is not captured and a
broadening scaling factor must be applied to the predicted concentrations to

account for this.

3.2.4 Achieving SERS with colloidal nanoparticles

Figure 3.4 illustrates the steps involved in preparing a typical SERS sam-
ple with surfactant stabilised colloids. Firstly, a solution of charge stabilised
nanoparticles (colloids) are mixed with an electrolyte solution. Different elec-
trolytes can be used but here the focus is in particular on the addition of
KCI to the solution. The electrolyte in this case plays two roles; the nega-
tively charged chlorine ions replace the weakly bound citrate molecules [73] on
the surface of the particles through chemical bonding with the silver atoms.
This layer of chloride effectively cleans the nanoparticle surface of the citrate
molecules. Secondly, the excess positive and negative ions in solution (K7
and C17) can then reorganise themselves through electrostatic attraction and
repulsion with the adsorbed chlorine layer. This diffuse layer of ions acts to
reduce, or “screen” the effective charge of the first layer. The electrostatic re-
pulsion felt between two charged colloids is then decreased, and if the screening
is large enough, the attractive Van der Waals forces will cause aggregation of
particles (c). By carefully controlling the concentration of electrolyte added,
a metastable solution of aggregates can be reached [74] in which aggregated
particles exist in solution that can be stable for long periods of time (days
to weeks depending on the type of colloids). These aggregates will in princi-

ple contain a large number of "hot—spots® as described in Chapter 2, where
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Figure 3.4: General qualitative scheme for the preparation of colloidal SERS sam-
ples. The bare silver nanoparticles (a) are prevented from aggregating by the Coulom-
bic repulsive forces between negatively charged surfactant molecules (citrate). Upon
addition of KCI (b), surface species are first replaced by C1~ ions that form a chemical
bond with the silver. The excess electrolyte ions in solution then screen the repulsive
charges (c) and particles aggregate to form hot-spots. (d) Positively charged analyte
molecules can then adsorb to the particles and those in the vicinity of the large local
electric field intensities (hot spots) will dominate the SERS spectrum.
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the local electric field intensities are enhanced enormously. Ideally this step
only creates dimers of spheres but there can in principle exist higher—order
aggregates such as trimers, quadramers and large clusters. Nevertheless, for
spherical particles this step is generally necessary so as to create hot—spots
and achieve large SERS EFs. Molecules added to the solution can then adsorb
to the nanoparticle surface through electrostatic interactions (or possibly be
chemically bound depending on the analyte). Upon excitation with a laser of
the correct wavelength, these adsorbed molecules will then be subjected to the
enhanced electric fields at the surface of the nanoparticles, and in turn exhibit
enhanced Raman scattering as a result. The magnitude of the EFs acheivable

with silver colloids are discussed later in Section 3.4.2.

The aggregation step and creation of dimers (ideally) by the addition of
KCl1 to the charge stabilised colloids can sometimes, depending on the type of
colloids used, be evidenced by the appearance of a long—wavelength peak in
the UV—Vis spectrum of the colloid solution. Figure 3.5 illustrates a typical
example of this for a solution of Nanocomposix colloids to which KCl is added

so as to induce aggregation.
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Figure 3.5: Aggregation of Nanocomposix colloids by the addition of 27.5 mM
KCl evidenced by a long wavelength peak in the UV—Vis exinction spectrum,
indicating the presence of dimers and possibly larger clusters.

Before the addition of KCl, the extinction spectrum displays a sharp peak
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at 430 nm that corresponds to the main dipolar plasmon resonance of single
nanospheres in solution. Upon addition of KCI (here a final concentration
of 27.5mM), a decrease in the main peak intensity is observed along with
the appearance of a broad peak between 600 and 700 nm, in the tail of the
main plasmon resonance. This peak corresponds to the exctinction spectrum
of dimers (as predicted by generalised Mie-theory (Chapter 2)) and possibly
higher order aggregates in solution. In general these solutions will exhibit much
higher SERS EFs than the non—aggregated colloids. The prediction of SERS
EFs for spheres and dimers are also discussed in Chapter 2. Important to note
is that the exact details of the aggregate formation is strongly dependent on
the type of colloids and electrolyte used. The example above is for 30 nm radius
Nanocomposix colloids in water for which the aggregation regime is found to
be above 25 mM final KCl concentration. For Lee & Meisel colloids (described
below) the optimum conditions are found to be 10 mM KCl final concentration.
The mechanisms can be understood better using DLVO theory but this is not

discussed in detail here. A full explanation is given in Reference [74].

The description presented above is very rough and omits many of the finer
details governing the aggregation procedure but serves to give a brief overview
of the method used throughout the thesis. There are many variations on
preparing colloidal samples for SERS and it would be fruitless to describe
them all. Many other procedures can be found in the literature [39,75] and
the reader is referred there for a more detailed review. In the remainder of the
thesis, the above method, with minor variations, is the one used for sample

preparation unless otherwise stated.
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3.3 Common SERS Analytes

Historically, SERS has been performed using aromatic dye molecules mainly
due to their strong interaction with light (due to strong electronic absorption
in the visible region) and their large (resonant) Raman cross sections [60]. The
most commonly used dye molecules are those with m—conjugated systems of
aromatic rings such as Rhodamine 6G and its derivatives, Nile Blue, along with
other aromatic species like Crystal Violet and Malachite Green. Discussed
in detail in Chapter 2, all of these molecules possess delocalized electrons
across the conjugated system, due to alternating double bonds within the
chromophoric group. This delocalization is responsible for absorption of light
in the visible region. The structure of the dyes used in this thesis, along
with their electronic absoprtion spectra are shown in the following sections.
It is important also to note that all of the dye molecules used for SERS (in
the specific case of negatively charged colloids that are used in this thesis)
have a positively charged (cationic) end group that allows them to adsorb
electrostatically to negatively charged silver nanoparticles. Negatively charged
molecules tend to give very weak or no SERS signal with citrate reduced silver

colloids because they do not readily adsorb to the nanoparticle surface.

The exact mechanisms that determine the optical properties of organic
compounds is a field within itself and here only the most important aspects
relevant to SERS are addressed. The reader is referred to the excellent overview

of organic dyes in [76] for a more detailed discussion.

Rhodamine 6G

Rhodamine 6G (RH6G) is possibly the most commonly used optical dye in
spectroscopy. Its many attractive properties (strong absorption cross section,
solubility in water, photostability and large quantum yield) have made it ubig-
uitous as the standard probe for many spectroscopic applications, notably as a
fluorescent standard in and in fluorescence spectroscopy for biological imaging
and tracing [77]. Its original use was as a laser dye [78] due to its large quan-
tum yield. Like most organic dyes, Rhodamine possesses a conjugated system

of alternating single and double bonds in its xanthene ring [76] allowing it to
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absorb strongly in the visible region with a peak absorbance at ~527nm in

water.
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Figure 3.6: Chemical structure and absorption spectrum of Rhodamine 6G
in water.

The molecular structure and UV-Vis absorption spectrum of Rhodamine
6G are shown in Figure 3.6. As a SERS probe, RH6G is problematic due to
the difficulty in knowing its normal Raman cross section. Its large quantum
yield in water makes performing Raman measurements in the visible region
(i.e. at resonance with the molecule) extremely difficult because of the over-
whelming fluorescence signal. The Raman spectrum can be detected above
the fluorescence background at 633 nm excitation however and as such SERS
enhancement factors can be calculated at this wavelength [79]. The process
is much more difficult at green excitations (e.g 514 nm) where ultra-fast tech-
niques that reject the overwhelming fluorescence [60] or recently proposed po-
larisation difference methods [80] must be employed to measure the Raman
cross sections. Nevertheless, RH6G has been extensively studied over the past
40 years in many contexts and is still the standard probe used in most SERS

studies.
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Nile Blue

Nile Blue (NB), an oxazine type dye, is a derivative of a xanthene dye with
one of the CH groups in the central ring replaced by a N, along with an addi-
tional benzene ring that affects the shape of the absorption spectrum [76]. The
molecular structure and UV-Vis absorption spectrum in water is shown in Fig-
ure 3.7. NB has its peak absorption in the red giving it its characteristic blue
colour. One of the most attractive properties of NB in the context of SERS
is its significantly reduced quantum yield in water [81] compared with RH6G.
This feature has recently been shown to have great promise for studying reso-
nance Raman cross sections in SERS, as the reduced fluorescence, along with
novel CCD-shifting techniques allows access to the full resonance excitation
profile of the Raman spectrum in water. A downside is its sensitivity to pho-
tobleaching [44] and as such laser powers must be kept low when performing
SERS at resonance (e.g. 633 nm) to ensure molecules are not destroyed by the
incident laser. NB has also been shown to have interesting adsorption geome-
tries on metal surfaces, which are important for determining surface selection
rules in SERS [82]. This point will be relevant in Chapter 6.
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Figure 3.7: Chemical structure and absorption spectrum of Nile Blue in
water.
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Crystal Violet

Crystal Violet is a member of the triphenylmethane group of organic dyes that
is even more synonymous with SERS studies than Rhodamine 6G. It was used
in the initial claims of single molecule SERS [2] and as such has received a
wealth of attention since then. Depending on the end groups, the colour can
be drastically different. Crystal Violet has a D3 symmetry and in water has
a peak electronic transition at ~ 590 nm with a second higher energy vibronic
shoulder at 550 nm. It is also extremely sensitive to pH and is commonly used
as a pH indicator. The propeller like structure of triphenylmethane dyes is
thought to be responsible for its reduced quantum yield through non-radiative
relaxation by twisting conformation [83]. Like Nile Blue, this proves very
useful in determining resonance Raman cross sections and relating these to

SERS cross sections, as evidenced in [79].
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Figure 3.8: Chemical structure and absorption spectrum of Crystal Violet in
water.

52



CHAPTER 3 EXPERIMENTAL DETAILS

Rhodamine 700

Rhodamine 700 (RH700) is similar in nature to RH6G, possessing the usual
xanthene backbone, but is more closely related to Rhodamine 101 that is more
planar than RH6G [78]. As the name suggests, its resonance is shifted towards
the red. In fact its name comes from its peak fluorescence peak at 700 nm. It is
another laser dye [84] that is used in a similar fashion to RH6G for fluorescent
tagging but fluoresces very close to the infrared, which is desirable in biological
applications where cellular autofluorescence is minimised [85]. It also possesses
a trifluoromethane group attached to the main xanthene backbone instead of

the carboxyphenyl group of RH6G.
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Figure 3.9: Chemical structure and absorption spectrum of Rhodamine 700
in water.
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FEosin B

Eosin B is a derivative of the well known fluorescent standard Fluorescein,
where some of the hydrogens are substituted with bromines that reduce the
fluorescent quantum yield of the molecule [78]. Eosin B is negetively charged so

does not readily adsorb to citrate reduced silver colloids. Its main absorption

peak is at 517 nm.
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Figure 3.10: Chemical structure and absorption spectrum of Eosin B in
water.

The optical properties of all dyes are summarised in Table 3.3, listing their
peak absorption wavelength and molar extinction coefficient, €. It is notewor-
thy that all dyes have a similar molar extinction coefficient except for Nile
Blue and Eosin having almost 60% and 50% of the values of Rhodmaine 700

respectively.
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Dye Molecule Amax [Dm] € [molem™|
Rhodamine 6G 527 9 x10*
Crystal Violet 590 9 x 10*
Nile Blue 635 6 x 10*
Rhodamine 700 642 1 x 10°
Eosin B 517 5 x 10*

Table 3.1: Optical properties of dye molecules used for SERS

3.4 Experimental Determination of SERS En-

hancement Factors

3.4.1 Average SERS Enhancement Factors

In this section, the practical procedure for determining SERS enhancement
factors is outlined. This method was established by our group at VUW and
has been adopted as the standard procedure to accurately quantify by how
much the Raman signal of adsorbed analytes are enhanced by the underlying
substrate. Again, the description herein is by no means complete and a full
treatment of the approach can be found in Reference [12]. In particular there
are a range of definitions of SERS EF's that can be used in different contexts.
In the context of colloidal solutions, which are the main focus of this thesis,
two enhancement factors are of interest; the average SERS enhancement, ob-
tained from sampling over the entire colloidal solution, and the single molecule

enhancement factor. These two factors are used in Chapters 4 and 6.

The average SERS enhancements are calculated as analytical enhancement
factors (AEF) as defined in Reference [12]:

AEF — ]SERS/CSERS. (3.2)
Irs/crs

where Isgrs is the measured SERS intensity for a dye concentration csgrs and
Igrs is the normal Raman intensity of a solution of possibly different (typically

higher) concentration cgrg under the same experimental conditions.
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Measuring the non—-SERS intensity can be problematic to perform rou-
tinely because large dye concentrations are required, and fluorescence can of-
ten swamp the underlying Raman signal. To remove the need to measure the
bare Raman signal every time a SERS measurement is made, the SERS in-
tensity can first be compared to that of a known Raman standard, normally
2-bromo-2-methylpropane (2B2MP), under the same experimental conditions
(i.e. normalised to integration time, incident laser power). An effective SERS

cross-section can then be inferred as:

dagﬁlﬁs _ Isgrs/csers  doapanp (3.3)
dQ I2BzMP/CszMP aQ '

where the copoyp = 8.8 M is concentration of pure 2B2MP and dogpayp/dS2 =
5.4 x 1073% cm? /st is the reference Raman cross-section of the 516 cm™ mode
of 2B2MP at 633 nm [12].

The AEF is then obtained by comparing the average SERS cross section to
that of the normal (known) Raman cross section of the molecule. This proce-
dure requires the normal Raman cross—section,dogrs/dS, to only be measured
once, where extreme care is taken to ensure errors are minimised [12]. For the
sake of argument, the 612 cm™! peak of Rhodamine 6G excited at 633 nm [12]
is used here, and has been measured to be dors/d) = 6.7 x 1072 cm? /sr.
Therefore, the AEF is obtained from:

_do ?ﬁﬁs/ dS)

AEF = . 3.4
dogs/dQ (34)

The procedure outlined is illustrated in Figure 3.11 where a typical SERS
(a) of 25nM of RH6G in aggregated Lee and Meisel colloids (20 mM KCl) is
measured with a x20 objective and excitation wavelength of 633 nm. The refer-
ence spectrum of (b) is then acquired under the same experimental conditions.
The integrated intensities of the SERS and reference spectra are calculated
by fitting pseudo-Voigt (PS-Voigt) lineshapes (c, d) with linear backgrounds
to the spectra in the region of interest and integrating the fitted lineshape.
PS-Voigt profiles are common functions for fitting peak lineshapes and have
been used extensively in fitting Raman peak lineshapes under various condi-
tions [17]. The PS-Voigt profile in the presence of a linear background is given
by:
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Procedure for calculating analytical enhancement factors
(AEF), here for 25 nM of RH6G in aggregated Lee and Meisel colloids (20 mM
KCl) with a x20 objective and excitation wavelength of 633nm. The top two
panels are the raw (average) Raman spectra acquired for RH6G at 25nM and
2B2MP at 8.7 M. The shaded regions indicate the peaks used for calculations
of enhancement factors. (c-d) Pseudo—Voigt profile fits to the 612cm™! peak

of RH6G and the 516 cm™! peak of 2B2MP using Equation 3.4.1.
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Vos(?) = (1 = n)L(v) + nG(v) + mv + b, (3.5)

where L(7) and G(7) are Lorentzian and Gaussian profiles centered at 7y, with

maximum intensities Iy, and FWHM ~ explicitly:

N 72 /4
L(7) = Ivtax TSR (3.6)
and
G(7) = yagexp™ (7702 (3.7)

The parameter ¢ = v/ 2@ is introduced to relate the Lorentzian and
Gaussian FWHM values and 7 is in wavenumbers [cm™!]. The “amount” of
Lorentzian and Gaussian broadening present in the peak shape is determined
by the factor n, where by construction here n = 0 gives a fully Lorentzian peak
with no Gaussian broadening. Peak profiles are obtained by performing (using
MATLABSs fminsearch function) a non-linear least squares fit of Equation 3.4.1
to the measured spectra over a suitable range of wavenumbers, v varying the
parameters v, 1, ¥y, Iymax, m and b. The integrated intensity is then calculated

by integrating the area under the fitted peaks to give It for each peak.

Figure 3.11 (c¢-d) shows the results of fitting PS-Voigt lineshapes with linear
backgrounds to the 612 cm ™ RH6G and 516 cm™—* 2B2MP peaks as measured.
Fitting parameters are indicated along with the total intensities (in counts)
showing that the 2B2MP peak is almost perfectly Lorentzian, with n = 0.03
while the RH6G peak has a significant amount of Gaussian broadening. The
calculation of the AEF from the PS-Voigt fitting procedure is summarised in
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3.2.
Raman Itg dosprs/dQ  dos/d)
Molecule  Mode 7_1 Tor OSE§ > 1 082 -1 AEF
fom-1] [em™!] [counts| [cm®sr™!] [cm?sr—!]
2B2MP 516 8 0.03 26702 — 5.4x10730 —
RH6G 612 12 0.63 259480 2x102 6.7x107%  3x10°

Table 3.2: AEF calculations for the 612 cm™! RH6G using the 516 cm™! mode
of 2B2MP as a Raman standard.

While the AEF provides the simplest method for estimating the SERS EF,
it must be mentioned that it has a number of drawbacks as explained in Refer-
ence [12]. Firstly it does not account for the adsorption efficiency of molecules
to the surface as it inherently assumes that in the SERS configuration, all
the molecules are adsorbed to the substrate. This introduces problems when
comparing EFs for different analytes that may have different affinities to the
substrate surface, and when comparing EFs across different substrates. For
example when comparing the EF of a gold substrate to a silver one, the analyte
used to measure the EF may bind more strongly to silver than to gold, or vice
versa, due its chemical structure and thus portray a skewed estimation of the
relative EF's of each substrate. Other issues such as monolayer vs multilayer
coverages and polarization dependencies of the EF are also not captured by the
AEF definition. The problems with this approach are more important when
using dried 2D substrates and the AEF lends itself well to EF estimations of

colloidal solutions.

3.4.2 SERS Spectra in Colloidal Solutions

The method for preparing colloidal SERS samples was described in Section
3.2.1 whereby KCI is added to citrate-reduced Ag colloids after which the
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SERS analyte is added. The average SERS enhancement factors can vary by
up to 6 orders of magnitude depending on a wide range of factors including,
but not limited to:

The SERS substrate material (e.g silver vs gold)

Hot spot size/density

e Environment (dried or in solution)

Analyte affinity to the substrate

Excitation wavelength used.

Given that all SERS experiments performed in this Thesis are done us-
ing citrate-reduced Ag colloids, it is worth giving some typical values of the
expected AEF magnitudes that are observed under various conditions. The
values given are more rough figures of merit that can be used throughout the
thesis to gauge what EFs should be expected for given conditions, assuming

100% adsorption of dyes.

There are essentially three SERS “regimes” for colloidal solutions that can
be obtained with the standard KCl addition method. These are summarised
in Table 3.3 below and represent those commonly measured for Lee & Meisel.
Note the AEFs here are for Rhodamine 6G but similar values are found for
other dyes like Crystal Violet [12]. The first regime is non—aggregated colloids,
whereby a small amount (typically 1mM) of KCl is added to the colloids
to remove the citrate capping layer and allow molecules to adsorb. Values
obtained here are usually in the 5x10% — 3 x 10* regime. At this concentration,
the KCI is not expected to induce aggregation of colloids. The measured
EFs are observed to be larger than expected from Mie-theory for a 30 nm
radius Ag sphere. Mie-theory predicts an average SERS EF, (F') of ~ 1300 at
633 nm while measured EFs can often be an order of magnitude larger. This
discrepancy is due to both the polydispersity of the colloids (there are many
rods and non-spherical particles present in Lee & Meisel colloids as seen in
Figure 3.2) giving rise to a range of plasmon resonances and the fact that

Mie-theory does not account for any local roughness of the particle surface
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that would act to increase the electric—field intensity further. There may also
be a small number of colloidal clusters present in solution that exhibit gap—
mode resonances but are not visible in the UV-Vis extinction spectrum of
the colloids. This highlights the lack of sensitivity of UV-Vis to the detailed
structure of the solution. Nevertheless, AEFs in the 103 - 10* range are typical

of non—aggregated colloids.

Colloid Regime Experimental Conditions Maximum AEF

1. Unaggregated 1mM KCl ~ 3 x 10*
CDye < Cgat

2. Aggregated 10 mM KCl1 ~ 3 x10°
CDye < Cgat

3. Unstable > 10mM KCl ~ 1x 108

Or Cpye - CSat

Table 3.3: Typical AEFs obtained at various experimental conditions for
RH6G adsorbed to Lee & Meisel colloids and excited at 633 nm.

The second regime is the partially aggregated regime, where the concentra-
tion of KCl is increased so as to induce the formation of a metastable solution
of small aggregates [74]. The concentration required is dependent on the col-
loids used and can be approximated using DLVO theory but for Lee&Meisel
colloids, 10 mM final KCI concentration gives solutions that exhibit large, but
stable SERS signals. The EFs for RH6G in this regime are generally between
1 and 3x10%, consistent with Mie-theory predictions at 633 nm for a dimer
of 30nm Ag spheres with a gap of 2nm. Such EFs tend to be more than
sufficient for single-molecule detection, given that the Mie-theory predictions

of the maximum SMEF for the same gap is ~ 5 x 107.
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Finally, the third condition that can be reached is the unstable regime
whereby the electrostatic repulsion between colloids is no longer sufficient to
overcome attractive Van der Waals forces. This is generally a result of the
electrostatic screening due to the electrolyte being too large to compensate
for the Van der Waals forces (see Chapter 2). For Lee & Meisel colloids, this
regime is found to be >10mM KCl. Large EFs of the order of ~ 10° can
be observed but the solution will tend to be unstable and collapse after a few

hours.

The AEF's observed can also be dependent on the dye concentration used
because the dyes also play a role in colloid aggregation. This is explained
in more detail in Chapter 4. As such, the values in Table 3.3 are given for
conditions where the dye concentration, cpy. is below that needed to induce
aggregation of colloids. The third regime can in principle be reached from any
of the other regimes if the dye concentration is above this limit as evidenced
in Chapter 4.

3.5 Single Molecule SERS

3.5.1 The Bi-analyte Technique

All single molecule SERS (SM-SERS) measurements performed in this thesis
are done using the bi—analyte SERS (BiASERS) technique. The BiASERS
technique was developed in 2006 [86] as a method to dispel the uncertainties
around the determination of single-molecule detection using SERS. In contrast
to the original approaches [2, 3] of using ultra—low concentrations of analytes
such that there is on average less than one molecule per colloid, the BIASERS
method employs a mixture of two, spectrally different analytes to demonstrate
SM-SERS detection. The major issue with using the original approach is that
with such low concentrations of molecules means that the statistics for (pos-
sible) SM—SERS events are extremely poor; this is a result of two combining
factors, the extreme localisation of hot—spots with high enough enhancements
for SM—detection and the sparsity of molecules per colloid. Of those very few

molecules in solution, only those in the regions of high enhancements will be
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detectable as SM—SERS events. The rarity of such events imposes an inher-
ent statistical uncertainty in the true single-molecule nature of the observed
events. Further exacerbating the problem is the lack of information as to
whether an observed signal is from one molecule or many molecules in the
same hot—spot; interpretations based on a Poisson distribution of signal in-
tensities was proposed to infer the single-molecule nature of events but this
has been shown to be an invalid claim, attributed to the lack of sampling
statistics [87].

The use of two spectrally distinct analytes in the BIASERS technique auto-
matically mitigates many of the issues associated with the low—concentration
approach, because it allows one to confidently distinguish between multi—
molecule and single-molecule SERS events. The approach in essence relies
on the idea that when two analytes, A and B, are present in the colloidal so-
lution at equal concentrations, if the spectrum of both A and B is detected in
a SERS event then it clearly originates from two or more molecules. If only
the Raman spectrum of A is observed then it is highly likely this originates
from a single (or at most a few) molecule of analyte A. The same conclusion
is made for a spectrum containing only the Raman fingerprint of molecule B.
The BiASERS provides a reliable proof of SM—SERS and by its nature allows
the use of much larger (up to a point) concentrations of molecules; even if there
are 1000 molecules of A and B on each colloid, the argument still holds that
the appearance of only one species in the SERS spectra are a strong indication
it originates from a single molecule. The BiASERS validity is solidified by
the understanding of the long-tail distribution of EFs in typical SERS sub-
strates [19]; for a dimer, 80% of the total SERS signal would originate from
only 0.6% of the total area of the dimer, as such molecules at the points of
highest enhancements contribute the most to the observed signals. If an event
looks like a single-molecule event, it is highly likely that it comes from one, or
at most two, molecules in these regions rather than a few molecules in regions
of lower enhancements. With the use of large analyte concentrations and fast
CCD based spectrometers, thousands of spectra can be collected and their

SM-statistics can be analysed in detail.
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3.5.2 BiASERS with Isotopologues

The BiASERS technique has become the standard tool for performing and
assessing SM—SERS experiments since 2006 and has shown to be successful in
a range of studies [70,88,89]. It has even been extended recently to using four
analytes [90] which gives even more insight into the overall SM—SERS statis-
tics. The original approach [86] used two spectrally and chemically different
analytes. Since then major improvements have been achieved, namely in the
use of dye molecules that are isotopologues of eachother [91]. This approach is
the ideal method for performing BiASERS experiments because both analytes

are almost identical in nature.

The isotopologue approach used in this thesis is depicted in Figure 3.12.
The two analytes used are a modified version of Rhodamine 6G, denoted
RH6M, and its isotopically edited partner, d4-RH6M, that contains four deu-
terium atoms in place of the hydrogens on the phenyl ring. Both dyes have
been fully charaterised previously in terms of their UV—Vis absoprtion spectra

and Raman vibrational modes [91].

As can be seen from Figure 3.12, the Raman spectra of the isotopic partners
are almost identical except for two regions; in region 1, RH6M has a prominent
peak at 612 cm ™! similar to that of RH6G, while d4-RH6M has its peak shifted
to 600cm~!. A similar observation is seen in the 1300 to 1400 cm ™!
where the d4-RH6M shows three distinct peaks instead of the two of RH6M.

These two regions can then used to identify multi—-molecule or single molecule

region,

events as shown on the right where examples of single molecule events of each
analyte and a multi-molecule event are identified by the presence of each peak.
In the bottom panel, the average spectra of all events the entire solution shows

the contribution of both analytes.

SM-SERS data is obtained by acquiring a large number of consecutive
spectra with integration times adjusted to account for the Brownian motion of
the colloids through the scattering volume. Each individual spectrum is then
fitted in the regions of interest as a linear superposition of reference spectra
of each dye along with a linear background. A scatter plot of coefficients, «
and [, is then produced where o and [ represent the contribution of RH6M

and d4-RH6M to each spectrum; an « value of 1 and § value of 0 indicates a
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Figure 3.12: The BiASERS method with isotopically edited dye molecules.
(Top) Chemical structure of the isotopic partners, RH6M and d4-RH6M.
(Left) Average SERS spectra of both dyes taken at 633nm excitation along
with the zoomed regions of interest where the Raman spectra of both dyes are
distinguishable. (c) Examples of single-molecule, multi-molecule and average
SERS spectra in the regions of interest using the isotopic partners. Figure
adapted from [91].

purely RH6M event and vice versa for d4—R6M. Such scatter plots are shown
later in Chapter 4.
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3.5.3 Single-molecule Enhancement Calculations

Provided that the scattering volume of the experimental setup used has been
characterised fully, the enhancement factor for single molecule SERS events can
be calculated in a similar vein to that outlined for AEFs with some additional

considerations.
The procedure is outlined as follows:

Using the bi-analyte technique, SM-SERS events can be identified. By
defintion, the observed Raman signal then originates from one molecule in the
scattering volume during the acquisition period of that spectrum. For average
EF estimations, it is not required to know the actual number of measured
molecules as only relative numbers appear in the calculation and they can
therefore be calculated as ratio of concentrations. This is no longer the case
when estimating the SERS EF corresponding to a single-molecule event. To
estimate the SERS cross-section of this single molecule, it needs to be compared
to the Raman intensity of a single molecule of the Raman standard 2B2MP.
Measuring this is practically infeasible, but it can be inferred from a careful
characterization of the effective scattering volume Vg as explained in Ref. [12].
In the SM-SERS experiments reported in Chapter 4, for a x100 objective at
633 nm the waist of the exciting beam at the focal point is wg ~ 0.63 um and
the effective height of the scattering volume (as defined in [12]) is Heg ~ 21 pm,
and therefore Vg ~ 13 um?. Thus the measured 2B2MP intensity, lopanp can
be translated into the effective single molecule intensity by normalising to the

concentration and scattering volume?.

As such, the single-molecule SERS cross-section for a given SM-SERS event

of intensity I§kg is then:

dodths __ ISihs , (3.8)
ds) Lponip /(N capanp Verr)

As for the AEF, the 612cm™! mode of Rhodamine 6G and the 516 cm™!
mode of 2B2MP are used for the calculations and the SMEF is then obtained

2The conditions under which this approach are applicable, and the full details of the
characterisation of the scattering volume are discussed in depth in Reference [12].
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as:
do S]I:J/IRS/ dS)

SMEF = .
dogs,/dQ

(3.9)

Implicit in this treatment is the assumption that the events identified by
the bi—analyte approach are unequivocally from single molecules. Chapter 4
highlights that the bi—analyte method can be vulnerable to erroneous identifi-
cation of single-molecule events but the principles underlying the calculation
of the SMEF are still valid.
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Chapter 4

Dilution Effects in Colloidal

Solutions

In this Chapter, investigations are presented that were carried out on a crucial
aspect of SERS in colloidal solutions that has up to now gone either unno-
ticed or ignored in the field. Results obtained show unequivocally that the
way in which analyte molecules are diluted into colloids can have a dramatic
effect on the SERS signals measured. These observations shed light on what
may have been an often overlooked source of error in solution based SERS
measurements in the past. The observed effects are interpreted as a compe-
tition between diffusion of molecules through the solution with electrostatic
adsorption of molecules to the surface of oppositely charged nanoparticles'.
By comparing average SERS signals from samples containing the same final
concentration of analytes but prepared via different dilution methods, we show
that when adsorption processes compete with diffusion in dilution procedures,
large dilution factors should be avoided. Such dilution methods will lead to
a significantly non—uniform distribution of molecules across the nanoparticle
solution. This non—uniformity induces aggregation of nanoparticles that have
large numbers of molecules adsorbed and thus introduces an unwanted depen-

dence of SERS signals on analyte concentration. The implications of these

IExplicitly there are two diffusion processes occurring in the system; one associated with
mixing of the dyes through the solution and one associated with the adsorption process
itself. To avoid confusion, diffusion as discussed throughout this chapter is strictly limited
to the mizing of dyes through the solution and does not refer to diffusion of molecules to
the nanoparticle surface.
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findings are also discussed in relation to single molecule SERS experiments
and finite element modelling is carried out to better understand the diffu-
sion/adsorption mechanisms governing the system. The results highlight that
this phenomenon has important consequences for SERS in general and also

possibly in other fields where the two processes compete.

As a contextual note, these findings were also crucial to the success of
the studies presented in Chapters 5 and 6. If the effects of analyte dilution
had not been investigated in detail, it is likely that the results from later
studies would have suffered from irreproducibility. In this regard, the half-half
dilution method proposed from this study was employed in all further works

in the thesis.

Most of findings of this Chapter have been published in the Journal of the
American Chemical Society [92].

4.1 Background

In its essence, the beauty of colloidal solutions as platforms for SERS detection
is the simplicity in which a sample can be prepared. As outlined in Section
3, the steps involved often consist of simply diluting the analyte solution into
the colloids by an amount to achieve the desired final analyte concentration.
For example, if 1 mL of a 10nM SERS sample of Rhodamine 6G was desired,
one would take a stock solution of analyte (typically 10 uM) and dilute 10 pL
into 990 uL of colloids (either aggregated with KCI or not, depending on the
experiment). Through electrostatic adsorption, the analyte molecules will ad-
sorb to the nanoparticles and the sample is almost immediately ready to be

measured.

If one consults the massive array of articles related to SERS in colloids, it
is very rare that any attention is paid to the factor by which analytes are di-
luted during sample preparation. Minor variations will exist depending on the
analytes used; some studies will allow samples to sit overnight [93], others for a
few hours prior to measurement while certain protocols have been reported to

immediately shake samples after analyte addition [94] among other steps. All
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CHAPTER 4 DILUTION EFFECTS IN COLLOIDAL SOLUTIONS

these methods no doubt improve the reliability of sample preparation and seek
to alleviate the somewhat random nature of colloidal solutions but there still
exists little to no mention of how analytes are diluted. Some studies will be
consistent in their dilution steps [79] but the rule rather than the exception is
often “A small volume of analyte stock solution was then added to nanoparti-
cles to achieve the desired final concentration”. It seems that even after many
years work and the wealth of studies devoted to SERS in colloids, there has

still been no established standard protocol for preparing such samples.

This work aimed to address this issue by highlighting the importance of the
dilution step in colloidal sample preparation. This aspect seems to have gone
unnoticed in the field up to now and the work presented vividly highlights the
need to specify the method by which samples have been prepared, in particular
all dilution steps. Moreover, a simple strategy is provided based on half-half
dilutions for ensuring the above sources of irreproducibility are avoided. It
is also suggested that this method be adopted as the standard for sample

preparation of colloidal solutions for SERS.

4.2 Experimental Conditions

All Raman measurements were carried out at 633 nm exctitation in the backscat-
tering configuration on the Jobin Yvon LabRam as described in Chapter 3.
Nanoparticles used in this study were the citrate-reduced Lee and Meisel col-
loids as also described in Chapter 3. For all average SERS measurements,
spectra were acquired with a x20 NA= 0.5 immersion objective (spot size
~ 5 pum, scattering volume of ~ 2000 um?®) integrating over 100s to ensure
averaging over many colloidal particles. To ensure photobleaching of dyes was
not an issue, laser power was varied as required by use of neutral density filters.
For Nile Blue, which is particularly prone to photobleaching the laser power
was 0.05mW (ND2) and 0.5mW for Rhodamine 6G. For SM-SERS measure-
ments, spectra were acquired with a x100 NA= 1.0 water-immersion objective
(spot size ~ 1.2 um, scattering volume of ~ 13 um?), consecutively with each
0.1s integration time. Average spectra for the non-mixed analytes, R6M and
d-R6M, were also measured to facilitate the analysis. Each individual spec-

trum is then fitted within the spectral region of interest (550 to 700 cm™!) as
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a superposition of these two reference spectra and a linear background using
a linear least square fit. The respective intensities of R6M and d-R6M for
each spectrum is simply deduced from those fits and expressed as an equiv-
alent SM-SERS EF (meaning the SM-SERS EF assuming only one molecule
contributes to the signal). These are calculated as in Ref. [12] where the bare
Raman cross-sections for R6M and d-R6M were measured in [91]. Further
details about the SERS EF calculations are provided Chapter 3.

4.3 Results

4.3.1 The Effect of Dilution on Average Enhancement

Factors

When preparing active colloidal solutions for SERS, as described previously,
it is generally assumed that, providing basic rules are followed, the exact pro-
cedure is irrelevant as long as the final concentrations (i.e. NPs, SERS probe
and aggregating agents) are the same. Figures 4.1 and 4.2 both demonstrate

that such an assumption is clearly wrong, at least in certain contexts.

In Figure 4.1 (a) the average SERS spectra for two samples of 100 nM
Nile Blue in Lee and Meisel colloids at 633 nm excitation are shown. Here
colloids are premixed with 1 mM KCI. At this concentration, the KCI does not
induce aggregation but is used to remove the citrate layer on the NPs (which
is replaced by chloride ions [95,96] and thereby facilitate analyte adsorption.
For the sake of argument only the 595cm™! peak is used for intensity and

enhancement factor estimations.

Immediately apparent from the peak intensities of both samples is the
significantly larger signal from the green curve, despite both samples containing
on average the same number of Nile Blue molecules. The intensity of the former
is almost 4.5 times larger than that of the latter despite all concentrations
being identical. To illustrate this, the detailed preparation of each sample is

reproduced below:
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——HHD % 4.4
—LDF

10uM diluted 100x

Intensity [arb. units]

200nM diluted 2x

600 800 1000 1200 1400 1600560 580 600 620 640
Raman Shift [cm'1] Raman Shift [cm'1]

Figure 4.1: (a) Full SERS spectra of 100nM Nile Blue samples prepared by
two different dilution methods, taken at 633 nm excitation. The blue curve
was prepared by the “Large dilution factor” method and green by the “half-
half” method. (b) Inset of the 595cm™! region showing the same spectra as
in (a) but here a linear fit of the HHD method to the LDF method has been
performed, resulting in a scaling factor of ~4.4.
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e Sample 1: [250 uL Ag colloid + 250 uL 2mM KCI] + 490 uL H,O] +
10 uL 10 M NB.

e Sample 2: [250 uL. Ag colloid + 250 L. 2mM KCl] + 500 L 200nM NB.

From the details of the two preparations, it is clear that in Sample 1, the
dye has been diluted by a factor of 100 to achieve the final concentration of
100nM. This consists of adding a small volume (10 L) of 10 M stock to
the colloids/KCl mix. In contrast, in sample 2 the dye is sequentially diluted
down to twice the final concentration and then mixed (in a 1:1 ratio) with the
colloids/KCl solution. In principle the only difference between samples is the
way in which the dye has been diluted, yet there is a 4.5 times discrepancy
between signal intensity. Figure 4.1 (b) shows the same data for Nile Blue in

the 595 cm ™! region, with the spectra overlaid for ease of comparison.

——HHD x 7.3
—— LDF

10uM diluted 100x

Intensity [arb. units]

200nM diluted 2x

600 800 1000 1200 1400 1600580 600 620 640
Raman Shift [cm'1] Raman Shift [cm'1]

Figure 4.2: (a) Full SERS spectra of 100nM Rhodamine 6G samples pre-
pared by two different dilution methods, taken at 633 nm excitation. The red
curve was prepared by the “Large dilution factor” and pink by the “half-half”
method. (b) Inset of the 612cm™! region showing the same spectra as in
(a) but here a linear fit of the HHD method to the LDF method has been
performed, resulting in a scaling factor of ~7.3.

Even more dramatic results are seen for Rhodamine 6G prepared in the

same way as the Nile Blue samples. The spectra in Figure 4.2 show a factor
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of ~ 7 difference in signal intensity between the two preparation procedures.
Note that for Rhodamine 6G we use the 612 cm ™! peak for comparison. Figure
4.2 (b) shows the same data the 612cm™" region.

Intensity [arb. units]
Intensity [arb. units]

N , 20nM diluted 20x
20nM dilyted 2x
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Raman Shift [cm™] Raman Shift [cm™]

Figure 4.3: (a) SERS spectra of 10nM Nile Blue samples prepared by two
different dilution methods, taken at 633 nm excitation. The blue curve was
prepared by the “Large dilution factor” method and green by the “half-half”
method. (b) The same data for Rhodamine 6G

Interestingly, the effect of sample dilution is less pronounced when the
starting concentration of analyte is decreased as shown in Figure 4.3, where
all starting (and therefore final) concentrations of dyes were decreased by a
factor of 10. Here the increase in intensity between equivalent 100x and 2x

dilution samples is only a factor of about ~ 3 for NB and ~ 2 for R6G.
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4.3.2 Diffusion vs Adsorption

The proposed explanation for these observations is based on the intuitive as-
sumption that the kinetics for dye adsorption on the NPs are much faster than
typical molecular diffusion times in the solution. Many SERS dyes (including
R6G and NB) are cationic dyes to ensure strong adsorption onto the negatively
charged metallic colloids through electrostatic interaction. Such a strong in-
teraction is expected to result in very fast (sub-second) adsorption, at least
in the early stages (low dye coverage) where steric hindrance does not play a

role.

In contrast, dye diffusion through a typical solution of 1 mL occurs on time
scales of minutes or more. Indeed, typical diffusion coefficients for common
dyes in water are of the order of D = 107° cm? /s, meausured by both Fluores-
cence Correlation Spectroscopy and Pulsed Field Gradient NMR [97]. These
values correspond to a diffusion time through a distance L = 1 mm of the or-
der of 7 = L?/D = 1000s. The values quoted from the literature for diffusion
coefficients of dyes are measured in water, and assume that no dimerization
of dyes is present. This is not a concern in the conditions used here, as Rho-
damine 6G is known to dimerise only above concentrations of 100 u M [97].
In SERS measurements, dye concentrations rarely exceed 1M and dimers
are not expected to be present in solution. The colloids used in SERS are also
diluted in solutions of KCI (1 to 20 mM regime) which may affect the diffusion
times but Reference [97] also found that varying the ionic concentration of the
solution from 10™* to 1072 M had no significant effect on D so it is reasonable

to assume that the dye has the same D as it does in water.

The slow diffusion coefficient of dyes is easily observed by injecting a small
volume of high-concentration dye into a container of water and observing by
eye the colored dye very slowly diffusing throughout the entire volume. In
fact, diffusion-driven mixing is so slow that in most situations, convection
effects will dominate and speed up the process; these include the unavoidable
mechanical disturbance of injecting one solution in the other, and also possibly
deliberate shaking/mixing. Even then, shaking or stirring can be expected to
decrease the mixing time to a few seconds at best and should remain much

slower than adsorption. If that is the case, then the majority of analytes are
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adsorbed before any diffusion/mixing occurs, i.e. in effect, they are adsorbed
before being diluted to their final concentration. This then results in very
different outcomes, depending on the starting concentration (or equivalently

on the dilution factor).

Large Dilution Half-Half
Factor (LDF) Dilution (HHD)

| |

i
(A) (D)
B) - “ o 0. 8 |(E)
@ = 2 T2 m

Figure 4.4: Schematic showing how two different dilution methods may lead
to drastically different distribution of molecular coverage (number of analytes
per colloid). The large dilution factor (LDF) method shown on the left (A-C)
is typical of the majority of reported SERS experiments, while the half-half
dilution (HHD) method shown on the right (D-F) is the method recommended
in this work to obtain uniform molecular coverage.

Figure 4.4 schematically illustrates this effect. (A-C) depict the adsorp-
tion/mixing process in the case of large dilution factors (LDF), which seems
to be the most commonly used method for preparing colloidal SERS samples.
The final dye concentration is achieved by (A) diluting a small volume of dye
(for example 10 uLi of 10 uM) in a large volume of colloids (for example 990 uL

corresponding to a colloid to dye volume ratio of 99:1). Before mixing, the
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dye molecules are at a much higher local concentration (10 xM) in the small
region they were injected into the sample (B). Because adsorption occurs be-
fore diffusion/mixing, this results in a highly non-uniform distribution of the
analytes on the NPs (C), where only a small proportion of the NPs capture a
large number of molecules (potentially 1% of the NPs have a molecular cover-
age 100 times larger than the expected average). This effect can be mitigated
to a large extent by employing small dilution factors, ideally half-half dilu-
tions (HHD), as shown in Fig. 4.4(D-F). The same final dye concentration
(100nM) is achieved by mixing equal volumes of dye (500 uL of 200nM) and
colloids (500 L)) as shown in (D). Convection-driven diffusion during mixing
of the two volumes ensures in a first approximation that the dyes are dispersed
throughout the sample uniformly (E) and each dye molecule then adsorbs to
the surface of the colloids through electrostatic interaction producing uniform

molecular coverage throughout the sample (F).

4.3.3 Dynamics of Molecular Adsorption on Nanopar-

ticles

To support the diffusion vs adsoprtion hypothesis, it is demonstrated ex-
perimentally that molecular adsorption in the present system does occur on
timescales faster than typical mixing times of a small volume into a larger one
(which are of the order of seconds or larger). For this, the fact that the fluores-
cence signal of NB (or any fluorescent molecule) is quenched upon adsorption
onto the metallic NPs is exploited. Fluorescence quenching is a well known
phenomenon in SERS [44, 98] and is mainly understood as occurring due to
non-radiative relaxation into the metal, the lifetime of which is much shorter
(ten of femtoseconds) than typical fluorescence lifetimes of organic dyes (tens
of nanoseconds) [98]. As such, any decrease in the fluorescence intensity in col-
loids when compared with a water solution of same concentration then clearly

indicates that adsorption has started to occur.

An experiment was designed that consisted of first pre-mixing colloids with
1 mM KCI as standard, and adding a solution of 20 nM Nile Blue (in the half-
half method) to the colloids in situ under the microscope objective. Spectra

were acquired while the mixing was performed so as the fluorescence signal of
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Figure 4.5: Dynamics of adsorption. (A) Reference fluorescence spectrum for
10nM NB in water. (B) Fluorescence/Raman spectra of Ag colloids in 10 mM
KCI to which (during measurement) an equal volume of 20nM NB (to obtain
10nM NB concentration) is added. The five spectra obtained continuously
(with a step of 0.4s) at the time of mixing are shown: one just before (t =
0s), and the first four just after.
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the added molecules could be monitored over time. The fluorescence signals
were then compared to that of the same concentration in water (i.e. no colloids
present). As shown in Fig. 4.5, strong fluorescence quenching is indeed ob-
served in the first spectrum measured (i.e. within less than a second) following
mixing of the dye and colloid solution. In (A), the fluorescence spectrum of
10nM NB in water excited at 633nm shows a peak intensity of about 2500
counts per second. In (B), it is evident that even in the first spectrum right af-
ter addition of NB (t = 0.4 s), the fluorescence is at most 1/3 of what it should
be in water and reduces further to 1/10 after 1.2, indicating that the major-
ity of NB molecules are adsorbed on a sub-second time scale. The adsorption
process is therefore faster than can be resolved in such experiments (i.e. sub-
second). Also worthy to note is the appearance of the 595 cm ™! Raman peak of
NB after 1.6s. Because of the strong dependence of SERS on proximity to the
metal, the appearance of the Raman spectrum of NB indicates the molecules
are adsorbed close enough to the surface where the local electric field is large
enough to enhance the Raman signal. While the quenching of fluorescence
could potentially be due to reabsorption in the dense colloidal solution, the
optical absorption by the colloid solution in this wavelength range where Nile
Blue fluoresces (650 to 700 nm) is at most 10% and cannot explain the observed

intensity drops.

4.3.4 Effects of Analyte Concentration on Aggregation

of Nanoparticles

In itself, the strong non-uniformity in molecular coverage as predicted later in
Section 4.3.5 and illustrated in Figure 4.4(F) should not result in any difference
in the average SERS signal, unless the SERS EF depends non-linearly on the
molecular coverage. In colloidal SERS solution, there is an obvious mechanism
providing such a non-linear dependence: dye-induced colloid aggregation [99].
It is well established that aggregated colloidal solutions exhibit much larger
SERS EF [31,95,96,100-102] (up to a point where over-aggregation results
in complete collapse/sedimentation of the colloidal solution). Aggregation is
typically induced by the addition of electrolyte, which screens the electrostatic
repulsion between the negatively-charged colloids. Aggregation can also be

induced by adsorption of positively-charged analytes [95,96,103] (like NB and
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Figure 4.6: Measured average SERS EF at 633 nm excitation as a function
of dye concentration for R6G in Ag colloid solution either (A) non-aggregated
(in 0.5mM KCl) or (B) pre-aggregated in 10 mM KCI.

R6G) as this will reduce the net negative charge of the NPs. As the molecular
coverage increases, the net charge is further reduced and the aggregation is
further favored. One therefore expects an increase in average SERS EF as a

function of molecular coverage as a result of analyte-induced aggregation.

This phenomenon is evidenced experimentally in Fig. 4.6. The average
SERS EF of R6G adsorbed to silver nanoparticles is measured as a function
of dye concentration in two regimes; in (A) dyes are added to colloids in
0.5mM KCI (so as to replace the surface citrate layer but not cause aggrega-
tion of colloids) and in (B) dyes are added to colloids in 10mM KCI (so as
to pre-aggregate the colloids, as most SERS studies are performed). Previous
studies [74] have shown this to be the optimal concentration of KClI for pro-
ducing large SERS EFs with Lee & Meisel colloids. All samples were prepared
by using the half-half dilution method to ensure uniform surface coverage of
colloids, whose final concentration is 1/4 of the as-synthesized solution. For
unaggregated colloids (A), the EF for dye concentrations of 25, 50 and 100 nM
are essentially equal, and have magnitudes expected of non-aggregated 60 nm
Ag colloids (~ 3 x 10%); in other words, the SERS intensity scales linearly
with concentration. However, above 100 nM (which we here estimate to cor-

respond to about 6000 dyes per particle), the EF increases significantly from
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about 3 x 10* up to 3 x 10°, an increase that can be attributed to dye-induced
colloid aggregation. For pre-aggregated colloids (B), the effect of KCl-induced
aggregation is clearly evident in the order of magnitude difference (10 times
larger) in SERS EF at the lowest concentration (25nM). Moreover, because
the colloids are already partially aggregated, even a small concentration of
positively-charged analyte further induces aggregation of the colloid, and this
is reflected in the concomitant increase in SERS EF from the lowest dye concen-
trations (from 25 nM to 50 nM and 100 nM). The measured EF keeps increasing
up to a maximum of 1.3x10° at 200nM, beyond which the colloidal solution
collapses/sediments resulting in a sharp drop in SERS signal. It should be
noted that partially-aggregated Lee & Meisel colloids do not exhibit any well-
defined aggregate extinction peak and extinction spectra cannot here be used

as a proxy for the aggregation state [71].

These results clearly highlight the effect of molecular coverage on colloid
aggregation in our system, and can now be linked to the observed dilution

effects.

When large dilution factors are used, the strongly non-uniform coverage
may result in aggregation for the small number of colloids with the highest
coverage, and therefore in a larger SERS EF for those colloids. Since the
aggregated colloids are those with the most dyes, the average SERS EF for the
entire solution is also increased. For example, from Figure 4.6(A), we see that a
100 nM solution with uniform coverage (i.e. prepared from the HHD method)
exhibits an average enhancement of 10*. The same solution prepared using
a 100x dilution (from 10xM) will contain many NPs with no adsorbate and
many NPs with coverage close to saturation (see Fig. 4.6(D)). The higher local
concentration will clearly cause local aggregation of the minority of colloids in
the region where the dye is injected, and the EF for these will be of the order
of 10° (according to Fig. 4.6(A)). The overall SERS signal will be increased
by a factor up to 10, depending on the details of the competition between
molecular adsorption and mixing dynamics. This explains the factors of 4.5
and 7 observed for NB and R6G in Figures 4.1 and 4.2 and similarly the factors
in Figure 4.3.

It should be noted that the trends observed for the concentration induced

AEFs measured in Figure 4.6 are specific to the colloids used and will be
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strongly dependent on the intrinsic properties of the colloids themselves. In
particular, the relative concentration of colloids to dyes, colloid size, electrolyte
concentration, colloid stabilising agent and interaction between the dye and the
colloid will all play a role in determining at what concentration the onset of
dye—induced aggregation begins. As an example, assuming all other parame-
ters are kept the same, for more concentrated colloids the onset of aggregation
would occur at higher dye concentrations because each dye reduces the overall
surface charge of the colloids by a smaller amount thus requiring more dyes to
cause instability of the colloids. This interpretation is consistent with DLVO
theory where each positively charged dye will reduce the total electrostatic
repulsion between like—charged colloids. This also implies that similar to the
Lee & Meisel system studied here, for any colloidal solution there should ex-
ist a range of analyte concentrations where the SERS EFs are constant (i.e.
linear response to analyte concentration) up to a certain limit. Beyond this
limit, AEFs will vary with increasing analyte addition, becoming super—linear
and deviating from ideal behaviour often sought when using SERS for routine

detection.

4.3.5 Finite Element Modelling of Diffsusion

In reality the exact distribution of coverage obtained with the LDF method
(Figure 4.4(C)) will depend on the details of the kinetics of adsorption vs
mixing, and any intermediate situations between the extreme cases of Figures
4.4(C) and (F) can in principle be obtained. It is instructive to make this ar-
gument more quantitative by modeling the situation on a simple model system
as shown in Figures 4.7 and 4.8. Here a cylindrical container of radius 8 mm
and height 2cm (i.e. volume of 1 mL as for a typical sample preparation), is
considered, into which the colloidal NPs are uniformly distributed and consid-
ered fixed since colloidal diffusion is much slower than dye/molecular diffusion.
In reality, the diffusion of the colloids, D is set to 107 m2s~! The approach
is then to solve the diffusion equation (Fick’s second law) for the analyte, cou-
pled to a simple adsorption rate equation (which takes into account saturation

at monolayer coverage). Explicitly, the differential equations are:
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Oc c
o = DAc—kac(l— =), (4.1)
9ca _ pe1— -5, (4.2)

ﬁ Csat

c(r,t) and cy(r,t) represent the concentration of free and adsorbed ana-
lyte, D is the diffusion coefficient of the free analyte, k4 [s™!] characterizes
the rate of adsorption at low coverage, and cg, is the concentration at the
saturation coverage (which here is set at 500 nM here but this depends on the
colloid concentration). The initial condition is set as ¢ = ¢y inside a small
cylindrical volume of 10 uLi for the 100x dilution (or 0.5mL for a half-half
dilution) and ¢ = 0 elsewhere (and ¢4 = 0 everywhere). In order to model the
convection-driven mixing/stirring, D is set to a value much larger than its nor-
mal free-diffusion estimates (for dyes like Rhodamine 6G, diffusion coefficients
in water are of the order of 107%cm?/s): here it is adjusted to D = 0.1 cm?/s,
which results in a uniform concentration across the sample ((in the absence of
adsorption)) after about 10s for the x100 dilution and about 0.4s for the x2
dilution. These are reasonable values for the physical time it would take for the
dyes to disperse in the cuvette when injected with a pipette. The adsorption

L. This results in 95% adsorption in 0.3s which is a

rate is set to k4 = 108~
slight overestimate from the fluorescence quenching measurements in Section
4.3.3, where the fluorescence was minimised after 1.6s. Those results are diffi-
cult to quantify exactly the percentage of adsorbed dyes after a given time so
it is assumed here that the majority of adsorption occurs in sub—second time

scales.

The problem is then solved numerically with finite-element modeling in
COMSOL, whereby the free and adsorbed analyte concentration across the
sample are solved for at each time ¢;. The colloids essentially are fixed through-
out the cuvette volume, and act as a sink term whereby freely diffusing species,
c¢(r,t), are removed from solution through Eq. 4.2. Each “colloid” can remove

an upper limit of dyes set at cgy.

From the long-time (typically 111s) spatial distribution of the adsorbed

species concentration c(r), the statistical properties of the distribution of

84



CHAPTER 4 DILUTION EFFECTS IN COLLOIDAL SOLUTIONS

adsorbed molecular coverage across the sample, i.e. average, maximum, and

minimum coverages, or the histogram of coverages, can be computed.

The coverage of colloids can be found from:

Cdye
Neoy = , 4.3
Ceol Acol ( )

where cgye is the adsorbed dye concentration, cxp is the colloid concentra-
tion and A is the surface area of a single spherical colloid. Thus for a 30 nm
radius solution of colloids at a concentration of 20pM (i.e. Lee & Meisel col-
loids at 4 times dilution) a dye coverage of 1 (i.e. 1 dye per nm?) corresponds

to a dye concentration of ~500nM, or approximately 28250 dyes per colloid.

A series of dilution situations were modelled to give a detailed description
of the mechanisms at play governing the nanoparticle coverage. Four “real”
dilution factors that would typically be used in the lab were tested; x 100, x50,
x10 and x2 (half-half) dilutions of dyes into a 1 mL solution of colloids, all
yielding the same final total dye concentration. As above, the diffusion rate and
adsoprtion rate were fixed for each dilution factor and the colloid saturation
was set to 500nM to match that of Lee and Meisel colloids. Each dilution
factor was modeled using a final dye concentration of 100nM and 10nM to
investigate the dependence of the diffusion vs adsorption phenomenon on final

dye concentration. The results of these models are shown in Figures 4.7 and
4.8.

The histograms obtained from the modeling series yield a wealth of inter-
esting information. Most importantly, the simulations reveal that indeed there
is a significant dispersion of molecular coverages across the solution when large
dilution factors are used. For large dilution factors (100x and 50x), the pre-
dicted histograms of molecular coverage exhibit a spectacular non-uniformity,
with maximum coverages as large as 5 times the average. From the spatial
distributions of concentration across the cuvette it is clear that the adsorption
reaction acts to limit the diffusion distance of the dyes; even after 100s the
majority of the molecules are concentrated in the center of the cuvette with the
top and bottom regions containing essentially no molecules. As the dilution

ratio is reduced down to 10x and finally 2x, is is clear that the distribution
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Figure 4.7: Theoretical predictions from COMSOL of the spatial distribution
of adsorbed dyes for a x2, x10, x50 and x100 dilution for final dye concentra-
tion of 100 nM. The left panels show the geometry of the model and the map
of concentrations as output from COMSOL, while the histograms on the right
show the corresponding percentage of colloids with a given concentration of
adsorbed dyes. The blue dashed line is the final average dye coverage (as ex-
pected, 100nM) and the standard deviation from this mean coverage is shown.
The saturation coverage is set at 500 nM to match that of Lee and Meisel col-
loids.
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Figure 4.8: Theoretical predictions from COMSOL of the spatial distribution
of adsorbed dyes for a x2, x10, x50 and x100 dilution for final dye concentration
of 10nM. The left panels show the geometry of the model and the map of
concentrations as output from COMSOL, while the histograms on the right
show the corresponding percentage of colloids with a given concentration of
adsorbed dyes. The blue dashed line is the final average dye coverage (as
expected, 10nM) and the standard deviation from this mean coverage is shown.
The saturation coverage is set at 500nM to match that of Lee and Meisel
colloids.
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of coverages reduces correspondingly, as indicated by the standard deviations

from the mean coverage in each histogram.

Also evident is the dependence of the distribution of coverages on the fi-
nal dye concentration, where the coverages for 10nM dye (Figure 4.8) show
a significantly less deviation from the average coverage than those for 100 nM
dye in Figure 4.7, confirming the observations in Section 4.3.1 where the sig-
nal discrepancies in average enhancements between HHD and LDF methods
were lower when the dye concentration was reduced by a factor of 10. Phys-
ically this can be interpreted as the adsoprtion occurring slower due to the
lower concentration gradients in the solution, allowing dyes to diffuse further
through the cuvette volume. Nevertheless the effects of dilution factor are still
important even as the dye concentration is lowered, further highlighting the

recommendation of half-half dilutions to be used.

While the illustration is fictitious in the sense that the colloids in reality
are not fixed and would diffuse around the cuvette, the spatial distributions
vividly highlight the effect of adsorption being present on diffusion dynamics.
The coverage histograms support this picture showing that some colloids may
not have any dyes adsorbed at all if large dilution factors are used. Moreover,
the results illustrate how in many experimental conditions, the large non—
uniformity in coverages may be completely hidden in the signals measured. For
example, (assuming no dye-induced aggregation of colloids is present) average
SERS signals, whereby the entire colloidal solution is sampled and the signal is
the average of many spectra, would show exactly that of the average coverage
calculated from the histograms. While this may be desirable for measurements
where only the average SERS signal is of interest, each individual spectrum
may show large intensity variations due to there being at times some colloids
with no dyes and some with many in the scattering volume. These non—
uniformities would then play a role in time-dependent and single-molecule

measurements, where the signal of each individual spectrum is monitored.

In the case of dye-induced aggregation, the COMSOL models support the
proposed interpretation that large dilutions will cause the colloids whose dye—
coverage is much larger to aggregate and thus the solution will exhibit larger
SERS signals.
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Interestingly, even a half-half dilution results in a non-negligible spread of
molecular coverage, but this would strongly depend on the exact details of
the mixing procedure. Because the adsoprtion rate is so fast compared to
the diffusion, even the ideal half-half method would not alleviate the problem
completely but it goes a long way to addressing the non—uniformities usually

present.

4.3.6 SEM Evidence for Dilution Effects

An obvious step towards further evidencing the effects of sample preparation
on the aggregation state of nanoparticles is to directly image samples via SEM
or TEM. In theory, if the hypothesis presented above is correct, differences in
the size and number of nanoparticle clusters present across samples prepared
by the two dilution methods should support these claims. Given the evidence
from SERS, there should be a clear increase in the average number of clusters
in the samples prepared by the large dilution factor due to the aforementioned
local aggregation induced by dye molecules. SEM was the preferred method of
imaging due to the large areas that can be quickly imaged. This gives a much
better overview of the average state of the sample whereas in TEM it can be

cumbersome to image a large number of particles.

In practice however this approach proves more difficult to pin down for a
number of reasons. Figure 4.9 presents SEM images for three colloidal samples
deposited on Si wafers: (a) a reference solution of 60nm Ag Nanocomposix
colloids diluted by a factor of four to a final KCI concentration of 0.5 mM, (b) a
100 nM R6G sample of the same colloids (i.e. 0.5 mM KCI final concentration)
prepared by the half-half method and (¢) 100nM R6G sample prepared by the
large dilution factor. It is important to note here that samples were prepared
in a specific fashion to try and “capture” the true state of the nanoparticles in
solution; this consists of coating the Si wafers onto which particles are dried
with a postively charged layer that will attract the particles and essentially
“freeze” them as they were in solution instead of allowing them to dry and
possibly induce aggregation. This method was shown to work in previous
studies in our group [74] and the preparation procedure is revisited briefly

here.
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1. A drop of 1% weight poly-l-lysine aqueous solution was added to cleaned
Si wafers and allowed to sit for ~5 minutes before rinsing off with dis-

tilled water.

2. 10 puLi of nanoparticle solution was then drop—cast onto the Si wafer and

washed off after ~ 2 minutes.
3. Wafers were then placed in a desiccator over night.

4. Before imaging, samples were sputter coated with 4 nm of platinum to

improve sample conductivity for imaging.

It is also important to note that the colloids used here are the 60nm Ag
spheres purchased from Nanocomposix as described in Chapter 4. The reason
for using these colloids as opposed to the Lee and Meisel particles used in the
SERS studies of the previous sections is the vast improvement in monodis-
persity in the Nanocomposix samples. These colloids have been extensively
optimised and purified and show a much better size dependence than Lee and
Meisel. This is evidenced from both UV-Vis spectra, where Nanocomposix
show a much sharper plasmon resonance than Lee and Meisel colloids and
SEM/TEM images where Nanocomposix colloids have an excellent size distri-
bution of 60 nm spheres whereas Lee and Meisel colloids clearly contain many
other particle shapes and sizes (Chapter 3). As such it was decided any changes
in cluster size/numbers due to dilution effects would be easier to detect using

the superior Nanocomposix colloids.

The results from SEM indciate that even in the reference colloidal solu-
tion, where no dyes are present and the KCI concentration is much too low to
induce aggregation (from DLVO theory), there still exist a reasonable number
of clusters. Were the samples simply allowed to dry on the substrates, one
would assume that any aggregation (clusters) present would be a combination
of the drying process and the original presence of clusters, thus hindering any
interpretation of the results. In this case however, it is safe to assume that the
electrostatic attraction provided by the poly-l-lysine should effectively give a
snapshot of the particles as they are in solution. As such, Figure 4.9 highlights
the difficulty in using a “dried” version of nanoparticles, as in SEM, to deter-

mine the presence of clusters created by dilution. The images presented are
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Figure 4.9: SEM images of 60 nm Ag colloids prepared by different dilution
methods and deposited on poly-l-lysine coated Si wafers. (a-c) Reference sam-
ples containing 1:1 ratios of colloids to KCI (0.5 mM final concentration). (d-f)
Colloids with 100nM R6G final concentration prepared by the half-half dilu-
tion method. (h-j) Colloids with 100nM R6G final concentration prepared by
the large dilution method. Three representative areas at three magnifications
for each sample are shown. Yellow circles indicate clusters in each sample.
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representative examples of each sample and it would be fruitless to quantify
the number of overall clusters present for each dilution method given that the
reference sample already contains clusters ranging from 50 to 200 single parti-
cles. In all samples, there are a large number of single isolated particles along
with dimers, trimers and other larger species. These clusters may be present
in the bare colloid solution prior to deposition but they are not apparent in
the UV-Vis extinction spectra, where aggregation is normally evidenced by a
long wavelength tail developing in the ~ 600 - 900 nm region. Alternatively,
clusters could very possibly form during the drying process. It is interesting
to note that in the large dilution factor sample (Figure 4.9 (h-j)) there was an
indication that the clusters were larger (a few hundred particles) than those in
the reference and HHD samples but they were quite rare. This was not conclu-
sive enough to confirm the proposals using SERS and fluorescence quenching
but further work in this area, (i.e. optimising the drying procedure, changing
colloid concentration and filtering particles before adding dyes to remove any
large clusters in the bare solution) is needed to fully trust the SEM results.
Nevertheless the results further strengthen the point that SERS in itself is far
more sensitive than any other available technique for characterizing the subtle

substrate properties at play in metallic colloids.

4.3.7 Effects on Single Molecule SERS

While this chapter has focused so far on average SERS EFs, it is clear that
the strong non-uniformity in molecular coverage resulting from large-factor
dilutions should also have a profound effect on the statistics of SERS signals.
This should particularly affect single-molecule SERS studies where coverage
estimates and statistics of signals play a crucial role in identifying the correct
conditions for single-molecule detection. The consequences of the findings for
single molecule SERS (SM-SERS) are therefore now addressed.

Firstly, it is clear that the average molecular coverage has little meaning
in the case of samples prepared by the LDF method, since a small number of
NPs will have a much larger number of molecules. The original studies of SM-
SERS [2,3,104] in fact relied on such estimates to justify the single molecule

nature of the SERS signals. The targeted concentration was adjusted such
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that on average, less than one molecule (say 0.5) was measured at a given
time. SERS events were then rare occurrences, but they were attributed to
SM-SERS. It is now clear from this study that if the samples are prepared
using a 100x dye-dilution (or similar large dilutions), then a small fraction
of nanoparticles could in fact have a much larger coverage than average (0.5),
with up to say 10 molecules per NPs. The rare SERS events would then most
likely correspond to those high-coverage particles rather than to SM-SERS.

In fact, as discussed in Ref. [86], there were many additional potential
problems with the low-concentration approach, which prompted the develop-
ment of bi-analyte SERS [86] as a more convincing and statistically robust
method of studying SM-SERS [105,106]. Within this framework, two analytes
with comparable SERS cross-section but a distinguishable SERS spectrum,
are used to experimentally determine the nature of the SERS events, either
predominantly SM-SERS or multi-molecule SERS [32,107], without any as-
sumptions on the coverage. Ideal implementations of the method make use of
two isotopically different versions of the same molecule. Central to the inter-
pretations of any bi-analyte SERS experiment is the implicit assumption that
the distribution of molecules across the sample is the same (even if potentially
non-uniform) for both bi-analyte partners. This aspect was implicit in the
original bi-analyte work [86,107], and in the light of the current study, needs

to be clearly re-emphasized.

It is demonstrated explicitly in Figures 4.10, 4.11 and 4.12 how the wrong
conclusions about the SM-SERS regime could be attained because of the dilu-
tion problems evidenced in this work. Bi-anlayte single-molecule samples
consisted of 10nM each of a modified rhodamine 6G and its isotopically-
substituted partner with 4 deuterium atoms (as studied in detail in [91]) mixed
with pre-aggregated Lee and Meisel silver colloids. Explicitly, colloids were
mixed with 20 mM KCl in a 1:1 ratio to achieve a final KCl concentration o of
10mM. The solution was left to aggregate for at least one hour before analytes
were added and again left to sit for 1 hour before measuring. To obtain suffi-
cient statistics, 1500 spectra were acquired for each sample with an integration
time of 0.1s. 1500 dark spectra were also acquired under the same conditions

that were then averaged and subtracted from each individual SERS spectrum.

Figure 4.10 shows a typical bi-analyte SERS analysis, where a scatter plot
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of the relative contribution of each dye to the individual SERS spectra are
plotted. The underlying principles of the bi-analyte technique with isotopic
substitution were discussed in Chapter 3. As a brief reminder to the reader,
Raman spectra of the isotopic partners can be distinguished from each other
because Rhodamine 6M exhibits a strong Raman peak at 612cm~! while for
the deuterated version (d-R6M), the peak is shifted to 600 cm™!. This allows
one to easily identify three types of SERS events; (1) mixed events, where
both peaks are present, (2) events solely due to R6M and (3) events solely
due to d-R6M. Events of type (1) will be located about the centerline of the
scatter plot, type (2) will have only x—axis contribution and type (3) only y—
axis contribution. This method provides a powerful way to quickly assess if a
sample is in the multi-molecule or single-molecule regime. Spectra of interest,
that may be single-molecule candidates, can then be identified and plotted
individually to assess their single-molecule nature. The results presented below
focus only on the 612cm™! and 600 cm ™! peaks of the bi-analyte partners for
analysis but the same observations are found for the 1500 cm™! region where

both dyes can also be distinguished from each other.

As can be seen in Figure 4.10 (a), most events are mixed, which correspond
to the multi-molecule regime, as expected for this system at this dye concentra-
tion (10nM) with very few events located only on either the x—axis or y—axis.
In this first instance, both bi-analyte partners were mixed together at 1 uM,
then diluted to 20nM, and then diluted by a factor of 2 with the final colloid
solution, i.e. the HHD method recommended in this work was used to avoid
dilution problems. Two representative Raman spectra from the center-line of
events (highlighted in the scatter plot by red and green circles) are then plotted
individually (1-2) (red curves) along with the corresponding fits to a mixture
of R6M and d—R6M spectra. As can be seen, both spectra show almost equal

contributions of both dyes indicating they arise from multi-molecule events.

In most previous works [86,107,108] it is likely, (or not specified) that large
dilution factors were used, and the results obtained from an equivalent 100x
dilution are therefore shown in Figure 4.11. As expected from the previous
discussion, a small number of NPs exhibit much higher coverage (for both
molecules) and this is reflected in the more intense events that are observed (the
majority of events in (b) are significantly larger than those in (a) indicative of

dye-induced aggregation), and in the stronger concentration of events around
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Figure 4.10: The effect of different sample dilution procedures on the statis-
tics of bi-analyte single molecule SERS spectra using isotopic partners R6M
and d-R6M at 10nM. Scatter plots of the intensity of the 612 cm™! peak of
R6M (z-axis) and the 600cm™! peak of d-R6M (y-axis) for samples where
dyes are pre-mixed together and then diluted with the HHD method. A
schematic showing the expected outcome of the dilution on nanoparticle cov-
erage is shown as an inset. Ag colloid are pre-mixed with 20mM KCI for
pre-aggregation. Representative spectra (1-2) are shown at the bottom along
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Figure 4.11: The effect of different sample dilution procedures on the statis-
tics of bi-analyte single molecule SERS spectra using isotopic partners R6M
and d-R6M at 10nM. Scatter plots of the intensity of the 612 cm™' peak of
R6M (z-axis) and the 600cm ™" peak of d-R6M (y-axis) for samples where dyes
are pre-mixed together and then diluted using the LDF method with 100x
dilution. A schematic showing the expected outcome of the dilution is shown
as an inset. Ag colloids are pre-mixed with 20 mM KCI for pre-aggregation.
Representative spectra (1-2) are shown at the bottom along with the corre-
sponding fits to a mixture R6M and d-R6M spectra.
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Figure 4.12: The effect of different sample dilution procedures on the statis-
tics of bi-analyte single molecule SERS spectra using isotopic partners R6M
and d-R6M at 10nM. Scatter plots of the intensity of the 612 cm™! peak of
R6M (z-axis) and the 600cm ™! peak of d-R6M (y-axis) for samples where dyes
are added sequentially to the NP solution using the LDF method with 100x
dilution. A schematic showing the expected outcome of the dilution is shown
as an inset. Ag colloids are pre-mixed with 20 mM KCI for pre-aggregation.
Representative spectra (1-2) are shown at the bottom along with the corre-
sponding fits to a mixture R6M and d-R6M spectra.
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the 50%-50% line, indicating an even more pronounced multi-molecule regime
than obtained from the HHD method in Figure 4.10. Two representative
Raman spectra are from the centerline (highlighted in the scatter plot by red
and green circles) are again plotted individually (1-2) (red curves) along with
the corresponding fits to a mixture of R6M and d—R6M spectra. Again both
spectra show almost equal contributions of both dyes indicating they arise
from multi-molecule events. Note the improved signal to noise ratio in these

events, due to the larger absolute intensities of the spectra.

An even more spectacular consequence of the dilution problem is evidenced
in Figure 4.12, where the bi-analyte partners were diluted 100x sequentially
into the colloid solution, instead of being pre-mixed together as in Figures 4.10
and 4.11. In such a case, those NPs with a larger than average coverage of one
dye are not the same as those for the other dye. The statistics of events then
become characteristic of the single-molecule regime, with several pure events of
one dye or the other. These seemingly SM-SERS events in reality correspond to
NPs with a large coverage of one dye and not the other as is evident now from
the proposed and validated interpretation of diffusion—adsorption competition.
Thus in view of this new information, the spectra in Figures 4.10 and 4.11 are
not SM-SERS events, yet from the point of view of the statistical analysis used
in the bi—analyte approach they show up as unequivocal single-molecule events.
The immediate appearance of these SM-like statistics from simply altering
the dilution procedure is concrete evidence for a weakness of the bi—analyte
technique that is not immune to errors from sample non—uniformity. The
dilution procedure therefore here introduces artifacts that lead to an entirely
wrong conclusion regarding SM-SERS. This interpretation is again supported
by the observed larger intensities of events in Figure 4.12 as compared to
Figures 4.10 indicating dye induced aggregation resulting from non—uniform

colloid coverage.

These observations clearly suggest that, in the context of SM-SERS, only
bi-analyte experiments where dyes are pre-mixed before dilution into colloids
can be trusted. It is difficult to assess whether such problems have affected
previous studies, since such preparation details are not always specified [89].
Figure 4.10, 4.11 and 4.12 focus on demonstrating the risk of erroneous claims
of SM-SERS detection if the bi-analyte partners are not pre-mixed together
and the LDF method is used. From the results of this study, it should also be
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clear that even if the bi-analyte partners are pre-mixed prior to dilution with
colloids, the HHD method should be strongly preferred to avoid non-uniform
coverage across the sample and irreproducibility. Indeed, large variations in
surface coverage may result in part of the sample being in the single-molecule
regime and part in the multi-molecule regime, therefore blurring and confusing
the statistical analysis on SM-SERS intensities. It is therefore expected that
the adoption of the HHD method for SM-SERS studies will result in much
stronger conclusions and a much clearer transition between the single-molecule
and multi-molecule regime. Further work is needed in this direction in terms of
optimising the aggregation procedure to allow single molecule detection to be a
reproducible technique. Specifically, the role of dye induced aggregation clearly
needs to be minimised so as the single-molecule properties of the substrate
can be tailored independently of the analyte used. It is plausible that many
of the single-molecule studies performed in the past may have benefited from
dye—induced formation of hot spots rather than electrolyte induced, which has

obvious disadvantages.

4.4 Conclusion

It has clearly been demonstrated how apparently similar dilution/preparation
methods of colloidal SERS solutions can result in drastically different prop-
erties, in terms of both average signals and their statistics in the context of
single molecule detection. Large dilution factors of the analytes into the NPs
solution create a large variation in molecular coverage per NPs across the sam-
ple. This effect is naturally interpreted as a consequence of the competition
between the typically fast analyte adsorption onto NPs and the comparatively
slow diffusion/mixing process, even when driven by forced convection (shak-
ing/stirring). As such, this effect is not expected to be general, and will only
affect experiments where the analyte adsorption is much faster than the mix-
ing time. It is possible that non-cationic analytes, which are less attracted to
the negatively-charged colloids, may not be affected by this problem because
they adsorb more slowly, but this should be assessed on a case-by-case basis.
Nevertheless, the examples presented in this study clearly show that this effect
is indeed important for analytes (such as Rhodamine 6G and Nile Blue) and

colloidal solutions (Lee & Meisel Ag colloids) that are commonly used and
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studied. It may therefore have had a dramatic (but unnoticed) impact on the
interpretations of many previous SERS studies. We have shown in particular
how certain sample preparation methods can lead to extreme misinterpreta-
tions of the nature of single molecule SERS spectra when using the bi-analyte
technique. Moreover, although the focus here has been on the analyte dilution
step only, similar problems were observed when mixing the colloidal solution
with salts such as KCI using large-dilution factors (for example 100 mM KCl
diluted 10x). Similar interpretations as presented here apply in such a case
and such preparation procedures should be avoided. It is important also to
note that the LDF method could be affected by a number of factors that can-
not be controlled accurately: how the low volume of dye is injected into the

solution, whether mechanical stirring is applied, etc...

These findings highlight the necessity for authors to specify clearly the
exact method by which samples were prepared, particularly in the case of col-
loidal solutions. Perhaps more importantly, most of these problems can be
largely avoided by simply using low-dilution factors, i.e. the half/half dilution
method, which therefore is recommend as the gold standard for any SERS
experiments involving colloidal solutions. It is believed the results provide
crucial insight into a simple but often overlooked aspect of SERS experiments
and shed light on yet another common source of error in the SERS literature.
The conclusions of this work would also extend naturally to dilutions in any
chemical systems where a fast local phenomenon such as adsorption may com-

pete with the diffusion/mixing process and may therefore have implications
well beyond SERS.

In addition to the implications of the results for dilution experiments, the
findings illustrate the extreme sensitivity of SERS as a technique to probe the
local and average properties of solutions. It is unlikely the non—uniformity
evidenced would not be apparent in other techniques such as fluorescence or
UV-Vis spectroscopy while techniques such as Dynamic Light Scattering and
Zeta—Potential have limitations when large variations in particle sizes exist in
solution. As such SERS has the unique ability to probe sample characteris-
tics at a level of detail much higher than other commonly used spectroscopic

techniques.

As mentioned at the beginning of this chapter, the conclusions with re-
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gards half-half dilutions has been applied in all further work in the thesis.
The continued use of large dilution factors would have seriously hindered any
attempts at obtaining reproducible results. This is particularly relevant for
Chapter 6 where the extreme sensitivities required in referencing would have

been impossible if dye induced aggregation described was present.
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Chapter 5

Integrating Spheres - Theory

and Experimental Setup

In this chapter, the underlying theory of light propagation in diffuse reflecting
integrating spheres is presented. The parameters governing the working of an
integrating sphere are discussed along with the relevance of such an apparatus
to the measurements of dyes and nanoparticles in Chapter 6. In particular, a
novel setup consisting of a centrally mounted sample cuvette integrating sphere
(CMCIS) is presented along with the calibration and characterisation of this

setup.

5.1 The Theory of Integrating Spheres

In principle the integrating sphere, or integrating cavity, is an extremely pow-
erful apparatus whose main function is to uniformity distribute light within
the cavity through diffuse reflections from the sphere surface. This process
removes any angular information contained in the original light source and
leads to a uniform distribution of photons inside the sphere after a number
of reflections. Integrating spheres are a powerful method for measuring any
optical process where the angular dependence of the source, detector or both is
problematic. The most natural, and original application of integrating spheres

is in photometry and radiometry [109], where the entire flux emitted from a
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light source can be measured over the full 47 solid angle of emission. Such a
measurement would normally require a goniometer to sweep through all pos-
sible angles and integrate the flux measured from the lamp. By placing the
lamp inside a diffusely reflecting cavity, a detector placed at a position on the
sphere wall will automatically collect the entire flux emitted by the source over
all angles because the sphere surface is uniformly bright. Other applications
include measuring total reflectance and transmission of diffuse or scattering
materials [110], calculating the absolute fluorescence and photoluminescence
quantum yields of materials [111,112] and obtaining the total cross-section of
an optical process (for example the total Raman cross section for a given mode

of a molecule).

Integrating spheres have a number of interesting and advantageous prop-
erties other than the uniform distribution of photons; for the measurements
performed in Chapter 6, an integrating sphere is employed for absorption spec-

troscopy, for which the properties of interest are:

1. For an input light source, the photon flux inside the sphere compared to
the input flux is increased, leading to an increased effective path length

in the sphere.

2. If a scattering sample is placed within the sphere, all the scattered light
is sent to the detector, meaning that absorption spectroscopy can be

performed that is independent of the scattering properties of the sample.

Point 1 will be addressed below while point two will become relevant in Chapter
6.

5.1.1 Reflectivity - Lambertian Surfaces

The principle of the integrating sphere for diffuse reflectance rests on the fact
that the surface of the cavity is a Lambertian surface. The idea of a Lambertian
surface is illustrated in Figure 5.1 where three types of reflections from a
surface are shown. A specular reflection (Figure 5.1 (a)), as is treated in ray—

optics obeys the law of reflection whereby an incident ray with angle 6; with
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respect to the surface normal is reflected at an angle 6., where 6, = 6;. In
(b) the ray reflects from a rough, partially diffuse surface whereby the angle
of the reflected ray does not necessarily equal the angle of reflection as in
(a). This configuration represents many real world surfaces that are neither
perfectly smooth nor perfectly diffuse. In (c) the ray undergoes reflection
from a matte, or Lambertian, surface, which scatters light in all directions. A
Lambertian surface is one that obeys Lamberts cosine law where the intensity
of scattered light is proportional to the cosine of the angle between the incident
and scattered ray. One consequence of this property is that the brightness, or
radiance, of a Lambertian surface is independent of the viewing angle of the

observer.

(@)  Seecular Reflection (b) Diffuse Reflection

T77 7777777777 7/ 7/ 77777777

(C) Lambertian Reflection

Figure 5.1: Illustrations of the different types of reflections a ray undergoes
when it is incident on a surface. (a) Standard specular reflection, (b) a par-
tially diffuse reflection from a rough surface and (c) diffuse reflection from a
Lambertian surface.

To understand properly the function of a Lambertian surface, it is best

to think in terms of radiance, rather than intensity emitted by the surface.
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The radiance of a surface is defined as the power (or here number of photons)
emitted by a unit area into a unit solid angle [Wm™2sr~!]. Figure 5.2 (a)
illustrates a Lambertian surface that obeys the cosine law [113] of reflected
intensity vs angle with respect to the normal. For light falling on the surface at
normal incidence, the maximum intensity scattered will be at § = 0 (cos(0) =
1) and drops off to zero at = 90°. Thus the intensity emitted is a function
of angle. However the projected area seen by an observer also however follows
a cosine dependence, as shown in Figure 5.2 (b), which compensates for the
cosine dependence of the intensity, illustrating that for an observer at any
point, the number of photons emitted per unit area and solid angle is the
same, i.e. radiance, for a perfect Lambertian surface is independent of the
viewing angle of the observer. In the context of an integrating sphere with a
Lambertian surface, it follows that the observer, i.e. the detection fiber, sees
the same photon flux irrespective of where on the sphere surface it is collecting
from. As the light detected by the fiber has undergone multiple Lambertian
reflections before reaching the fiber (explained in the following section), one
can easily see how the detected light is then independent of the original path
travelled, removing any angular dependence the original incident beam may
have had.

Iy
I
(a) (b)  Taam
Iycos(0) A\
Iocos(0)
0 dAcos(0)d2
4’ "

Figure 5.2: Reflections from a Lambertian surface (a) The reflected intensity
follows Lamberts cosine law. (b) The area projected from the surface as viewed
by an observer also follows a cosine dependence illustrating that the radiance
from the surface is independent of viewing angle.
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5.1.2 Sphere M-Factor

A simple depiction of an integrating sphere with an entrance and exit port is
depicted in Figure 5.3. Much of the theory of integrating spheres has been
discussed in detail in References [114-116] but the most important parameters

characterising an integrating sphere are:

e surface reflectivity: p

e port fraction, f, the ratio of the total port areas to the sphere surface
area: f =) Apore/Asphere

e sphere radius: r;

Entrance Port /'\ Detection Port

Lambertian
Reflection

Figure 5.3: A typical integrating sphere with an entrance port and detection
port. The path of a single ray that undergoes reflections within the sphere is
shown for illustration.

The probability for a ray to reflect off the sphere surface is by definition
given by p and, upon diffuse reflection, the probability to hit the surface rather
than a port is 1— f. The chance for a ray to then keep bouncing is thus p(1— f),
and its complement is 1 — p(1 — f). In equilibrium, the sphere loses photons
at the same rate as it receives them, which means the input power, times the
chance to stay in the sphere, Pyp(1 — f), must equal the power in the sphere
times the chance for photons to disappear, P(1 — p(1 — f)). This leads to the

flux enhancement factor
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LoD vy, 6.

Py 1-— p(l—f)
where the sphere multiplier M is defined as

- P
M= 52)

The sphere multiplier is the most important parameter characterising an
integrating spheres performance as it quantifies the gain in photon flux in com-
parison to the normal input power F, for a sphere of a given radius, reflectivity
and port fraction. M is strongly dependent on the reflectivity of the sphere
surface and as such commercially available spheres tend to me made of diffuse
materials that are highly reflective in the wavelength range of interest. The
most common material available is Spectralon, manufactured by Labsphere,

that exhibits an average reflectivity of 99% in the across the visible range.

5.2 Absorption Spectroscopy in an Integrat-
ing Sphere

5.2.1 Background

A natural, but rare use of integrating spheres is to perform UV-Vis spec-
troscopy on liquid samples that either have a spatial dependence of their op-
tical properties or are too turbid to be measured in a standard UV-Vis setup.
Furthermore, the fact that the interaction path length of the light with the
sample is increased provides another advantage towards measuring low concen-
trations of absorbing species. Such a setup has been applied in the past [117]
numerous times but is mostly limited to measuring the absorption of seawa-
ter and microalgae [118-121] where scattering by suspended particles and the
low concentrations of absorbing species can limit the use of standard UV-Vis
absoprtion. It has been well established that integrating spheres used in such

a fashion are unaffected by scattering [122], yet their limited use is mostly
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down to the complicated nature of the light propagation within the sphere
when an absorbing, and/or scattering sample is present. Monte-Carlo meth-
ods have been developed [115,122] to understand better the light propagation
yet there have been very few reports of simple, quantitative procedures to ex-
tract the true absorbance of the sample [123]. In the following sections, the
working principle of the CMCIS developed in the context of dyes molecules
in colloidal nanoparticles is discussed and the method, used in Chapter 6, for
extracting the true dye absorbance as can be compared with standard UV-Vis

is introduced.

5.2.2 Experimental Setup - Center Mounted Sample

The optical schematic of the setup developed in this thesis is shown in Figure
5.4. The setup consists of modified Ocean Optics ISP-80 integrating sphere
into which a cylindrical glass tube (67.5 mm long, 7mm external diameter, wall
thickness 1 mm) carefully inserted into the sphere through a port in the north
pole. White light illumination is provided by a standard 100 W halogen lamp
(See Fig. S2 for the lamp spectrum) and delivered to the sphere’s equatorial
port via a ThorLabs 1000 um 0.22 NA optical fiber. Collection is made via a
similar optical fiber (910 um, 0.22 NA) inserted into a custom-drilled detection
port in the bottom of the sphere, and coupled to an Ocean Optics USB-20004
spectrometer with 100 ym entrance slits and a detection range of 200 nm to
850 nm. Figure 5.4 also for illustration purposes depicts the path of a number

of rays as they reflect (diffusely as described earlier) throughout the sphere.

5.2.3 Sample Holder Design

The final experimental design is depicted in Figure 5.5. The sphere itself was
used as is from the manufacturer (apart from the detection port drilled in
the bottom) whereas the sample-holder-lid was designed and custom built
specifically to allow a cylindrical glass vial to be inserted into the center of the
sphere. The design of the sample holder ensures the vial is placed at identical
positions because of the flange mount coupling with the inner surface of the

lid. This design was crucial to the sensitivity obtained for the results present
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Collection

Centrally mounted
cuvette

SPECTROMETER

Lambertian
Reflections

Figure 5.4: Schematic of the centrally mounted cuvette integrating sphere
(CMCIS) setup used to measure the absorbance of dyes on nanoparticles. Light
rays can travel a number of different paths through the sample and a few are
depicted here.
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in Chapter 6. The sample holder body and lid were manufactured from teflon
to ensure they matched the Spectralon coating of the sphere surface as closely

as possible to minimise effects on the M—factor calculations.

_——4 8

Sample Sample
Holder

Detection
Port

Excitation
Port

Figure 5.5: Cut—out drawing of the final sphere assembly design with the
custom built lid and sample holder.

5.2.4 CMCIS Absorbance Corrections

The equations presented in Section 5.1.2 for determining the sphere M factor
are applicable to light travelling through an empty sphere that contains no
absorbing sample. The integrating sphere is employed in this thesis however in
the CMCIS configuration, to perform optical absorption spectroscopy, where
a cuvette of absorbing (and possibly scattering) liquid is placed within the
sphere cavity. The equations presented for an empty sphere must therefore

be modified to understand how absorption spectroscopy can be performed in
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this configuration to allow direct comparison of spectra with those obtained

through standard UV-Vis transmission.

The absorption spectrum of a solution is typically measured in a standard
UV-Vis transmission setup, whereby white light is shone directly through a
liquid sample of given length and the transmitted light is sent to a detector.
By comparing the ratio of transmitted versus input light power, one can deduce
the (wavelength dependent) absorbance of the sample, A, that is determined
by the Beer-Lambert Law [55]:

PTanS —
A= —loglo}—' = cmel, (5.3)

wm

where the transmittance, T = %, Py, [W] is the incident power, Pj.qns
[W] is the transmitted power, ¢, [M] is the concentration, € [ecm™'M™!] is the
molar extinction coefficient and L [cm] is the path length of the sample, which
is normally 1cm in UV-Vis experiments. Absorbance is then dependent on
sample path length so for comparison between instruments, the absolute ab-
sorbance in cm ™! is introduced, i.e. the absorbance that would be measured in
a cell of path length of 1 cm. Thus two samples with different path lengths can
be normalised to path length to yield an absolute absorbance that is directly

comparable !.

In the case of a sample placed within an integrating sphere, the path length
is no longer trivially defined due to the increased probability for light rays to
interact with the sample (through the sphere M factor). As such, to obtain ab-
solute absorbances [cm™!] (as would be measured in a standard UV-Vis setup)

from absorbance measurements the Beer-Lambert Law must be modified.

The sphere enhancement factor, M, can be approximately translated into
an increased effective path length of the incident light with the sample com-
pared with the path length for a standard transmission configuration without
a sphere. This can alternatively be viewed as the average number of reflections

a single photon will undergo within the sphere before either leaving through

'Note that the absolute absorbance has similar units to optical density but optical density
is avoided because it generally refers to scattering as well as absorbance where as here the
discussion is strictly limited to absorbance.
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a port or being absorbed by the sphere walls. The average chord length, or
distance travelled by a ray in a sphere is given by [124]:

Lay = =D, (5.4)

where D is the diameter of the sphere. So L, constitutes the distance travelled
by a ray in one bounce within the sphere. The sphere multiplier, M then
determines how many of these bounces occur within a sphere of a given p and

f. Thus, the total path length travelled by a ray is given by

Lot = MLy, (5.5)

The above equations apply to a sphere that is filled entirely by the sample.
For a setup such as the CMCIS, the effective path length is reduced approxi-
mately by the fraction of the entire sphere volume, Vsphere that the sample vial
occupies. In the setup used here, the sample consists of a cylindrical vial of

volume Vgample- The effective path length in the sphere is then given by

‘/Sample

Lsphere = LTot (56)

‘/S phere

where Vsphere is the total volume of the sphere. It follows that the maximum
path length enhancement achievable would be for a sphere entirely filled with

the sample to be measured but this is difficult to achieve in practice.

The best strategy to normalise the measured absorbance and obtain an
absolute absorbance in cm™" is to measure the effective path-length by a direct
comparison with standard UV—Vis measurements, for a dye of known concen-

tration.

In the absence of scattering, the two spectra should therefore coincide up
to a multiplication factor, the ratio of effective path-length Lgppere(A) (Eq. 5.6
to UV-Vis path length (which is the standard 1cm in this case). Here Lgphere
explicitly depends on wavelength but as shown this variation is negligible in

the regions where the dyes of interest absorb. Fig. 5.6(a) presents the results
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Figure 5.6: (a) Acquired absorption spectra of the dye Eosin B at 100 nM
against water measured in a standard UV-Vis setup with a 1 cm cuvette (blue)
and inside the integrating sphere (red). (b) Similar results for Nile Blue which
has a peak absorbance at ~ 635nm in water. From those measurements, the
effective path length inferred is approximately constant at Lgphere = 2.4 cm in
the range 450-700 nm.

of this experiment for the dye Eosin B measured in water in UV-Vis and
integrating sphere configurations. The measured increase in path length due
to the integrating sphere, Lgphere, Was found to be approximately constant at
2.4cm in the spectral range where Eosin B absorbs (450-560nm). A similar
test was carried out for Nile Blue (Figure 5.6(b)), which gives Lgphere & 2.2 —
2.6 cm in the spectral range 560-700 nm.

For the setup developed, the sphere and sample parameters are summarised
in Table 5.1, where r, is the radius of the sphere, r] is the radius of the
entrace port, r5 the radius of the detection port, f the port fraction and p
the sphere reflectivity. The sphere reflectivity is chosen here as 0.99 to closely
match that of the sphere surface material, Spectralon. Spectralon is specifically
designed so that sub—surface scattering gives close to perfect diffuse reflectivity
(> 99%) across the UV-VIS-NIR region. The reflectivity is almost flat across
the region of interest (350 to 900 nm for the measurements performed here)
allowing a single value for p to be used in calculating the predicted path length
enhancement. Given that M is strongly dependent on p, it is crucial for
the sphere surface to exhibit the highest reflectivity possible. As such, the
true reflectivity of the sphere surface is difficult to obtain directly but can be
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inferred indirectly from knowing the experimental Lgyhere s found in Figure
5.6.

rsmm]  rPmm]  r5[mm] f p M Lheo[cm]
40 2 3.9 0.003 0.99 99 4.9
40 2 3.9 0.003 0.985 66 3.3
40 2 3.9 0.003 0.98 49 2.4

Table 5.1: Sphere dimensions and parameters used for calculating the effec-
tive path length, Ltye,. A sphere reflectivity of 98% is required to agree with
the measured path length of 2.4 cm

Using Egs. 5.2 and 5.6 and assuming the p has no wavelength dependence,
the predicted sphere M factors are shown in Table 5.1 for three values of p. For
a cylindrical vial of height 67.5mm and (inner) radius 2.5 mm placed within
the sphere of given dimensions, a sphere reflectivity of 98% predicts a path
length enhancement, Ly, of 2.4cm. This then constitutes an enhancement
with respect to a standard 10 mm cuvette pathlength of 2.4. Since the cal-
culated pathlength is strongly dependent on the exact sphere reflectivity, the
constant Lgphere Of 2.4 cm was chosen for simplicity to convert all sphere ab-

1

sorbance spectra into absolute absorbance in cm™ and is in good agreement

with theoretical predictions.

Given these calibrations, all sphere spectra were corrected for the effective

path-length to obtain absolute absorbance values in cm™! as follows:
A ere A .
A(N) = ZSpherel ) with  Lgphere = 2.4 c1n. (5.7)
LSphere

With the above calibration, the spectra obtained from the integrating

sphere can now be correctly converted into a corresponding standard ab-

115



5.2. ABSORPTION SPECTROSCOPY IN AN INTEGRATING SPHERE

sorbance as would be obtained in a UV-Vis transmission setup. If required,
the absorbance [cm™!] can then be converted to a molar extinction coefficient,

€ in cm~!M~! by normalising to the sample concentration.

5.2.5 Standard Absorbance Measurement Steps

The steps in obtaining the raw absorbance spectrum of a solution as presented
in the previous section are outlined as follows. Each sample requires a refer-
ence spectrum to be taken, which generally is the pure solvent in which the
sample is diluted. For dyes this will be a water solution while in chapter 6 the
reference solution is the bare colloids. Thus to perform the measurement, the
transmitted intensity for the reference solution and then the sample solution
are obtained under identical acquisition parameters. Absorbance spectra are

obtained as would be using the standard Beer-Lambert law:

‘[ ample
ASphereO‘) = —logy —Sample (5‘8>

where Igample and IReference are, as the names suggest, the intensities of the

sample and reference solutions, respectively.

Figure 5.7 shows the results of this approach with the transmitted lamp
spectra for a reference solution of water and a sample solution of 100 nM FEosin
B in water. The lamp output for all spectra was set to 100 W and integration
times of 1 ms were used. The spectra are plotted from 300-900nm (a) and
the resulting asborbance spectrum obtained through Equation 5.8 is plotted
in (b). As can be seen from the raw lamp spectra, the lamp intensity drops off
significantly below ~400nm due to the halogen lamps weak UV output. Nev-
ertheless, with sufficient averaging, the lamp output provides enough intensity
across the visible region to perform the measurements in Chapter 6. Note
that by taking the ratio of intensities, absorbance spectra are automatically
normalised with respect to the lamp spectrum; the lamp intensity is only an
important factor for the signal-to-noise ratio, particularly in the blue-near-UV,
or if it presents spectral drifts over time (this was checked to be of negligible
effect in the set-up). The maximum counts were kept at 12000 to avoid any

non-linearities in the spectrometer CCD.
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Figure 5.7: (a) The reference spectrum of the halogen lamp with a water
solution (red) and 100 nM Eosin B (blue) in water in the sphere. Integration
time was 1 ms and the spectrum is averaged over 10000 spectra. (b) The post
processing steps involved in obtaining the absoprtion spectrum of the dye; the
raw data (blue) obtained from the Beer-Lambert Law is then smoothed (red)
and a second order background (purple) is subtracted to yield the final cleaned
spectrum (orange).

Raw data is post-processed by applying a 31-pixel moving average filter
to remove noise yet not affect spectral shape (Figure 5.7 (b)). Slow drifts in
the lamp spectrum slightly inaccurate referencing or small changes in sample
geometry can cause variations in measured intensities resulting in spectrally
smooth backgrounds in the absorbance measurements. To account for these
instrumental limitations, a standard baseline correction is performed by sub-
tracting a second-order polynomial from the raw absorbance spectrum in the

region of interest as shown in Figure 5.7 (b).

5.2.6 Differential Absorbance in the Integrating Sphere

In Chapter 6, the absorbance of dye molecules on the surface of nanoparticles
is measured in the integrating sphere. This method is denoted as differential
absorption where the dye spectrum is obtained by using the NP-only solution
as a reference, instead of water. This is equivalent to taking the difference

between the absorbance spectrum of the NP-dye and NP solutions, and yields
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Figure 5.8: (a) The absorbance spectra of the Ag colloids (8 pM) and mixture
of Ag colloids (8 pM) and the dye Eosin B (100 nM) measured in the CMCIS.
(b) Differential absorption spectrum of Eosin B obtained from applying Equa-
tion 2.9 to the spectra in (a).

the differential sphere absorbance spectrum for the dye given by:

I € (S
8 Agphere(A) = —log,q oty — gNEHdye ) ANP - (\). (5.9)

Sphere Sphere
I NP P

For illustration, Figure 5.8 (a) shows the uncorrected absorbance spectra
(water reference) for a solution of Ag colloids at a concentration of 8 pM and
the same solution but with 100nM of Eosin B added. Equation 5.9 can then
be used to obtain the differential absorbance spectrum as shown in Figure
5.8 (b). The final step to convert this absorbance into an absolute absorbance
(in cm™!) is done by dividing the spectrum in (b) by the sphere path length,

LSphere .

5.2.7 Sphere Linearity Response

The equations presented above are in principle only valid up to a certain value
of absorbance within the sphere, as found by the non-linear response with
increasing absorption [122]. For a sphere of given radius and port fraction,

there will be a point at which the sample absorbance begins to play a role in
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the measured absorbance; as such, within the sphere the measured absorbance
quickly becomes non-linear with sample concentration, putting a limit on the
dynamic range of the integrating sphere setup being used. While the reasons
for these deviations are complicated and difficult to account for, a simple de-
scription is that for highly absorbing samples, the path length enhancement
of light within the sphere is no longer simply defined by Equation 5.2. These
effects can be mitigated as shown below by working within the linear response

range of the sphere, where the simple equations are still valid.

The response of CMCIS setup to sample absorbance was tested by mea-
suring increasing concentrations of the dye FEosin B within the CMCIS and
in standard UV-Vis transmission configurations. By comparing the measured
absorbances in the CMCIS to the real absorbance in transmission, the validity
of the signals measured in the CMCIS can be tested.
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Figure 5.9: (a) Absorption spectra, Agphere as measured in the CMCIS of
Eosin B at increasing concentrations. (b) Extinction (transmission) spectra of
the same solutions of Eosin B.

The results of these measurements are shown below. In Figure 5.9 the raw
absorption spectra of Eosin B at concentrations increasing from 156 nM up
to 10 uM measured in (a) the CMCIS and (b) transmission configurations are
shown. The CMCIS data is plotted as measured, i.e. without the Lgphere factor

removed while the transmission data is plotted as extinction 2 in [cm™!]. Figure

2Note here that transmission data are plotted and referred to as extinction to distunguish
from those measured in the sphere but in reality are eqiuvalent to absolute absorbance.
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5.10 highlights the departure from linearity in the CMCIS, where the maxi-
mum absorbances (taken at 517nm) of the extinction (red dots), absorbance
in the sphere (blue dots) and the extinction spectra scaled by Lgphere (yellow
triangles) are plotted. In (a), the extinction maxima vs concentration show al-
most perfect linearity as expected, while the CMCIS absorbance clearly begin
to saturate beyond 600 nM, or an absorbance of about 0.06. The scaled extinc-
tion spectra show a distinct disagreement with the measured absorbance in the
sphere, indicating that Lgphere is no longer independent on the absorbance of
the sample. In (b), the same plots are shown in the 0 to 600 nM region, where
the CMCIS absorbance is linear, and applying the Lgpnere = 2.4 factor is valid

within less than 10% error.

From these measurements, it is clear that working at dye concentrations
typically less than 500-600 nM (depending on the particular extinction coef-
ficient of the dye in use) ensures the linear scaling method as described is a
valid approach for converting the measured CMCIS absorbance to the true
absorbance as measured in transmission. In the proceeding Chapter, all dye
concentrations are much below this limit with the maximum concentration
used being 25 nM. Nevertheless the above calibration is crucial towards ensur-

ing accurate values of absorbance are obtained.
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Figure 5.10: (a) Optical density of Eosin B measured at 517 nm vs concen-
tration in the CMCIS (blue dots), standard extinction (red circles) and the
extinction scaled by the sphere enhancement, Lgppere = 2.4, versus (log) con-
centration. Note that above 600 nM the factor of 2.4 no longer applies in the
sphere. (b) Zoomed region showing the linear response of the CMCIS at low
absorbances and deviation beyond 600 nM (above 0.06 absorbance).
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Chapter 6

Modified Absorbance of
Molecules Adsorbed to Metallic

Nanoparticles

This chapter presents efforts carried out to experimentally measure the abso-
prtion spectrum of dye molecules adsorbed to metallic nanoparticles. A novel
experimental setup, consisting of an integrating sphere with a centre mounted
cuvette (CMCIS) ,described in Chapter 5, was developed allowing the sur-
face absorbance of molecules on colloidal nanospheres at concentrations in the
sub—monolayer regime to be measured. The results are the first direct mea-
surements of such absorbances, where the low concentration of dyes ensures
that molecule-molecule interactions do not play a role in the observed spec-

tral.

Measuring such low absorbance in a medium with a large scattering
background poses a significant experimental challenge and the CMCIS setup
developed is crucial to achieving the sensitivity required to measure these sig-

nals accurately.

The observation of distinct shifts and broadening of dye absorption spectra
on silver colloids compared to the free dye absorption provides direct evidence

that the electronic states of the molecules are modified when adsorbed to

Tt is important to note that near-field mediated interactions between molecules, such as
enhanced Forster Resonance Energy Transfer (FRET), are not considered in the treatment
of the dye-nanoparticle system [125-127].
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metallic surfaces. These shifts are fundamental to understanding the mecha-
nisms at play in any surface enhanced spectroscopy where resonant absorption
of light occurs and contribute significantly to the long standing Chemical En-
hancement debate in SERS. The method developed also allows investigation
of the magnitude of the absorption enhancement for dye molecules on nanos-
tructures which has to now gone unmeasured directly. It is shown that the
measured enhancements are significantly less than expected from Mie-theory

predictions and can vary depending on the nature of the dye molecule used.

This chapter begins with a background discussion of the motivation behind
measuring the absorbance of molecules on metallic nanoparticles. The chal-
lenges faced in measuring these spectra are discussed in relation to retrieving
the dye absorbance signal among the overwhelming nanoparticle extinction.
Mie theory shell modelling is then employed to reveal why low dye coverages
are required to extract the true surface absorbance of dye molecules, adding
further to the difficulty of the experiment. Surface absorbance measurements
are then presented for four commonly used dye molecules adsorbed to 60 nm
silver nanospheres; Nile Blue, Rhodamine 6G, Rhodamine 700 and Crystal Vio-
let at sub-monolayer concentrations, approaching those used in single molecule
SERS experiments. The observations and implications of distinct shifts and
broadening of molecular absorbances for surface enhanced spectroscopies are
then discussed, along with the magnitude of the absorption enhancement, and
how these enhancements can be correlated with those measured for Raman

signals.

Most of the work presented in this chapter was published in Nature Pho-
tonics [128]: doi:10.1038 /nphoton.2015.205

122



CHAPTER 6 MODIFIED ABSORBANCE OF MOLECULES ADSORBED
TO METALLIC NANOPARTICLES

6.1 Motivation

At the heart of most surface enhanced spectrosocpic techniques, whereby an
emitter (dye molecules, quantum dots) is placed at the surface of a nanostruc-
ture, is the idea that the electronic absorbance of the emitter is enhanced by
the local electric field at the nanostructure surface. While not explicitly the
case for non-resonant excitation, any surface enhanced technique where one
works with dye molecules that are electronically resonant with the incoming
laser, then electronic absorption plays a key role in the observed enhancements.
All of the molecules used so far in this thesis fall in this category, where res-
onant excitation allows one to benefit from the much larger (10%) resonant
Raman cross sections [28]. In cases such as SERS at (molecular) resonance,
it is natural to assume that if the (effective) Resonant Raman cross section
of the molecule is larger when situated at the metal surface, there must be a
corresponding enhanced electronic absorption simply due to the larger electric

fields present at the metal surface.

Enhanced absorbance can be understood in the simplest approximation
(following the treatment in Section 4.6.2 of Ref [16] by considering a molecule
with linear optical polarizability, &y (w), excited by an incident field E of fre-
quency wy. Here the polarizability is explicitly tensorial in nature but for
simplicity it is assumed the tensor is uni—axial along the axis of the molecule,
€., (which is valid for most dye molecules whose dipole moment in oriented
along the backbone of the molecule). The complex scalar polarisabilty, «, is
then introduced through o = are,, ® e,,. The dipole induced by the field

(oriented along the molecular axis associated with «) is then

p,=ar-E. (6.1)

Thus for plane wave exctiation and randomly oriented molecule, the power
absorbed by this dipole is then given by [63]

2This approximation is not strictly valid for a molecule fixed to a surface and neglects any
anisotropy in the polarizability that may be imposed by a fixed adsorption orientation on
the metal surface, akin to Surface Selection Rules in SERS [10]. These effects are discussed
further in Section 6.4.1
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L1/2w Im(a
PAbs = M2 L |Z?Incl2 %a (62)

where L), is the local field correction factor for the medium (here water),
Er1c is the amplitude of the incident field and the factor of 1/3 accounts for
orientation averaging of the molecule. More relevant experimentally than the
power absorbed by the dipole is the absorption cross section, i.e. the ratio
of incident power to absorbed power. With the power density of the incident

field given by

(6.3)

where n,; is the refractive index of the embedding medium, the absorption

cross section is then

Phaps (L}V/[Q)w,; Imeay)
S pr— p— . 6.4
7Ab Stne nar€pC 3 (6.4)

Equation 6.4 underpins UV-Vis spectroscopy to the physical polarizabilty
of the molecule, linking the (measured) absorption cross section to the imagi-
nary part of ay (See Appendix A for more details). For a molecule placed on
the surface (not explicitly a metal but assumed here to be a nanoparticle), the

absorption cross section on the surface, o3, is

Tps = Mroc(wr)0 abs- (6.5)

The absorption enhancement factor is then simply defined in the same
way as the Raman enhancement factor except that unlike Raman, there is no
emission step so the absorption only benefits from the square of the local field,
Mioc(wr) as defined in Chapter 2. Thus comparing the surface absorption
cross section to that measured in water yields the absorption enhancement

factor:

o
Maps = —205, (6.6)
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The closely related technique surface enhanced fluorescence (SEF) more
crucially relies on the absorption of light by an electronic state of the emit-
ter [129,130], whereby in the right conditions, the enhanced local field increases
the excitation rate of the molecule, leading to enhanced emission rates i.e. flu-
orescence, depending on the distance between the molecule (or quantum dot)
and the metal surface. Because the magnitude of the fluorescence enhance-
ment is more strongly dependent on the modification of the emitter decay
rates when in proximity to the metal [16], enhanced absorbance does not im-
ply an enhancement in fluorescence but it is still of interest to understanding
enhanced fluorescence. Furthermore, given the direct link between absorp-
tion and fluorescence spectra, any modification of the absorption spectrum (in
terms of spectral shape and shifts in resonance as well as intensity) will have
implications for the fluorescence spectrum. It would thus be a major step for-
ward for the SEF community to have direct access to the absorption spectra

of emitters placed close to metallic nanostructures.

Finally in single-molecule SERS, the majority of studies are performed
with resonant dye molecules, with only very few observations of non-resonant
single molecule detection [131,132], further solidifying the idea that working

at resonance with the analyte yields significant advantages.

Given these considerations, it is surprising that there has been no direct
evidence in the literature of the isolated surface absorbance spectra of dye
molecules on metallic nanostructures. The dye-sensitized—solar—cell (DSSC)
field has for a number of years looked at using plasmonic nanoparticles to
enhance the absorption of the dye sensitizer [133], and in many cases there
have been indications that the absorption spectrum of the dye molecule can
be modified and/or enhanced by interaction with the (metallic) nanoparti-
cle [134-138]. Most of these studies however do not attempt to isolate the
true absorption spectra of the dye molecules and work with large surface dye
concentrations, on flat substrates or in media that differ from the bare dye in

solution, all of which work to hide the optical properties of the bare dye.

There are also numerous mentions of plasmon—molecule interactions in the
subfield of plasmonics now known as plexcitonics(discussed in Section 6.2.3).
Here hybrid plasmon—exciton materials are created that exploit coupling be-

tween dye—molecule resonances and plasmon resonances to form exotic optical
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states that do not correspond to the sum of the individual dye and plasmon
resonances. In the majority of these studies, the intrinsic dye properties on
the surface cannot be extracted due to either dye—dye interactions from the
large concentrations of dyes used or interactions with the plasmonic resonance,
both of which complicate the observed dye spectrum. With this in mind, it
was decided to investigate the possibility of measuring the absorbance pro-
files of commonly used dye molecules on the surface of the most widely used
SERS substrate, spherical silver colloids, at concentrations where dye—-dye in-
teractions are negligible and where the detuning of the dye resonance from the

plasmon resonance is large.
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Figure 6.1: Qualitative depiction of the metal-induced shift of the electronic
resonance of molecules adsorbed to a metal nanostructure. Upon adsorption to
the metal surface, the molecules electronic states are modified through chem-
ical interaction with the metal, thus causing a shift in the UV-Vis absorption
spectrum. Access to this “surface” absorbance is experimentally challenging
because of the low concentration of adsorbed dye and its relatively weak ab-
sorption compared to that of the metal structure.

The three main reasons for undertaking this study are discussed in more
detail below.
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6.1.1 Chemical Enhancement in SERS

As alluded to in Section 2, probably the longest standing debate in the SERS
field is the role, if any, of chemical effects contributing to the enhanced Raman
signal observed from molecules on metallic surfaces. There are many excellent
review articles [19,37] on this topic and it would be fruitless to discuss every
aspect of the debate but it is worthwhile to discuss the most pertinent aspects

of the problem.

Since the discovery of the SERS effect, the debate over the origin of the huge en-
hancements observed has permeated the field, creating essentially two schools
of thought; the first, and now widely accepted theory is that the enhanced
Raman signal is primarily due to electromagnetic effects arising from surface
plasmons excited within the metal nanostructure. First proposed by Moskovits
in his seminal paper in 1978 [9], the EM treatment of SERS is now accepted
to account for the majority of the enhancement [37] and has been confirmed
many times by many different approaches [38]. In particular, the average SERS
enhancements observed from nanostructures have in many cases been found

to be in excellent agreement with electromagnetic predictions [70,131].

The second school of thought refers to a “Chemical Enhancement” whereby
the chemical or electronic structure of the probe molecule is modified upon ad-
sorption to the metal surface through a chemical bond between the molecule
and metal surface. This bonding can affect the molecules Raman spectrum
in 3 ways; (1) a change in the molecule’s ground state electronic configura-
tion will effect both the frequencies and intensities of the vibrational modes,
(2) any perturbation of the intra-molecular electronic transitions (ground to
excited states) by the metal surface will modify the electronic polarizability
of the molecule and thus effect the resonance Raman cross sections and (3)
the possibility of new metal-molecule or molecule-metal charge-transfer states
may be created if the Fermi level of the metal and the unoccupied orbitals of
the molecule lie close enough to allow a transfer of charge distribution across

the molecule-metal system. Put simply by McCreery [56]:

The adsorbate—substrate complex has a different electron distri-
bution from the isolated components, resulting in a different (Ra-

man) cross section.
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Often, studies will infer a chemical effect in a number of ways; (1) observed
changes in relative intensities of Raman bands [139] that have different symme-
tries (totally vs non-totally symmetric modes) in SERS can indicate selective
charge-transfer transitions, (2) the appearance of new peaks or shifts [140,141]
with respect to the bare molecule can indicate the formation of new bonds be-
tween the molecule and metal, (3) by placing a spacer layer between the metal
and the molecule layer, chemical effects can be effectively “switched” off, (4)
varying the halide group on the nanoparticle surface can modify the chemical
bond with the molecule [41] which can possibly be detected in the SERS spec-
trum. These results are often very specific to the system being studied and
often require advanced theoretical treatments to explain the observed Raman
intensities [142].

The Chemical Enhancement was one of the original candidates for under-
standing the origin SERS effect [10] and many descriptions have been devel-
oped to describe the process [34-36, 143, 144]. Despite the seemingly hostile
nature of the debate that is rooted in history, today the Chemical Enhance-
ment is thought to contribute at most a factor of 10? towards the overall
Raman enhancement [42]. Nevertheless, direct measurement of this enhance-
ment is still extremely difficult because decoupling the EM enhancement from
the Chemical Enhancement is often not possible. Furthermore for resonant
molecules, any interpretations of Chemical Enhancements require a knowledge
of how each Raman mode is coupled to the electronic states of the molecule. In
many studies resonance Raman cross sections are not known for the molecules
and as such comparison with SERS spectra are not valid against powder or

non-resonant spectra. This point will be addressed in the following section.

6.1.2 Wavelength Dependence of SERS at Resonance

A major obstacle with SERS that has for many years hindered accurate es-
timates of EFs is the difficulty in accessing the normal (in water) Raman
cross sections of the dye molecules used. While working at resonance with the
molecule in SERS significantly improves sensitivity due to larger Raman cross
sections, resonance Raman measurements in solution (non-SERS) are notori-

ously problematic because of the often overwhelming fluorescence signal from
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the dye molecules [145]. This fluorescence generally swamps the underlying
Raman spectra which is typically 107 times larger than the (resonant) Raman
signal [28,79]. The “standard” weapon to tackle the fluorescence problem is to
use ultrafast spectrosocpic techniques that can observe Raman vibrations be-
fore fluorescence (lifetimes of 10s of nanoseconds) occurs [60]. These techniques
tend to be quite elaborate and cumbersome so a full wavelength dependence of
the resonance Raman cross sections of dyes is often unavailable. As such, for
any SERS measurement where the wavelength of the laser is varied, reliable en-
hancement fators for resonant dyes cannnot be calculated without knowledge

of the normal Raman cross section at that wavelength.

A demonstration of this issue is apparent from the literature, where as of
2008 the Raman cross section of Rhodamine 6G at 533 nm excitation had been
reported once [60]. Despite the deadlock broken by Shim et. al, not all labs
researchers have access to femtosecond laser setups and so direct access to
Resonant Raman cross sections of dyes is still technically challenging. Recent
work from our group to alleviate the fluorescence swamping has resulted in
two novel techniques use polarization differences [80] and CCD-shifting [81] to
access resonant Raman cross sections with standard continuous-wave (CW)
lasers. This development has allowed access to, for example, the full (514 nm to
647 nm) Raman Exctitation Profile (REP) of Nile Blue and the cross section of
Rhodamine 6G at 514 nm (extremely close to resonance). Using CW excitation

simplifies both the experiment and analysis of Raman peaks.

Such work has opened a new avenue towards exploring the effect adsorp-
tion to a metal nanostructure has on the REP of dye molecules. Figure 6.2
shows the REP of the 595 cm~'and 1650 cm~'mode of Nile Blue obtained
from the CCD-shifting technique in Ref [81]. Interestingly, it was found that
the strength of the Raman mode of energy v, versus excitation energy, vy,
can be computed from the lineshape of the absorption spectrum o,s(7) of the

molecule through

dgg(DL) = A’U(DL - Dv>4 ’(p(ﬂL - (P(ﬂL - ﬂv)|27 (67)

where
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Figure 6.2: Resonance excitation profiles of the the 595 cm™tand

1650 cm~'modes of Nile Blue in water (a) and ethanol (b) obtained through the
shifted—grating method. The solid lines are the excitation profiles computed
from the optical transform model of the electronic absorbance as described
in [146]. Symbols are the experimentally measured Raman cross sections at
the given wavelengths. Reproduced with permission from [81].
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(6.8)

)= [ D) gy D

as proposed in [146]. Here P is the principle value of the integral (remi-
niscent of the Kramers-Kronig relations [63]) and, as described in [146], the
Raman excitation profile can be obtained by inserting the measured abso-
prtion profile of the molecule, 4s(7), into Equation 6.8 that can then be used
in Equation 6.7. While the full derivation of Equation 6.7 is particularly com-
plicated and is discussed in detail in Reference [147], it nevertheless provides
a useful tool for relating the measured optical absorption to the resonance Ra-
man profile of a vibrational mode, and as seen for S—carotene [146] and Nile
Blue [81], reproduces extremely well the measured REP. The relation is not
strictly universal, where the original authors showed its failure for cyanocobal-
amin, but its validity has been verified in a number of studies shortly after its

proposal [148,149]. To quote Anne Myers Kelly many years later [145]:

The resonance Raman excitation profile, which is a plot of the
cross—section for a particular Raman transition as a fucntion of
the excitation frequency wy, often tracks closely with the absorption
spectrum but is not identical to it and may, in some cases, have a

very different shape.

Given this relation, it follows that if the absorbance of the molecule is per-
turbed or modified by the presence of the metal nanostructure then the REP
would be modified in turn. The idea is depicted in Figure 6.1 whereby the
energy levels (here SO — S* for simplicity) of the molecule can shift in wave-
length because of adsorption to the metal surface. As such, if Equation 6.7
is still valid for the molecule on the metal then the wavelength dependence of

the molecules Raman cross section will be modified.

This phenomenon was investigated by Lombardi et. al [139] using a tun-
able excitation source. This study found that different Raman modes of copper
phthalocyanine, a molecule commonly used as a donor in photovoltaic cells,

showed significantly different Raman Excitation Profiles for totally symmetric
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Figure 6.3: Resonance excitation profiles of the the 1607 cm tand
948 cm~'modes of CuPc adsorbed on silver island films, with both peaks show-
ing a significantly different wavelegth dependent intensity. Figure reproduced
with permission from [139].
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(A14) modes and non-totally symmetric (B, and By,) modes [54]. This was at-
tributed to the presence charge transfer resonances whereby through Herzberg-
Teller selection rules [144], it was shown that the non—totally symmetric modes
are enhanced through intensity borrowing from an inferred charge transfer
state. The results from this study are shown in Figure 6.3. These interpre-
tations are an indirect indication of changes in the electronic states of the
molecule and rely on complicated theoretical treatments of the molecule-metal
system developed by Lombardi et al. [144]. There is no direct evidence of
charge transfer states in the optical (UV-Vis) properties of the dye-metal struc-
ture and this approach does not correctly account for the variation on local
field intensities due to the plasmon dispersion of the SERS substrate. Such
studies, although interesting, further highlight the difficulty in fully elucidat-
ing the mechanisms in Resonant Raman profiles in SERS, and the need for a
method to directly observe the optical properties of the isolated dye molecule
on the metal surface is clear. In Section 6.4.2 the modified absorption spec-
trum of Crystal Violet, as measured on single Ag spheres, is correlated with
the SERS REP on the same Ag spheres to show that the resonance profile of
the Raman modes of Crystal Violet are indeed modified from that in solution,
providing definitive evidence for a modification of the electronic resonance of

the molecule.

6.1.3 Strong Coupling between Plasmons and Molecules

There is an intense ongoing research effort to pin down the mechanisms gov-
erning the interaction between the resonances of adsorbed molecules and the
underlying plasmon resonance of the substrate [150-152]. Such interactions,
generally referred to as “plasmon-molecule coupling” or “strong-coupling”, are
concerned with how the resonances of both the adsorbed molecules and the
plasmonic substrate can couple together and consequently produce a molecule-
particle system that has distinctly modified optical properties than that of its
counterparts. Understanding the coupling between molecule and plasmon res-
onances is of great interest from fundamental electromagnetic and surface en-
hanced spectroscopy points of view but also provides a basis from which exotic

“hybrid” molecular-plasmonic materials can be developed for new applications.
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There has been a vast amount of work in the past few years, both theoret-
ical and experimental, dedicated to studying molecule-plasmon interactions.
The majority of these studies focus on the idea of a splitting of the plasmon
resonance when the molecular and plasmon resonance energies overlap. This
observation is often thought of as being analogous to Rabi splitting [153], a
phenomenon observed in systems where coupled resonances exist and explains
the use of the term “strong coupling” to describe the regime where this splitting
occurs. Such splitting was first observed [154] on nanoparticles when the trans-
mission spectrum of a metal film coated with dyes was found to broaden and
split with respect to that of the bare film. From here, many other studies have
attempted to go further in describing this splitting phenomenon and numer-
ous theories have emerged to predict experimental observations. Van Duyne
and co workers [155], began to systematically investigate the effects resonant
molecules adsorbed on metal nanoparticles have on the LSPR and found that
the shift in LSPR due to adsorbates is strongly dependent on the relative wave-
length of the molecular and plasmon resonance. Further studies by the Van
Duyne group [156] also found that the shift in LSPR was strongly dependent
on the concentration of adsorbed dyes, indicating that dye aggregates were
forming on the surface of the nanostructures used and that these J and H
aggregates play a role in the overall absorption spectrum of the dye-plasmon
system. Ni et al. [157] again observed an anti-crossing behaviour of the LSPR
for colloidal Au nanorods of varying plasmon resonances coated with HITC
dye when the plasmon and molecular resonance overlap. This study confirmed
the dependence of plasmon shift on dye concentration and rod-dye spacing. Ni
et al. extended their studies to a range of positively charged dyes [158] and im-
proved upon the ensemble nature by using dark-field scattering [159] to probe
the properties of single Au nanorods coated with HITC and found that the
overall scattering spectrum of the dye-rod system exhibits three distinct peaks
when the plasmon lies between the dyes two resonances, in comparison with
the standard splitting observations. Since then the number of papers studying
plasmon molecule interactions has steadily increased. The Rabi-type splitting

often observed in such studies is depicted in Figure 6.4.

Despite the extensive theoretical work devoted to understanding plasmon—
molecule coupling, ranging from quasi-static approximations [160] for dye

coated spheroids, finite—differnce-time—domain approaches [161] to quantum
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Figure 6.4: Schematic depiction of typically observed splitting of the plasmon
resonance of a TBDC—coated gold nanorod, whose plasmon resonance position
overlaps with that of the J-aggregate resonance, i.e. the strong coupling regime.
Reprinted from Ref [151]
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mechanical treatments [40], experimental findings seem to often be at odds
with theory depending on the system being studied. One can find reports of
contradictory observations (scattering dips, assymetric line shapes, excitonic
and plasmonic splitting [162]) and the need for a better understanding of the
mechanisms at play is clear. One consideration that may break the deadlock
of understanding these complex interacting systems is to measure the intrinsic
effect (chemical and/or electromagnetic) of the NP on an isolated adsorbed
molecule. This question is not directly addressed in the great number of re-
cent studies devoted to the topic of strong-coupling between plasmons and
molecules [150, 151,155,156, 158,159, 161-169]; in such a strongly interacting
system the molecular response cannot be isolated. Moreover, in such studies
the dye concentration is often large (typically monolayer coverage and above)
to maximize dye—plasmon interactions. Dye—dye interactions cannot therefore
be neglected and are expected to induce resonance shifts of the dye layer in-
dependently of any plasmonic effects; in fact many studies specifically work
with J-aggregates rather than isolated dyes [150,151,158,159, 163, 164] whose

properties are by definition determined by the coupling between molecules.

Furthermore, one of the drawbacks of these approaches is when modelling
the dye—nanoparticle system, the dye—layer optical properties are generally as-
sumed to be the same as that in solution, i.e. a single or double Lorentzian line-
shape with peak positions corresponding to that measured in solution. There
are no mentions of models that explicitly allow for shifts and or modifications
of the dye properties before computing the interaction with the plasmonic core
particle. This point is further strengthened by the fact that many studies use
plasmonic substrates that are either fabricated on surfaces [170] or drop—cast
from solution on flat surfaces [151,159], i.e the surrounding medium is air. As
such, the dye molecule can no longer be considered to be in the same envi-
ronment as in solution, which may inherently change it’s properties. These
aspects work to further complicate elucidating the system properties, in par-
ticular obtaining the true dye absorbance on the metal surface. To this end,
working with colloidal solutions of nanoparticles as the plasmon supporting
substrate, as is the approach used in this chapter, removes many of the prob-
lems associated with using dried structures in investigating plasmon—molecule

interactions.
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6.2 The Challenge of Measuring Dye Surface

Absorbance

Observing surface enhanced and/or modified absorbance of dye molecules on
nanoparticles has up until now proven elusive because of the difficulty in per-
forming such an experiment. A natural approach to retrieve the absorbance
spectrum of the dyes would consist of measuring the dye-plus-nanoparticle so-
lution and then subtracting a reference solution of bare nanoparticles without

dyes as illustrated in Figure 6.2.

This approach however turns out to be naive for a number of reasons, some
more obvious than others. The experimental challenge comes down essentially

to three points:

1. The optical cross sections of nanoparticles is often much larger than that
of dye molecules. This makes measuring the dye absorbance in a solu-
tion of colloids an extremely difficult task because referencing becomes

a serious issue.

2. Using differential extinction to extract the dye resonance, as would be the
case with standard transmission setups, turns out to introduce artifacts
in the measured dye spectrum due to minor shifts in the underlying

plasmon resonamnce.

3. Sub-monolayer concentrations of dyes must be used such that the dye
coverage of nanoparticles is low enough that dye-dye interactions do not
influence the measured absorbance spectrum. This exacerbates point
one putting an upper limit on the dye signal that can be measured using

standard techniques.

These points are addressed in detail below.
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Figure 6.5: Schematic illustrating the idea of how the surface absorbance of
dyes adsorbed to metallic nanoparticle in a standard extinction setup might
be measured. The reference solution (top) is the bare nanoparticles, that
both absorb and scatter light, measured as the extinction spectrum on the
right. Dye molecules (middle) have neglible scattering, and thus only display
an absorption spectrum. The sample solution would then be nanoparticles
with a layer of dye molecules adsorbed (bottom) whose extinction spectrum
contains the scattering and absorption of both the nanoparticle and the dye
layer, which is almost identical to the bare nanoparticle. A naive approach
would be to subtract the top spectrum reference from the coated nanoparticle
to extract the dye spectrum on the surface.
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6.2.1 Nanoparticle vs Dye Cross Sections

Point 1 is illustrated in Figure 6.2.1 (a) where the extinction spectrum spec-
tra of solutions of Nanocomposix and Lee and Meisel colloids at one—quarter
concentration are plotted along with the absorbance spectrum of a 10nM so-
lution of Rhodamine 6G, measured in the same UV-Vis (transmission) setup.
Figure 1 highlights the significant difference in optical cross sections between
nanoparticles and dyes, whereby the dye peak absorbance is ~ 5-6 orders of
magnitude (normalised to concentration) less than that of the nanoparticle (at
resonance). These results agree with theoretical predictions from Mie theory
which predicts NP extinction cross section of ~ 107° cm? while most organic
dyes like Rhodamine 6G and Crystal Violet have absorption cross sections of

~10716 cm?,
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Figure 6.6: Illustration of the relative optical cross sections of dyes and Ag
nanoparticles. (a) Extinction spectra of Lee and Meisel (blue) and Nanocom-
posix (red) colloids at one—quarter concentration, along with the absorption
spectrum of Rhodamine 6G at 10nM in water (orange), scaled by a factor
of 1000 for visualization. (b) Zoomed plot of Rhodamine 6G multiplied by 20
along with the extinction spectrum of Nanocomposix colloids. The dashed line
indicates the absorption maximum of R6G at 527 nm.

At the concentration used here for R6G, the peak absorbance is ~ 1073
at ~527nm. In a standard, single beam UV-Vis spectrometer, the limit of
detection is generally on the order of 1072 absorbance units. A solution of

10nM of Rhodamine 6G is therefore approaching the limit of detection for

139



6.2. THE CHALLENGE OF MEASURING DYE SURFACE
ABSORBANCE

standard UV-Vis spectrometers. At such a concentration, artifacts due to
noise and reproducibility hamper the quality of the spectrum obtained, and

great care needs to be taken when referencing to avoid background artifacts.

This is the first obstacle to measuring the surface dye absorbance and high-
lights the fact that standard UV-Vis setups are simply not sufficient to obtain
accurate spectra that are not perturbed by background issues due to sample
placement and referencing. The large background due to the colloids means
that any small changes in the reference sample will feature in the absorption
spectrum of the dye. For example at 527 nm, the dye absorbance is 1x1073
(Figure 6.2.1 (b)) while the nanoparticle extinction is ~0.05. Thus even a 1%
change in the reference solution would contribute an absorbance artifact of
the order of 5x10~* to the measured dye signal. Minor changes such as this,
which could easily arise from pipetting errors, sample placement etc, seriously
hamper the ability to measure dye spectra in turbid solutions at nano—molar
concentrations. By using an integrating sphere, these effects can be mitigated

which will be discussed later.

As will be clear in the next section, for the colloids used in these studies,
10nM of dye is at the limit of the required concentrations to elucidate the
true dye absorbance, pushing the sensitivity levels further outside the realm

of standard UV-Vis spectrometers.

6.2.2 Differential Extinction Artifacts

To understand better the mechanisms governing the dye—nanoparticle system,
Mie-theory [68] calculations are employed to predict the overall optical re-
sponse of the dye coated nanoparticle. Modelling the dye—nanoparticle system
reveals the importance of both working at low dye concentrations and using
differential absorbance rather than extinction to extract the dye resonance
successfully. The system is treated as a simple shell model where the dye
is modeled as an effective medium dielectric layer surrounding the core Ag
nanoparticle. The details of these calculations are described in Chapter 2 and
Appendix A. All Mie-theory calculations were performed in Matlab using the
SPlaC package [16] that calculates the Mie coefficients of a sphere under plane

wave excitation from which the local electric fields and far field properties of
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the nanoparticle, dye and nanoparticle-dye ensemble can be computed. The
reader is referred to Reference [16] for further details on how these calculations

are implemented in Matlab.
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Figure 6.7: Extinction (blue), absorption (red), and scattering (orange) cross-
sections for a 30 nm-radius silver nanosphere in water and absorption cross-
section of a typical dye (black). Peak optical densities (OD) are indicated for
concentrations of 8 pM Ag-colloids and 10nM dye.

In Figure 6.7, the extinction, scattering and absorption spectra of a solution
of 60nm diameter silver nanospheres in water (at a concentration of 7pM
corresponding to that used in experiment) as predicted by Mie theory are
plotted along with the absorption spectrum of Rhodamine 6G at 10nM and
scaled by a factor of 10® for comparison. From the relative peak positions of
the nanoparticle and dye resonances, it is clear that in the context of Section
6.1.3 the de-tuning is large (>100nm) and no coupling between the plasmon
resonance and the dye resonance is expected. As such, one would expect that
extracting the dye layer absorbance simply requires subtraction of a reference
solution of neat nanoparticles extinction from the dye-nanoparticle extinction

as in a standard UV-Vis setup.
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This approach is however flawed as illustrated in Figure 6.8, where the
difference spectra obtained by subtracting the response of a neat silver NP
shown in Figure 6.7 from the same NP coated with a 1 nm shell of R6G
dye. The dielectric function of the dye layer is obtained from the Clausius-

Mossotti relation (See Appendix A), using a dye density of 0.1 nm™3.

Here,
the predicted extinction difference spectrum departs substantially from the
absorbance spectrum of the adsorbed dye, showing a negative difference within
the tail of the plasmon resonance, strongly distorting the dye lineshape around
500 nm. This is a consequence of the minute shift of the plasmon resonance due
to the adsorbed dye layer. Shifts in plasmon resonances due to adsorbed layers
have been well studied [155]. The shift in plasmon resonance arises because of a
minute change in the refractive index (with respect to the nanoparticle solvent,
here water) surrounding the particle when the molecular layer is present. This
change is almost unnoticeable experimentally in the raw extinction spectrum,
but when the extinction difference is taken (blue curve, Figure 6.8, the size
of this shift becomes comparable to the absorption of the dye layer and thus
prevents extracting a meaningful spectrum for the dye layer. While the shift
in plasmon resonance can be used to quantify the amount of adsorbed analyte,
the basis of LSPR sensing [171-173], down to the picomolar range [174] of
biomolecules, the effect is problematic for measuring the properties of the

analyte itself.

Interestingly, by working with differential absorbance one can mitigate the
artifacts present in the differential extinction tail. This is seen in Figure 6.8
(red solid line) where the differential absorbance do,s spectrum much more
closely resembles the original dye spectrum in solution without negative peaks
due to the LSPR shift. This arises from the fact that the absorption cross
section is for a 60 nm silver sphere is about 6 times smaller at resonance than

the extinction cross section as seen in Figure 6.7 (a).

An illustration of the effect of refractive index on the differential absorbance
and extinction spectra is easily shown by considering the predicted spectra for
60 nm diameter silver spheres (again at concentration 8 pM) embedded in wa-
ter (refractive index, n = 1.33, or eyy = n? = 1.77) and in a medium of slightly
lower n, giving e\ = 1.74. The extinction and absorption spectra for such con-
figurations are plotted in Figure 6.9 (a), where the effect of the surrounding

medium only constitutes a minor blue—shift shift in the peak plasmon position
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Figure 6.8: Difference spectra obtained by subtracting the response of
the bare sphere shown in Figure 6.7 from the same colloid coated with a
Inm dye-shell (concentration 0.1nm~—3). The dashed green line corresponds
to (Mioc(A)), the surface-averaged field intensity enhancement factor (right-
axis scale). The corrected differential absorbance doaps(A)/{Mioe(N)), matches
closely the reference dye absorbance.
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and slight increase in intensity for the lower €y;. When one plots the differen-
tial extinction and absorbance however (Figure 6.9 (b)), where the particles
water response is subtracted from the lower index response, the induced shift
becomes apparent as a peak in the 410nm region and a negative dip in the
450 to 500 nm region. Plotted also is the absorption spectrum of RH6G at
10nM concentration (scaled by a factor of ten for visualization). It is immedi-
ately clear that the induced shifts due to refractive index change around the
particle introduce spectral features (in the extinction spectra) that are larger
in magnitude than the dye response at this concentration, and will interfere
with the background when extracting the dye spectrum. Again, as argued in
Figure 6.8, the effect is less pronounced (by a factor of about 6) when the
differential absorbance is computed, simply due to its relatively lower cross

section as compared to extinction.

Despite the crude nature of the above example, it sufficiently demonstrates
the unavoidable effects that the plasmon resonance can have on the surface
dye spectrum. One could argue that using a single value for the refractive
index change to investigate the effect the dye layer has on the LSPR is too
simple because dye molecules clearly have a complex dielectric function that is
wavelength dependent. However in the region of interest for the nanoparticles
used (430 nm) the absorption of most dyes used is close to zero so the imaginary
part of the dielectric function is close to zero here and only the real part of
e affects the plasmon resonance position. In Figure 6.9 (c), the dielectric
function of Rhodamine 6G obtained by the Clausius-Mossotti formalism (here
fitted with a double Lorentzian profile) outlined in Appendix A is plotted.
While the imaginary part of € is close to zero at 430 nm, the real part is
1.74, explaining why this value was chosen. In fact more crucial to modelling
correctly the plasmon shift is the value used in Appendix A for the molecules
static polarizability, qigatic which is found from DFT calculations (see Appendix
A) in the long wavelength (DC) limit that gives the molecules (real) response

far from any resonances [16,175].

It is important to note that the observed effects are specific to the nanoparticle—
molecule system studied here and such phenomena may be more or less impor-
tant depending on factors such as the nanoparticle size, dye optical properties
and the relative peak positions of plasmon and molecular resonances. In par-

ticular as the nanoparticle size increases, scattering intensity may drop due to
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Figure 6.9: (Effect of the surrounding dielectric medium on the plasmon
resonance of a silver nanosphere: (a) Extinction and absoprtion spectra of
a 30nm radius Ag sphere in a surrounding medium of (real) dielectric con-
stant 1.77 (solid lines) and 1.74 (dashed lines). (b) Differential extinction and
absorbance spectra obtained by subtracting the e;; = 1.74 sphere response
from the e);, = 1.77 response. The dashed orange line is the absorption spec-
trum of Rhodamine 6G at 10nM. (c¢) Real (blue) and imaginary (dashed-red)
parts of the dielectric function of Rhodamine 6G in water obtained through
the Clausius—Mossotti relation from a Voigt—fit to the optical absorption as

outlined in Appendix A.
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radiation retardation effects. The arguments presented are however sufficient

for the purposes of the system under investigation.

With these considerations in mind, to probe potential chemical and elec-
tromagnetic effects of dye-metal interactions it is clear that one should work
with differential absorbance rather than extinction to correctly extract the dye
spectrum independent of plasmon effects. This moreover reduces the optical
signal of the NPs (by a factor of 4 to 6 here) without affecting that of the dye
for which the scattering component is negligible. As seen in Figure 6.8, the dif-
ferential absorbance spectrum is not exactly the same as that of the bare dye,
but is modified /enhanced by the surface-averaged local field intensity enhance-
ment factor (Mp..(\)) associated with the plasmon resonance. This effect is
still important relatively far from the resonance as shown in Fig 6.8 where the
(Mpoc(N)) spectrum (dashed green line) is superimposed under the dye spec-
trum. As a result, for a dye with multiple resonance peaks and a non-neglible
linewidth, the relative intensity of the peaks is predicted to change because of
the wavelength-dependence of this enhancement factor. This is evident in Fig
6.8 for a typical dye absorbance with a vibronic shoulder where the shorter
wavelength peak is more enhanced than the main electronic resonance. For
well-defined NPs however this plasmonic enhancement can be predicted and
the differential absorbance spectrum corrected accordingly by normalization
of (Myoc(A)). This is evident in Figure 6.8 where the corrected dye spectrum

(solid purple line) resembles closely the bare dye in solution.

6.2.3 Concentration Dependence of Dye Layer Proper-

ties

The discussion has so far focused on a low dye concentration of ~ 0.1 dye/nm?,
but in many of the previous studies dye concentrations have instead been large,
typically at or beyond monolayer coverage. Figures 6.10 (a—b) illustrate how
dye-dye interaction effects may then interfere with the measurement of the
intrinsic absorbance of the adsorbed dye. In this example calculations, the
dye surface coverage is increased towards a typical monolayer coverage of one

2

dye/nm?*. At such short distances, the interaction between dyes needs to be

included in the effective medium properties of the coating layer, which we
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describe via the Clausius-Mossotti equation, assuming a uniform shell thickness

of 1nm for the sake of argument.

Two configurations are considered to disentangle the effect of the NPs
with the intrinsic dye-dye interactions in the dye layer: the dye-coated silver
nanosphere as before (b), and the same shell with the silver replaced by water
(a). Below concentrations of 0.1dye/nm? in the shell, local field (Clausius-
Mossotti) corrections are negligible and the differential absorbance spectrum
matches the spectrum of the free dye in solution enhanced by the plasmonic
field enhancement factor (dashed red line). As the dye concentration increases,
the dye-resonance splits into two resonances as predicted from the standard
exciton model [176]: the blueshifted resonance is associated with the side-by-
side dipolar interaction between dyes, while the redshifted one corresponds to
head-to-tail dipoles. Both resonances are excited in a spherical shell as shown

in the surface-field diagram inset in (a).

The same type of interactions are expected for Ag@dye core-shell structure,
but the surface field is then mostly perpendicular to the surface (see inset in
(b)), thereby strongly favoring the blue-shifted (side-by-side) resonance. The
inset presents the strength and orientation of the local electric field on the sur-
face of the metal, at a wavelength of 550 nm. The polarization is approximately
linear, and largely normal to the metal surface due to the strong contrast in
dielectric function with the surrounding medium. As a result, dipole coupling
is more strongly enhanced for parallel dipoles, rather than head-to-tail. Such
effects were considered early on when the discovery of SERS was prompting
investigation into dye—coated metallic nanoparticles [177] after the first obser-

vations of dye-plasmon interactions [154].

These predictions highlight the importance of dye-dye interactions effects
in dye layers, even at sub-monolayer coverages. In order to measure the true
surface-absorbance of the dye, it is necessary to exclude those by working at low
concentrations. As a practical limitation, for the colloids used in these studies,
a dye coverage of 0.1dye/nm® on 60nm diameter spheres of concentration
8 pM corresponds to a dye concentration of roughly 10 nM. It is possible that
concentrations lower than this are required depending on the properties of the

dye being used in terms of how it organises on the surface of the particle.
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Figure 6.10: Differential absorption spectra as a function of dye concen-
tration (from 0.1 to 2.0nm™?) in the shell (normalised by (Mpe.)). A sin-
gle Lorentzian resonance at 526 nm is used here to highlight peak shifts, see
reference dye spectrum (dashed red lines). and reference dye-spectrum (red
dashed-line). The fictitious hollow shell with the NP replaced by water (a) is
used as a toy-model to understand the case of a dye-layer on an Ag-sphere (b).
The spectra in (a-b) split into two resonances associated with side-by-side and
head-to-tail dipolar interactions, as dye-dye interactions become important.
The insets show the polarisation ellipses of the local electric field (at 530 nm).
This figure was produced by Dr Baptiste Auguié for Ref [128].
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The Mie—theory framework for modelling the dye—nanoparticle system is
now established such that experimental results can be understood and com-
pared to predicted values for both shifts and enhancements in the dye ab-
sorbance spectrum. Crucially it has been shown that a large detuning of
the plasmon and dye resonances, use of differential absorbance spectra and
sub—monolayer dye concentrations are all required in order to extract the dye

resonance on the surface of the nanoparticle.

6.3 Experimental Results

6.3.1 Sample Preparation

All colloid samples were prepared according to the guidelines outlined in [92].
Each set of measurements requires a reference solution. Reference samples were
prepared by first mixing 500 uLL of Ag colloid solution with 500 L of 2 mM KCI
to displace the citrate capping layer (without inducing aggregation [92]). This
solution was then mixed with 1 mL of MilliQQ water and the resulting 2mL
(with a final colloid concentration of 8 pM) was pipetted into a cylindrical
glass tube. The same procedure was performed for dye—colloid samples but
replacing the water in the final dilution by twice the desired concentration of
dye. For each concentration series, the same vial was used to ensure the exact
same vial geometry for all measurements and concentrations were tested going
from reference (no dye) to the highest dye concentration sequentially. Vials
were cleaned with aqua regia prior to measuring and were rinsed thoroughly
with water and ethanol after each sample was measured.

Note that this method relies on the assumption that the addition of dyes
(which are charged) to colloids does not induce any intrinsic change in the
colloid, in particular aggregation. Were aggregation present in the dye—colloid
sample, referencing with bare colloids would no longer be valid. For the dye
concentrations and the type of colloids used here, aggregation is not expected
and would be evident in the appearance of a longer wavelength absorption peak

associated with NP aggregates which is not present in the spectra measured.

Because the dye absorbance spectra are so small in comparison to the col-

loid spectra, great care was taken to ensure reproducibility between reference
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(colloids + KCI) and sample solutions (colloids + KCI + dyes) and as such
sample preparation details are crucial. To mitigate any preparation errors, the

following guidelines were adhered to during all sample preparation:

e For concentration series, dye solutions were prepared on the day of ex-
periments from a stock solution of generally 100 uM. A small volume of
stock solution was poured out from which each dye concentration was
prepared. Using RH6G as an example, a 100 uM aqueous solution was
diluted in steps of 10 down to 100 nM (in volumes of 1 mL). This solution
was then used to prepare 1 mL of twice the final concentration needed for
the concentration series. Each final sample was then mixed with colloids
+ KCI as described above.

e During dilution steps, it was ensured that both the user and the pipette
tips were grounded to reduce any errors introduced by electrostatic stick-
ing of dyes to the tips. This was achieved by holding a grounded con-
ductor while performing dilutions and grounding pipette tips prior to

pipetting dyes.

e For each sample, colloid stock solutions were taken from the fridge (stored
at 4°C) just before sample preparation, be it reference or sample solu-
tions to ensure temperature variations were minimised. Samples pre-
pared from colloids sitting on the bench for extended periods suffered

from background issues.

e For bare dye in water measurements in the sphere, glass pipettes were
avoided for introducing the sample to the CMCIS sample holder as it was
found dyes (anionic or cationic) had a tendency to stick to the pipette

walls and cause errors in measurements.

e While the absorbance signals measured in the CMCIS are generally stable
over the space of 30 minutes to 1 hour, in concentration series the vial
gets progressively dirtier (ethanol does not fully remove Ag colloids) and
there is a limit to how many samples can be measured with the one vial
before backgrounds become an issue. Mitigating this effect is done by
simply preparing another reference solution midway through the series

which was shown to improve backgrounds.
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e The halogen lamp was turned on at least one hour prior to measure-
ments to ensure the temperature stabilised at 100W output. Similar
considerations were used to ensure CCD drift in the spectrometer was

minimised.

6.3.2 Measuring Absorbance in a Turbid Medium

An important consideration not addressed in Chapter 5 is whether the differen-
tial technique proposed actually yields the correct spectrum of the dye. Given
the unconventional nature of the sphere geometry and the fact that the dyes
are diluted in a turbid medium, it is certainly plausible that the measured dye
spectrum becomes distorted spectrally from what would be measured in wa-
ter. In fact there are numerous techniques whereby the scattering properties of
the medium are utilised for spectroscopic applications such as spatially offset
Raman spectroscopy (SORS) [178]. One could expect that the scattering of
the Ag nanoparticles could lead to an increased path length of photons within
the sample [179,180], causing an increase in interaction length of light with
dye molecules and thus a larger effective dye absorbance from that in water
only. To test the effect of scattering on the measured dye absorbance,the dye
molecule Eosin B was added to the silver colloids and its absorption spectrum
measured in the integrating sphere. Eosin B is a negatively charged dye and
does not readily adsorb to the negatively charged silver nanoparticle surface
due to electrostatic repulsion (this can be easily demonstrated by the lack of
SERS signal observed with Eosin, whereby the molecules experience no en-
hanced electric field due to lack of adsorption and thus no Raman signal is
observed). For this reason Eosin B serves as the ideal candidate to test if
the dye spectrum is distorted in the nanoparticle solution. Figure 6.11 shows
the measured spectrum of Fosin B at 100nM in a solution of Nanocomposix
colloids at one quarter concentration (8pM) and in water in normal UV-Vis
transmission. After scaling the sphere absorbance by the sphere L-factor (2.4)
the spectrum matches exactly that of the water spectrum, showing that for
the concentration of colloids used, the turbidity does not induce any spectral

changes in the dye absorbance.

The effects of scattering by the solvent medium on measured spectra within

the sphere may not be valid for highly scattering or absorbing samples but in

151



6.3. EXPERIMENTAL RESULTS

%1073

12 r :
=—=UV-Vis X 2.4
o Abs
10r (a)

Sphere
IS o

N

(1) 1 ' N \—__‘
450 500 550 600 650
Wavelength [nm]

Figure 6.11: Investigation of the effect of scattering on the measured dye ab-
sorbances: The differential absorbance spectrum of the dye Eosin B at 100 nM
in Ag colloid solution (yellow curve) plotted against the same concentration of
dye measured in a standard UV-Vis setup (multiplied by the sphere L-factor
2.4) with a 1cm cuvette (blue curve). The differential absorbance spectrum
matches almost exactly the spectrum in solution illustrating that the scat-
tering component of the colloids does not influence the measured differential
absorption spectra of dyes diluted in colloids.
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the case of the colloids used here, where the scattering signal in the 500-800 nm
region is ~0.1, and the absorption of dyes is low, the effect is negligible. Ray
tracing Monte—Carlo methods would need to be employed to correctly model
the effect of scattering and absorbance on path length within the sphere as

was done in Reference [122].

6.3.3 Surface Absorbance Spectra

This section presents the results achieved using the CMCIS setup for a range
of commonly used dyes adsorbed to the surface of Ag colloids. All absorbance
spectra presented are those obtained from the differential absorbance technique
described in Chapter 5. The spectra have been post processed (smoothing,
background removal) and corrected for the sphere path length enhancement
Lsphere and as such represent the equivalent absorbance that would be mea-

sured in a transmission configuration.

6.3.3.1 Rhodamine 700

The surface absorbance spectra of Rhodamine 700 (RH700) are first presented.
RH700 was chosen because its main resonances are more than 200 nm from the
plasmon resonance of the colloids, ensuring any coupling between the molecular
and plasmon resonances will be negligible. Thus any modifications in the
molecular absorbance can be solely attributed to the Ag—molecule interaction

and not due to plasmon effects.

Figure 6.12(a) shows the differential absorbance spectra of RH700 adsorbed
on Ag NPs at three different concentrations (6, 12 and 24nM). The reference
absorbance spectrum of the dye in water (shown in grey) exhibits a main res-
onance at 642nm with a vibronic shoulder at 593nm (see Appendix A for
details). Figure 6.12 (a) clearly demonstrates the ability of the integrating
sphere approach to measure the surface absorbance of dyes on NPs at very low
concentrations, down to 6 nM here. The most dramatic observation is the clear
redshift of the surface absorption spectrum by ~ 20 nm, with the main reso-

nance now at 664 nm and the vibronic shoulder at 608 nm. While a shift of a
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Figure 6.12: (a) Measured (solid lines) and predicted (dashed lines) differen-
tial absorbance spectra of Rhodamine 700 (RH700) at concentrations of 6, 12,
and 24 nM on 30 nm-radius Ag nanospheres (8 pM). Those spectra are clearly
red-shifted by ~ 20nm compared to the normal RH700 spectrum in water
(shown in grey). Note a scaling factor of ~ 5.3 is necessary to quantitatively
match experiments and theory (see discussion in the text). The modified sur-
face polarizability of RH700 was modelled as a double-Voigt-type resonance
(see Appendix A), with the same oscillator strength as bare RH700 and param-
eters adjusted to fit the experimental surface absorbance spectrum measured
at 6 nM. The effective thickness of the shell was adjusted to 0.6 nm. (b) Com-
parison between the deduced intrinsic surface absorption spectrum of RH700
and the reference bare RH700.
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1 or 3 nanometers with respect to the water absorbance might be attributable
to many experimental errors (slight changes in colloid pH compared to water,
wavelength dependence of sphere M factor, background subtraction artifacts
etc), a 20nm shift constitutes a non-—negligible change in the dye properties
and must consequently indicate a change in the energy of the electronic tran-
sitions of the molecule. As explained earlier, this shift cannot to be due to
the interaction with the plasmon resonance given the large detuning from the

plasmon peak position (430 nm).

The effect of dye-dye interaction is in fact visible in the concentration de-
pendence and results in a (very small) blue-shift of the resonances along with
a change in relative intensity between the two peaks. As the concentration
increases from 6 nM to 24 nM, the intensity of the vibronic peak at 608 nm be-
comes larger in intensity than the main SO — S1 resonance, providing definitive
evidence that the density of dyes on the colloid surface affects the average opti-
cal properties of the dye layer. These two features are in fact predicted by the
theoretical electromagnetic model shown as dashed lines (see Section 6.4.1 for
details). The observed red-shift at the lowest concentration must therefore be
an intrinsic feature of the adsorbed dye and not a result of dye—dye interactions
on the surface, while the emerging blue—shift with increasing concentration is

predicted from the standard exciton model [176].

The measured modified absorbance can then be used to predict within the
Mie-shell model the concentration dependence as shown in Figure 6.12 (a)
(dashed lines). The concentration-dependent effective dielectric function is
obtained using the Clausius-Mossotti equation (See Appendix A for details).
The shell thickness, L, which is an “effective” monolayer—thickness in this
model [181], was adjusted to L = 0.6nm to reproduce the observed change in
the relative intensity of the two peaks. The predicted spectra are in close agree-
ment with the experimental results, barring the scaling factor of 5.3 discussed
in Section 6.4.1. One may nevertheless notice that the theory predicts a larger
blue shift at high concentrations than observed experimentally. This discrep-
ancy is consistent with the expectation that the dye is preferentially adsorbed
flat: as discussed in Figure 6.10 (b), the blueshift is related to side-by-side
interactions between induced dipole perpendicular to the metal surface, and
should disappear for flat adsorption. The general agreement between theory

and experiment in Figure 6.12 (b) provides strong evidence that the observed
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Figure 6.13: (a) Differential absorbance of Rhodamine 700 on Ag colloid
(same data as Figure 6.12). The raw absorption spectra are first smoothed
using a 31-pixel moving average filter. It is is clear from these plots that
this step does not introduce any artifacts. Then, a second-order polynomial
background (dashed lines) is subtracted from each spectrum to account for
slowly-varying changes in the baseline between the sample and its reference.
The resulting, path-length-corrected spectra, are shown in (b) as presented in
Figure 6.12.

changes in relative peak intensities can be attributed to dye-dye interactions
and that these effects can remain important even at very low concentrations,
here down to ~ 6nM, in a regime where many surface-enhanced spectroscopy

experiments are carried out.

6.3.3.2 Post-processing and baselines

Slow drifts in the lamp spectrum, slightly inaccurate referencing induced by
minute variations in the colloid concentration, or small changes in sample ge-
ometry, can cause variations in measured intensity. This results in spectrally
smooth backgrounds in the absorbance and differential absorbance measure-
ments. To account for these instrumental limitations, standard baseline cor-
rections are performed on all absorbance measurements. This is illustrated in
Fig. 6.13, where the data post-processing that was applied to the experimen-
tal spectra presented in Figure 6.12 is shown for Rhodamine 700 at 6, 12 and
24 nM respectively.
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Figure 6.14: (a) Quantification of the error associated with replacing the
NP+dye sample with the NP-only reference. This is here illustrated by mea-
suring the absorbance spectrum of the silver colloid solution against itself (the
solution is physically removed and replaced by an identical one). Spectral vari-
ations of the order of 10~*ecm ™1 are typically observed. Although not observed
on this example, spectrally-flat offsets (of up to 1073 cm™') are also commonly
observed but easily removed. (b) Differential absorbance of Rhodamine 700 on
NPs at a concentration 3nM. The uncorrected spectrum is shown alongside a
best-guess for the baseline and the corrected spectrum. It is clear that a large
uncertainty remains at such low concentrations. (¢) Absorbance spectrum of
Rhodamine 700 in water at a concentration 3nM.

6.3.3.3 Low Concentration Approach

The most direct way to determine if the low concentration dye regime has
been reached, ensuring the measured spectrum represents the isolated dye
molecule on the surface would be to measure a lower concentration than 6 nM
and compare the spectral shape of both measurements. If no spectral change
is observed for the two concentrations, then one can safely assume that the
regime has been reached where the dye concentration does not play a role in
the measured spectrum. This is unfortunately extremely difficult to achieve
because 6 1M corresponds to an absorbance (in the sphere) of ~ 5 x 1074,
Attempting to measure absorbance signals below this becomes hampered by
background issues, lamp drift and minute changes in colloid concentrations, all
of which affect the quality of the obtained spectra. This is evidenced in Figure
6.14 (b) where 3nM of RH700 was measured. As is clear the background
subtraction is problematic and thus the correct absorbance spectrum cannot
be elucidated.

The baseline corrections in Figure 6.13 are only applicable if the baseline
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is sufficiently smooth and if the spectral variations are small compared to the
sample spectrum to be measured. This ultimately limits the sensitivity of the
CMSIS method. In the current implementation, the detection limit for the dif-
ferential absorbance measurements is of the order of ~ 10~* cm ™!, which arises
from slight imperfections when referencing against the nanoparticle-only solu-
tion (Figure 6.14(a)). For a dye like Rhodamine 700 adsorbed on the nanopar-
ticles, this corresponds to a concentration of ~ 3nM. As illustrated in Figure
6.14(b), the absorption spectrum can be observed, but the large uncertainties
from the baseline corrections mean that the spectral shape cannot be extracted
with sufficient accuracy to allow any reasonable analysis of the data. For com-
parison, also shown is an absolute absorbance measurement (referenced against
water) for Rhodamine 700 in water at the same concentration of 3nM (Figure

6.14(c)), where referencing problems are also visible.

6.3.3.4 Extracting the Modified Polarizability

Two approaches can be used to deduce the modified Rhodamine 700 polariz-
ability from its differential absorbance spectrum do,ps(A) measured at 6 nM.
In the first one, an analytic model is chosen for the polarizability (a double-
Voigt-type peak as described in Appendix A) and the Mie-theory /effective
shell model is used to predict the 6 nM differential absorbance spectrum. The
parameters of the polarizability are then adjusted to ensure agreement be-
tween predictions and experiments as the surface coverage is increased. This
approach in principle works even if dye-dye interaction effects are important
(providing they are captured accurately by the theory). This is the approach

taken to reproduce the spectral evolution in Figure 6.12.

In the second approach, to avoid relying on the model correctly accounting
for dye-dye interaction effects the modified absorbance can be directly de-
duced from from do,ps(A) corrected by the predicted plasmonic enhancement
(Moe(N)), 1.6. 00aps(N)/(Mioc(A)). The two approaches should be equivalent
if dye-dye interaction effects are negligible, as dividing by (M,.(A)) does not
take into account any dye—dye interactions. As shown in Fig 6.15 (plotted as
molar absorbances, €()\)), the 6 1M measurement corrected by (M.(A)) only
differs from the analytic model for the polarizabilty by a minute shift of 1 nm,

therefore confirming the negligible influence of dye-dye interactions at 6 nM
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Figure 6.15: Modified molar absorbance of the dye RH700 deduced from the
6nM differential absorbance using two alternative approaches (see details in
the text). The close agreement between the two spectra confirms the negligible
influence of dye-dye interactions for concentrations below 6 nM.

for RH700, and reinforcing the validity of the derived modified polarizability.
This also suggests that reducing further the dye concentration would result in
the same spectrum, up to a negligible shift. To reinforce this point, correcting
the higher concentration measurements by the plasmonic response would not

result in a comparable spectrum to the predicted polarizability.

It is important to note that the measured absorbance (or polarizability) is
in fact ~ 5.3 times less intense than that predicted by Mie-theory. This point

is addressed later in Section 6.4.1.

6.3.3.5 Extension to Other Dyes

A natural extension to illustrating the success of the CMCIS is to investigate
the surface absorbances of other dye molecules commonly used as reporters
in surface enhanced techniques. As such, the study was extended to measure
Rhodamine 6G, Nile Blue and Crystal Violet. The structure and properties of

these dyes are discussed in Chapter 4 in detail. Importantly, between the four
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dyes used (RH700 included) the entire region between 500 nm and 700 nm can
be investigated given the different resonance each dye exhibits, which could
possibly highlight if the induced shifts in dye absorbance has any dependence
on relative detuning from the plasmon resonance. There are a plethora of
dye molecules available that have been used in many of the strong—coupling
papers mentioned in Section 6.1.3 and studying their properties on the surface
of nanoparticles would indeed be interesting, yet are beyond the scope of this
thesis. The results obtained for the three other dyes studied are presented

below.

Rhodamine 6G

Rhodamine 6G (RH6G) in theory provides an ideal compliment to the RH700
results because it is from the same family of (xanthene) dyes as RH700 yet its
main absorbance is in the 500 to 550 nm region, much closer to the main plas-
mon resonance at 430 nm. This allows investigation of dye-nanoparticle effects
across the visible region. Furthermore, RH6G has a slightly different chemical
structure to RH700. As described previoulsy in Chapter 3, it posesses a xan-
thene ring and an extra carboxyphenol group which, from DFT calculations, is
found to lie in a plane perpendicular to the main xanthene group [40]. The two
main transitions of RH6G are observed at 530 and 350 nm in water and cor-
respond to the S1 and S2 excitations. Reference [40] finds from TDDFT that
the S1 dipole moment is oriented parallel to the xanthene ring as expected.
The S1 transition is the one of interest for SERS, being the strongest and in
the visible wavelength region where most SERS experiments are performed. A
vibronic shoulder is also observed at 490 nm associated with the S1 transition.
RH6G also does not contain the trifluoromethyl end group in RH700. Finally,
given the widespread use of RH6G across spectroscopy, obtaining the surface

modified absorbance on Ag nanoparticles is of huge interest to many fields.

The results for RH6G as measured in the CMCIS at increasing dye con-
centration are presented in Figure 6.16 (solid lines) along with the theoretical
predictions (dashed lines) from Mie theory. The main feature of note is that
the surface absorbance shows a red shift of between 14 nm and 17 nm from that
in solution (See Appendix A for Voigt fits to the dye absorbance in water).

The main SO — S1 resonance, normally at 527 nm in water is shifted to 544 nm
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Figure 6.16: (a) Measured (solid lines) and predicted (dashed lines) dif-
ferential absorbance spectra of Rhodamine 6G (RH6G) at concentrations of
2.5, 5, 10, 15 and 20nM on 30 nm-radius Ag nanospheres (8 pM). The dashed
black line shows the blue shift of the peaks as the dye concentration increases.
Note a scaling factor of ~ 4.4 is necessary to quantitatively match experiments
and theory (see discussion in the text). The modified surface polarizability of
RH6G was modelled as a double-Voigt-type resonance (see Appendix A), with
the same oscillator strength as bare RH6G and parameters adjusted to fit the
experimental surface absorbance spectrum measured at 2.5nM. The effective
thickness of the shell was adjusted to 0.2nm. (b) Comparison between the
deduced intrinsic surface absorption spectrum of RH6G and the reference bare

RH6G.
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while the 500 nm vibronic shoulder is now at 514nm. In a similar fashion to
RHT700, the change in relative peak intensities for the main and vibronic peaks
occurs as the dye concentration increases, indicating the onset of dye—dye in-
teractions. The onset of this interaction occurs at lower dye cocentrations
that for RH700; for RH6G, even at 15nM the vibronic peak is more intense
that the main transition, indicating that the dipole-dipole coupling for RH6G
is stronger than for RH700. The reasons for this stronger coupling are diffi-
cult to pin down but is possibly linked to different adsorption geometries for
both molecules (discussed later). Also of note is the shell thickness, L, in the
Mie-theory model had to be adjusted to 0.2nm to reproduce the earlier onset
of dye-dye interaction. Again there is a slight discrepancy in the predicted
versus measured spectral evolution but given the simplicity of the model used

(neglecting the dye orientation), the agreement with experiment is remarkable.

RH6G, among other many other dyes, is known to readily form dimers
in both solution at high concentrations and when adsorbed to particle sur-
faces [182,183]. It has been shown to adopt both the J-aggregate (blue—shifted)
and H-aggregate (red-shifted) on Ag surfaces [156]. The exciton description
for the optical properties of molecular aggregates are shown in Figure 6.17 for
illustration. In fact the aggregation characteristics of RH6G on Au nanoparti-
cles have been studied in detail by Hu et al. [182] who attributed the appear-
ance of a blue—shifted 507 nm and a red—shifted 537 nm band in the absorption
spectra on the NPs to the formation of H-aggregates and J—aggregates respec-
tively, also known as herringbone aggregates. These results are reminiscent
of the Mie-theory predictions in Figure 6.10. A number of points are worth
noting in this study; firstly, the Rhodamine absoprtion peak closely matches
that of the gold surface plasmon bands, which the authors note may be formed
upon adsorption of RH6G. This causes problems, as mentioned before, in de-
coupling the plasmon and dye contributions to the spectra. Secondly, the dye
concentrations used are large and aggregates will readily form on the NP sur-
face. Finally, the authors claim that the blue—shifted peak is a result of J-type
aggregates. This assumption, adopted also in other study [184] originates from
Kerkers 1985 excellent review article, wherein the theoretical spectra of an Ag
particle coated with Rhodamine B (not 6G) exhibit blue shifts with respect
to the bare dye. Hu et al. however neglect the fact that RH6G exhibits a

vibronic shoulder at 496 nm in water and the results from the CMCIS exper-
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iments systematically show that a red shift occurs for both the main peak
and the vibronic shoulder, appearing at 514 nm and 544 nm respectively. The
parameters between the results presented herein and Reference [182] are quite
different and makes direct comparison difficult. A natural extension to the
results within would be to use gold nanoparticles to compare with the obser-
vations of Reference [182]. Again the advantage of the approach here is that
ultra—low dye concentrations can be used and the true dye absorbance on the
surface can be elucidated, and many of the more recent studies extended to
other dyes interacting with nanoparticles [184,185] all work at large dye con-
centrations and in regimes where the plasmon resonance interferes with the

true dye resonance.
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Figure 6.17: Diagrams of exciton energy leves in molecular dimers with
various geometrical arrangements of transition dipoles. Reproduced with per-
mission from [176].

Despite the minor differences in spectral evolution, the results for RH700
and RH6G are strikingly similar and strengthen the interpretations of dye—-dye
coupling on the nanoparticle surface. With respect to the intrinsic shift of the
dye resonances, given the molecular similarity between both dyes, the observed
red—shift in both cases indicates the mechanism that modifies the absorbance
must be similar. A qualitative interpretation here is that the orbitals of Ag

atoms interact with the molecular orbitals of the molecules in a similar way,
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thus modifying the position of the HOMO-LUMO band for both dyes, akin
to the Chemical Effect in SERS treatments [56]. The fact that the shift is
bathochromic indicates the 7-orbital electrons, responsible for the main dipole
transitions in the visible, are less strongly bound to the nuclei of the aromatic
backbone and are more easily polarised. Thus the electronic states of the
molecules can be viewed as being “more de-localised” when adsorbed to the
metal, requiring less energy (longer wavelength) for light absorption through
dipole-transitions to occur. This interpretation would certainly need to be
verified through time-dependent density functional theory (TDDFT) to model
the combined moleculenanoparticle excited states but such calculations are
outside the scope of this thesis. Jensen et. al have performed such studies on
RH6G coupled to Ag clusters [186] and found the main electronic resonance
of the molecule can shift by 40nm due to the presence of the silver cluster,

showing qualitative agreement with the shifts observed here.

Nile Blue

Nile Blue (NB) has also been used extensively in SERS and its reduced quan-
tum yield in water compared to other visible dyes allows easier investigation
of resonance Raman cross sections as described in Section 6.1.2. To measure
the absorption spectrum on nanoparticles would be of prime importance to
resonant SERS studies and was in fact the original reason for beginning this
study. For reasons addressed below however, it proves a difficult molecule to

extract the surface absorbance of.

The results for NB as measured in the CMCIS are shown in Figure 6.18.
As can be seen, the spectrum at 10 nM is significantly broader and nosier than
those of the Rhodamine dyes, exhibiting a maximum absorbance of only ~
4x10~* cm ™! in the 600 to 650 nm region. This value is approaching the current
limit of detection of the CMCIS setup. As even at the same concentrations
of RH700 and RH6G, Nile Blue poses a more difficult challenge to measure
at low surface coverages. This is apparent for two reasons; firstly Nile Blue
has an inherently lower molar extinction coefficient, €y of ~ 6 x 10* cm™'M~!
than those of RH700 (~ 1x 10*cm™'M™!) and RH6G (~ 0.9 x 105 cm™'M™1).
This constitutes lower absolute signals to extract from the colloid background.

Secondly, and as discussed later in Section 6.4.1, Nile Blue only shows an
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enhancement of ~ 1.1, the same order as RH700. While this is expected due
to the dyes known flat adsorption geometry on Au surfaces [79] and SERS EFs
of only 50 to 100. As such, there is less benefit from local field enhancement
(that is predominantly perpendicular to the Ag surface) when adsorbed to the

NP surface to allow the absorbance signal to be extracted.

Despite these complications, it is still clear from the measured spectrum at
10nM that Nile Blue does not show significant shifts in peak position but does
show a noticeable broadening across the 500 to 700 nm region. Interpretations
based on these observations are that Nile Blue has no very little chemical
interaction with the silver surface and is only physisorbed through electrostatic
interactions, and thus the perturbation to the electronic states is minimal.
The flat adsorption geometry is intuitive from an energy—minimisation point
of view whereby a planar molecule is more-likely to lie flat on a surface where

no specific chemical bond is prevalent.

The low intensity and broadened spectra observed for Nile Blue make con-
centration dependent studies difficult to perform and any attempt at repro-
ducing the observed spectral changes with increasing dye concentration was
unsuccessful due to problematic backgrounds. Nile Blue also induces aggrega-
tion more readily that the other dyes invalidating the differential absorbance
technique. Further improvements for the CMCIS setup would be required to
increase the sphere L factor so that lower concentrations of Nile Blue can be
more readily measured, along with a better understanding of the effect of NB
on the stability of the colloids. Nevertheless the results show that the nature
of modified and enhanced dye spectrum is specific to the dye being studied

and depends on its interaction with the nanoparticle surface.

Crystal Violet

Of the four dyes measured, CV exhibits the most dramatic change in absorp-
tion, as shown in Figure 6.19, with a ~ 90 nm blue shift to 500 nm from its main
absorption peak in water at 590 nm and second red-shifted peak at ~ 600 nm.
Such a dramatic spectral shift suggests a major chemical change for the ad-
sorbed dye. The CV absorption spectrum can change dramatically in varying

pHs [187], where the level of protonation of nitrogen groups directly affect
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Figure 6.18: Surface absorption spectrum (blue) of Nile Blue on 60nm Ag
colloids at 10nM as measured in the CMCIS compared with the same concen-
tration measured in water (red).
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Figure 6.19: Surface absorption spectrum (blue) of Crystal Violet on 60 nm
Ag colloids at 10nM as measured in the CMCIS compared with the same
concentration measured in water (red).
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the resonance wavelength of the main absorption peak. It is speculated that
chemical binding to silver may have a similar effect here, but the full mech-
anisms behind this shift are not fully elucidated. The electronic structure of
CV and the origin of its absorption spectrum, particularly the higher energy
shoulder at ~ 550 nm, has been the subject of intense debate and investiga-
tion for many years [188]. Much of this debate is based around whether the
vibronic shoulder arises from two degenerate ground states or excited states,
due to symmetry lowering from the D3 configuration, solvation effects or the
presence of isomers in solution [187,188]. The discussion around this is long
and detailed, and a recent work [189] uses hyper—Raman studies to propose
the shoulder arises from the existence of two excited states, where the degen-
eracy is lifted when dissolved in a polar solvent [190]. These obscure nature of
the electronic states of CV could be the reason for its markedly different ab-
sorption spectrum on silver, whereby the degeneracy is lifted upon adsorption.
While these arguments are merely qualitative, the observed spectrum con-
stitutes one of the first direct, experimental indications of a strong chemical
interaction with a nanoparticle surface, without the need for charge—transfer
interpretations based on SERS spectra. The implications for this shift is dis-
cussed later in Section 6.4.2. Again, the TDDFT calculations of Jensen et
al. [186] have shown a red—shift in absorption of 40nm for CV coupled to Ag
clusters; clearly the experimental results here can be used as a new benchmark
to improve such models and elucidate the nature of the chemical interactions

between the molecule and the metal.

6.4 Agreement with Theory

6.4.1 Enhanced Absorbance

Up to this point, only the spectral shifts in dye absorbance induced by ad-
sorption the the NP surface has been discussed, neglecting any mention of
the absorption enhancement, which is arguably as important as any spectral
shifts. To obtain the magnitude of the absorption enhancement for dyes ad-
sorbed to the NPs with that in water, it is best to consider oscillator strengths

rather than simply comparing relative peak intensities. This approach ensures
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that broadening and changes in spectral shape can be accounted for when

comparing with the absorbance spectrum in water.

From the classical treatment of a simple-harmonic oscillator, the oscillator

strength, f can be deduced from the UV-Vis absorption spectrum by [55]

o 432x1070 / &(7)dp. (6.9)

Ny

where 7 = 1/ is the wavenumber in cm ™! and €() is the decadic molar absorp-
tion coefficient in cm~!' M~!. In practice, the measured absorption spectrum
on the NPs are first corrected for the sphere response as normal and converted
to molar absorbance by normalization to dye concentration. From here the
enhancement in absorbance is simply calculated from Equation 6.9 by the ra-
tio of oscillator strength on the NP surface to that measured in water. Figure
6.20 shows the results of this calculation for all four dyes RH700, RH6G, CV
and Nile Blue.

From the calculated oscillator strengths, the enhancements are ~ 1.2 for
RH700 and NB, while RH6G and CV exhibit larger ehnahcements of the or-
der of 4.1, the largest being ~ 4.4 for RH6G. These values seem particularly
low when compared to the predicted local fields from Mie-thoery but can be

explained due to non-ideal adsoprtion geometries.

As mentioned in Section 6.3.3.3, the oscillator strength for the measured
absorbance for RH700 at 6 nM is ~5.3 times smaller than that of the pre-
dicted oscillator strength from Mie-Thoery. While this possibility cannot be
excluded, it is more likely that the oscillator strength is unchanged and that
the magnitude of the actual absorption enhancement is smaller than predicted
(by the same factor ~5.3). In fact, electromagnetic theory predicts that for a
30 nm-radius Ag sphere, the average absorption should be enhanced by a factor
of (Mpec) = 6.4 at 664nm but this implicitly assumes an isotropic polarizable
dipole. Most dyes however (including RH700) have a strongly uniaxial transi-
tion dipole moment along the m-conjugated backbone of the molecule. Because
the local electric field is primarily perpendicular to the metal surface (with only

(M”

loc

) = 0.17 for the parallel component at 664 nm), the observed enhance-

ment in absorption will be strongly dependent on the preferential orientation
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Figure 6.20: Molar absorption coefficients in water (red) and on colloids
(blue) for (top) RH6G, (middle) CV and (bottom) Nile Blue, plotted in
wavenumbers. The oscillator strengths of each transition as calculated by
Equation 6.9 are shown in each figure from which the enhanced absorbance
can be calculated.
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of the adsorbed dye on the NP surface. The observed reduced absorption en-
hancement for RH700 can therefore be attributed to an adsorption orientation
preferentially flat (or at a small angle) on the surface, which is expected for
dyes with such a planar structure. Similar effects are seen for Nile Blue, which
also shows an enhancement of ~1.2. These observations are consistent with
previous results for Nile Blue adsorbed to Au surfaces [82], where careful po-
larization dependent studies of the SERS signals showed that Nile Blue has a
flat adsorption properties. Furthermore, SERS measurements of Nile Blue on
Ag colloids (not shown), when correctly compared to the bare Resonance Ra~
man cross sections from Reference [81], consistently show enhancement factors
of the order of 50 only, confirming that flat adsorption geometries do can not

benefit from the strongly perpendicular local electric field on the NP surface.

In contrast to RH700 and Nile Blue, both CV and RH6G show modest
enhancements of 4 to 4.5. While these values again seem low when one con-
siders the much larger Raman enhancements often quoted for these molecules
(from Chapter 4 typical AEFs for R6G are of the order of 10%), they are in
fact only ~ 3 times less than the predicted values from Mie-theory as shown
previoulsy in Figure 6.7, where the isotropic enhancement is (M) is ~ 14 at
540nm. While the adsorption geometry of CV is difficult to infer due to the
significant shift in its surface spectrum along with the high symmetry of its
structure, the RH6G results suggest the molecule adsorbs with it’s electronic
transition dipole at some angle 90° < 6 < 0° with respect to the NP surface.
This interpretation is consistent with RH6Gs non-planar geometry compared
(the carboxyphenol group oriented perpendicular to the main backbone) to
RHT700, allowing it to adopt a more perpendicular orientation on the surface
and thus benefit from the larger perpendicular local electric field. Further
supporting this observation is the fact that RH6G and CV consistently show
Raman Enhancements much larger than that of Nile Blue which is indicative
of a dipole transition oriented preferentially to the perpendicular component
of the local field. Probing the molecular orientation on a surface is extremely
difficult to achieve, and recent experimental work by Matthies et al. [191] has
shown that the orientation of DTTC dye moleclules adsorbed to gold surfaces
can be eludicated only through careful angle-resolved UV-Vis measurements,
where extreme care is taken to characterise the substrate and model the op-

tical properties of the system. Interestingly, the authors note that using an
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isotropic, randomly oriented dye layer fails to reproduce the measured spectra
as a function of incident light angle. Only when the dye-layer anisotropy is
incorporated (with the main dipole axis oriented parallel to the surface) does

the model accurately reproduce the results.

It is clear from the discrepancy between theory and experiment that while
the Mie-theory shell accurately reproduces the spectral changes with increas-
ing dye coverages, is fails to correctly predict the magnitude of the enhanced
absorbance. This is attributed to the assumption that the dielectric function
of the dye layer in the shell model is isotropic. In reality, for fixed adsorption
geometries, an anisotropic epsilon would need to be included and by varying
the adsoprtion angle with respect to the local field, the predicted enhancement

would be reduced to match the experiment accordingly.

6.4.2 Modified Absorbance in SERRS

As discussed early on in this chapter, a natural consequence of a modification
of the absorption spectrum of dye molecules is the effect this will have on
measuring SERS cross sections of such resonant molecules. A dramatic modi-
fication of the molecular electronic resonances would have direct implications
on the wavelength dependence of measured SE(Resonant)RS enhancement fac-
tors. To investigate this, the SERRS EFs of Crystal Violet, whose absorption
spectrum shows the most significant modification from the bare molecule in
water, was measured across the visible region using a number of different laser

excitations.

Crucial to extracting the true SERRS Raman Excitation Profile (REP) of
a resonant molecule is to correct the measured EFs for the plasmonic disper-
sion of the SERS substrate (here the 60 nm Nanocomposix Ag colloids). It is
well understood [16] that the SERS EF will vary as a function of excitation
wavelength used depending on its position with respect to the main dipolar
resonance of the substrate. For example, for a 30nm Ag sphere the expected
average SERS EF, (F) is predicted from Mie-theory to be ~1300 while at
633 nm it is only about 100. As such, measuring the wavelength dependence
of the SERS EF of a molecule will by definition be affected by this underly-

ing plasmon dispersion and will conceal the true strength of the Raman cross
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section of the molecule on the metal surface. To account for this effect, a non-
resonant but Raman—active molecule, bi-pyridine-ethylene (BPE) was used as
a reference molecule to account for the wavelength dependence of the colloid’s
enhancement factors. Because BPE is resonant in the UV region, any spectral
dependence of its enhancement factor as measured on the colloids will reveal
the plasmonic dispersion, which can then used to correct the CV enhance-
ments. This method has scarcely been used in the past and is worth noting is
neglected in the REPs measured by Lombardi et al. in Reference [139]. BPE
also readily adsorbs to silver colloids and has been used previously in SERS

measurements [131].

Experimental Setup - T6400

Because the measurement of REPs require a range of laser lines, the Raman
setup used in these measurements was different than those used in Chapter 4.
An Argon—Krypton laser with variable excitation from 458 nm to 647 nm was
used in conjunction with a Jobin—Ywvon T6400 triple subtractive spectrometer
to acquire spectra. Raman scattered light was collected in the 90° scattering
configuration as described in [81]. A 75mm collection lens was used to fo-
cus the scattered light onto the spectrometer entrance slits, that were set to
200 gm. A 600 lines per mm grating was used to collect spectra from 400 to
1800 cm~t. Samples were held in 10 mm quartz cuvettes, placed perpendicular
to the incident beam. To avoid reabsorption of the scattered Raman photons,

the laser was focused as close to the cuvette wall as possible.

Each wavelength measurement consisted of first aligning the collection op-
tics such that a sharp image of the laser passing through a cuvette of colloids
was obtained on the spectrometer camera. Slight changes in beam path when
changing laser line causes the alignment to be altered. The spectrometer was
then calibrated using the 516 cm™! line of 2B2MP. Average SERS spectra of
10nM CV and 100nM BPE in Nanocomposix colloids (premixed with 1 mM
KCl) were then measured at each wavelength. Integration times were adjusted
such that good signal to noise ratios were achieved. For the calculations of
enhancement factors, 2B2MP was also measured at each wavelength under the
same conditions, removing any wavelength dependence of the spectrometer

response. Enhancement factors were then calculated in the standard fashion
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as outlined in Chapter 3, by comparing CV and BPE peak intensities to the
516 cm~! mode of 2B2MP and correcting for concentration and bare Raman
cross section of the analyte. The bare Raman cross sections for CV were taken
from those measured in Reference [79] while BPE cross sections were mea-
sured at 1 mM in ethanol and compared to the 2B2MP cross section at each
wavelength. Because of the low Raman cross section of BPE and the long
integration times required in SERS measurements, a water spectrum at each
wavelength was also taken and subtracted from the BPE spectrum to remove

problematic backgrounds.

SERS Excitation Profiles

Results of the wavelength dependent SERRS measurements of CV on Nanocom-
posix colloids are presented in Figure 6.21. Typical background corrected
SERS spectra for BPE and CV are shown in (a) where the excitation wave-
length was 532nm and the AEFs are indicated for the 1605cm™! mode of
BPE and the 1620 cm™! mode of CV. In (b), the wavelength dependent AEFs
of BPE (red triangles) and CV (blue stars) are plotted. The CV excitation
profile shows the strongest response at 458 nm and a minimum response at
568 nm, increasing again at 633nm and 647nm. As mentioned above, any
spectral dependence of enhancement factors for a resonant molecule are a con-
volution of both the molecules resonant (absorption) profile and the underly-
ing plasmonic dispersion of the substrate. The plasmonic response is clear in
the excitation profile of BPE, whose enhancement factor is here normalised
correctly for the standard non-resonant w* dependence [56] of Raman cross
section on excitation wavelength. Thus the BPE SERS profile represents the
wavelength dependence of the SERS EF for the colloids used here. The BPE
profile (scaled by a factor of 10 for comparison) in Figure 6.21 shows a maxi-
mum enhancement at 532 nm and gradually decreases as the excitation moves
to the red. While a 60 nm silver sphere should show a maximum SERS EF
in the 430 nm region, this trend may be due to the presence of either a small
amount of aggregates in solution that do not show up in UV-Vis spectra of
the colloids or the non—spherical shape of the particles that is not accounted
for in Mie-theory. Nevertheless, the BPE profile can be used to correct the
CV profile by normalizing the CV AEFs to the BPE EFs at each wavelength,
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Figure 6.21: (a) Average SERS spectra of CV (10nM) and BPE (100nM)
measured on Nanocomposix colloids in 1 mM KCI at 532 nm laser excitation.
(b) Wavelength dependent average enhancement factors of the 1620 cm ™! peak
of CV and the 1605 cm™! peak of BPE (scaled by a factor of 10), along with the
CV enhancements corrected by the BPE enhancements, removing the plasmon
dispersion in the CV enhancements. (c) Measured (pink dots, from Ref. [79]
and predicted (solid pink line) Raman Excitation Profile of the 1620 cm™!
mode of CV in water. The dashed line is the absoprtion spectrum of CV in
water that was used in the optical transform model. (d) Measured (blue) and
predicted (solid blue line) SERS REP of the 1620 cm™" mode of CV adsorbed
to Ag colloids. The modified absorption spectrum of CV on the colloids is
shown (dashed line) that was used in the optical transform model.
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removing any spectral dependence of enhancement factor. The corrected CV

EFs are shown as orange circles in (b).

Using the BPE correction method, the wavelength dependence of the CV
cross section on the colloids is plotted in Figure 6.21 (d), along with the mod-
ified absorption spectrum measured in the CMCIS setup (blue shaded plot).
The corresponding REP and absorption spectrum in water also plotted in (c)
for comparison, where the measured CV cross sections were taken from Ref-
erence [79]. It is clear from the SERS measurements in (d) that the CV cross
section exhibits a significantly different REP when adsorbed to the metal than
in water. In water, the Raman cross section of CV is strongest at 568 nm
and the REP tracks the absorption spectrum in water strongly as expected.
In contrast, on colloids the REP tracks more closely the modified absorption
spectrum measured in the CMCIS setup. Interestingly the cross section shows
a maximum at 458 nm, blue-shifted with respect to the absorption maximum
at ~500nm. The SERS REP then tracks the modified absorbance in a similar
fashion to that measured in water, decreasing in intensity as the laser wave-
length is increased. The REP does show an interesting trend in that there is
an increase in cross—section at 633nm and 647nm. The reasons for this are
unclear at this point but it is possible that there is a second resonance still
present for CV on the surface, as evident from the shoulder visible at ~ 610nm
in the absorption spectrum thus recovering some of the resonance contribution

to the Raman cross section at these wavelengths.

Finally the solid lines in Figure 6.21 (c¢) and (d) represent the predicted
REPs based on the measured absorption spectrum, computed from the optical
transform model given by Equation 6.7 introduced earlier. In (c), the REP
is computed using the absorption spectrum of CV in water, while in (d) the
model is applied to the modified absorption data for CV measured in the
CMCIS. The computed REP is fit to the experimentally measured SERS data
by changing the Franck-Condon scaling factor in Equation 6.7. While the
predicted REP in (a) is in excellent agreement with the measured profile, the
model reasonably reproduces the general trend of the measured REP on the
metal. There are a number of discrepancies, mainly in the underestimation of
the 633 nm and 647 nm cross—sections but overall the fit is surprisingly good.
There may a number of factors not captured by the standard optical transform

model (some of the approximations may no longer be valid), but by simply
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using the measured absorption profile of the molecule on the metal, the general
SERS REP can be reproduced; a maximum cross—section is predicted between
450 and 470 nm, blue shifted with respect to the main electronic resonance.
Similar trends are observed for the molecule in water (Figure 6.21 (c¢)). Further
investigation of how the optical transform model may be extended to match
better the SERS REPs will be needed but the initial results here are extremely
promising for predicting the response of resonant molecules on metallic surfaces
where chemical effects are important. Apart from the intensity borrowing
approach used by Lombardi et. al [139], the application of the optical transform

model to SERS spectra has not been investigated previously.

6.5 Conclusion

The proposed technique presented, based on the measurement of the differen-
tial absorbance of a sample inside an integrating sphere, provides a unique
approach to experimentally access the surface absorbance spectra of chro-
mophores adsorbed on NPs. It could also be directly applied to the study
of non-metallic nanoparticles, and using a UV light source, to molecules other

than dyes.

The results clearly highlight the great potential of this technique for ultra-
sensitive absorbance measurements in the presence of strongly scattering me-
dia, such as solutions of metallic colloids. The ability to measure the surface
absorbance of dyes on metallic NPs paves the way for more detailed stud-
ies of both the dye-surface and dye-dye interactions. Recent related works
in this area [191,192] have been limited to adsorbed molecules on flat metal
films and exposed to air, using polarization- and /or angle-dependent transmit-
tance/reflectance spectroscopy. In such studies, it is extremely challenging to
reliably control the molecular surface coverage/concentration because of the
solution-to-surface transfer step. Moreover, the ambient medium can have a
strong effect on the absorbance of dyes and the results obtained in air cannot
be easily compared to the reference measured in water. The CMCIS method
mitigates both of these issues by working in solution and can reliably reach

sub-monolayer concentrations.
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Two important conclusions stand out from this study, which are expected
to have many implications. Firstly, modifications of the intrinsic dye polariz-
ability upon adsorption on metallic NPs appear to be the norm rather than
the exception, and secondly, further modifications arising from dye—dye inter-
actions remain important even at relatively low surface coverage, in fact in
a range relevant to many experiments. Both of these effects should be care-
fully considered for many experiments involving dyes adsorbed on the surface
of metallic NPs, notably molecular plasmonics (strong coupling, plexcitonics)
and SERS, SEF, and other surface-enhanced spectroscopies. As an example,
the experimental determination of SERS enhancement factors [20] typically
assumes that the polarizability of the probe molecule is not modified upon ad-
sorption. In view of the results, this assumption should clearly be revisited for
experiments in resonance or pre-resonance conditions, with implications for the
debate over the “chemical enhancement” mechanism [37]. While a small shift
as observed for RH6G may not have any significant effect, the consequences of
the large shift observed for CV should be major, and for example be clearly
evident in wavelength-dependent measurements of SERS enhancement factors
as shown in Section 6.4.2. By the same token, resonance shifts like those ob-
served for RH700 and RH6G would result in weaker enhancement factors when
measured at the resonance of the bare dye, which may explain why SERRS
enhancement factors are often smaller than expected from theory [193]. Sim-
ilarly, in the context of molecular plasmonics, most studies are interpreted in
terms of coupling between dye and plasmon resonances, where the dye (or J-
aggregate) spectrum is assumed to be unchanged in contact with the metal.
While this may be the case for some molecules, the results suggest that such
an assumption should be carefully checked on a case-by-case basis, and that
dye—dye interactions and/or absorbance modification may play a major role in

interpreting experimental results.

Beyond those direct consequences, it is anticipated that the experimental
findings will spark a fruitful discussion on the interpretation of the observed
spectral changes for different molecules. New experimental access to such a
regime of molecule-metal interaction with a non-obtrusive optical technique
will undoubtedly entice further tests and refinements of DFT predictions of
the resonance of dye—metal complexes. It will also offer a deeper insight into

the subtle interplay between electromagnetic effects, including selection rules
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linked to preferential orientation on the surface, and those of a more chemi-
cal nature attributed to changes in the electronic configuration of a molecule
physisorbed or chemisorbed onto a surface. A refined understanding of these
mechanisms will have a profound impact in the interpretation and further de-
velopment of surface-enhanced Raman scattering, chiroptical, or fluorescence

spectroscopies.
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Chapter 7

Conclusion

The work in this thesis represents two major steps towards improving both
the understanding and reliability of SERS as an analytical technique; the work
in Chapter 4 establishes a new protocol that drastically improves the repro-
ducibility of SERS in colloidal solutions, while Chapter 6 represents the first
direct link between the modified absorbance of dyes on metallic colloids and a

chemical effect in SER(R)S. These two points are expanded on below:

e The role of the dilution of analytes on the SERS EF in colloidal solutions
has been elucidated, and has been shown to have a crucial effect on ana-
lyte distribution across the solution. This new insight highlights vividly
that the half-half dilution method should be adopted as standard di-
lution procedure in colloidal solutions to avoid sample non—uniformities
and mitigate irreproducibility in estimating SERS EF's, both for average

and single-molecule measurements.

e The ability to routinely measure the modified and enhanced absorbance
of analytes on metallic surfaces has been established. It has been shown
that, through the measurment of four common SERS analytes, modifi-
cations of the absorption spectrum of dye molecules upon adsorption to
metallic colloids are the norm rather than the exception, and this surface
absorbance can be systematically measured at sub—monolayer coverages
using the new methodology. This new tool allows direct insight into
chemical effects in SERS, using the example of the relationship between
the modified absorbance of CV and its SERRS Raman Excitation Profile.
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It must be said that when this thesis was started in the middle of 2012,
SERS was an already mature technique and many of the initial problems asso-
ciated with reproducibility had been put to bed. Probably the key ingredient
in this very early development was the establishment of a standardised defi-
nition of the SERS EFs [12] and the methodology required to estimate these
values. This constituted a major step forward in allowing comparison of SERS
results from different studies, performed in different labs around the world.
Before then, the field was hampered by varying definitions and protocols of
preference which only serve to hinder the development of the (any) technique.
With the adoption of the rigorous definitions outlined in [12], the reliability
and routine estimation of EFs has dramatically improved, to the point where
it is common procedure in the literature to explicity indicate how SERS EF's
were calculated. From this perspective, the results of Chapter 4 can be seen in
the same light; prior to the investigation of the effects of diffusion/adsorption
on analyte distribution, there was no standardised protocol in the literature for
the dilution of SERS samples in colloids. While the effect of cationic dyes on
the aggregation of colloids has been studied in the past [95,96], and correlations
between SERS intensities and molecular coverages have been observed [99], the
link with dilution procedures had not been investigated *. Given the demon-
stration in Chapter 4 that using large dilution factors introduces a wealth of
undesirable problems for quantitative estimation of SERS EFs, it is reasonable
to say that the half-half dilution method should, and could, be adopted in the
same fashion as the protocols outlined for EF determination. Without such
a standard protocol, or at the very least specification of how exactly analytes
were diluted, comparison between studies is made very difficult. As such, the
results in Chapter 4 represent a step forward in further standardising SERS

experiments across the field.

While the dilution study was performed on the most general SERS sub-
strate, citrate-reduced Ag colloids, with two common SERS probes, a natural
extension would be to investigate the extent of the problem for other types of
colloidal systems. The first of these could be to apply the same steps in solu-
tions of gold colloids, which are quickly becoming preferable to silver colloids

as substrates for analytical applications due to their improved dispersity and

LAt the time of publication of [92], an article was published during the submission process
that found that by using large dilution factors of Malachite Green, clusters of colloids could
be induced [194].
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lower reactivity with the surrounding environment. The potentially different
chemical interaction between the gold surface and dye molecules may offset the
distribution of analytes and it would be interesting to investigate this. A sec-
ond point of interest would be to investigate the effect of colloid surface species
on the extent of the dilution problem; in Chapter 4, the colloid are prepared
such that the citrate-layer is removed prior to addition of dyes, allowing fast
electrostatic adsorption with the negative chlorine layer. In many systems of
non-spherical particles, colloids are stabilised by larger surface species such as
CTAB and PEG. The adsorption time of dyes in these systems may be different
that the ones investigated here. Finally the most straightforward extension of
the study would be to investigate the phenomenon for a range of other cationic
SERS dyes used in the literature, such as Crystal Violet, Malachite Green etc.
The individual adsorption kinetics of each dye may play a role in the extent
of the non—uniformity of coverages and for some cases the effect may be more

or less problematic depending on these kinetics.

In terms of SM-SERS further studies, there are many avenues to pursue
towards establishing how fundamental the findings are to routine SM-SERS
experiments. The results in Chapter 4 unequivocally highlight that, unless
half-half dilutions are used, the dyes play a significant role in creating the
clusters from which the largest SERS signals are obtained; this is clearly a less
than ideal situation for SM—SERS, where the end goal, from both a fundamen-
tal and analytical point of view, is to be able to measure every single-molecule
in solution. In fact this was the motivation to move away from nanogaps in
Reference [32]. With the half-half method in hand, it should in principle be
able to develop a scheme whereby dyes are adsorbed evenly across the colloids,
after which aggregation is induced. If this scheme is optimised, the statistics
of SM-SERS events should be drastically improved. This is the subject of

ongoing work.

Finally the dilution issues highlight that the bi—analyte technique, which
is praised for its robustness in identifying single molecule SERS events, has
a particular weakness to sample inhomogeneity. To this end, the results of
Chapter 4 constitute another significant step in improving the methods used
for studying SM-SERS, bringing the technique closer to its potential status as

a routine method for ultra—sensitive analysis.
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The second body of work constitutes a similar stepping stone for SERS
but arguably from a more fundamental perspective; the role of the chemical
enhancement has been a long standing debate in SERS since its discovery
in 1974 and the work presented in Chapter 6 opens a new avenue towards
studying this effect directly. In the same vain as the dilution study, much
of the controversy around EFs has been settled, leaving only a few orders of
magnitude left to account for in the total EF that could arise from chemical
interactions with the SERS probe and substrate. While the strong—coupling
community has raced ahead in the past five years to generate complex hybrid
systems of dye—plasmon interactions, the approach in this thesis is motivated
by a desire to relate the surface absorbance of the dyes to their SERS prop-
erties. This is a fortunate perspective to tackle the problem from because it
prompts the need to extract the true dye absorbance rather than that coupled
to the plasmon resonance. As such the three main advantages of the approach
outlined in Chapter 6 are (1) the dye concentration is kept low such that
dye—dye interactions are negligible and the intrinsic surface absorbance can
be extracted and (2) the dye—plasmon interaction is minimised by detuning
of the resonances, allowing the contributions of plasmon—molecule coupling
and adsorption-induced—-modifications can be decoupled and (3) the studies
are performed in water allowing the surface absorption spectra to be directly

compared to the dye absorbance without the metal.

Interpretations have been proposed for the origin of the shifts and further
work will be needed to confirm these hypotheses, while the standard optical—
transform model, relating the REP to the molecular absorbance, has been
shown to reasonably reproduce the measured SERS REP of CV based on the
measured surface absorbance. Crucial to this success was the method estab-
lished to correctly remove any plasmon resonance dependence of the SERS

REP by use of a non-resonant reference molecule.

While the observation of the shifts in absorbance for dyes like Rhodamine
6G and Rhodamine 700 are indeed interesting for the strong coupling debate,
possibly more impactful will be the ability of these experiments to drive theo-
retical SERS studies further; groups with expertise in the advanced theoretical
techniques required to model molecules coupled to metallic structures up to
now have limited experimental data based on SERS only to inform their mod-

els. An example is that of the studies performed by Morton and Jensen [40],
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where for both RH6G and CV the absorption spectra are predicted to red—
shift by ~40nm, which can be directly compared to the results of Chapter
6 require revisiting. With direct access to the electronic absorbances of dye
molecules from the CMCIS method, a wealth of new information is available

to understand the chemical nature of these shifts.

The work in Chapter 6 has many natural extensions, the first of which is to
study the shifts of other families of dye molecules. Of particular interest would
be to use the J-aggregates molecules employed in the recent strong coupling
[150,151,164] studies to determine if the dye properties change significantly in
the absence of any strong coupling. This has the potential to clarify some of
the disparate observations of resonance splitting in such systems, which may in
fact already exist for dense dye layers on nanoparticles before strong coupling

is reached.

A second natural extension is to perform the measurements in Chapter 6
on gold colloids. Such a study would give further insight into the nature of the
shifts, in particular for Crystal Violet; if the dramatic shift in the CV spectrum
on silver is truly chemical in nature, in principle adsorption to gold would
affect the electronic orbitals of the molecule differently, which may modify
the CV absorption spectrum from that on silver. The difficulty with such an
experiment is that the plasmon resonance of gold spheres is generally in the
500 to 600 nm region, which overlaps with the resonance of CV. Other dyes
like Malachite Green, that have a similar structure to CV but absorb further

in the red so may be useful here in investigating the effect.

From a SERS point of view, there is ample work to be done in terms of
investigating the validity of the optical-transform model for molecules other
than CV and on substrates other than silver colloids. The optical-transform
model could in principle be improved to include non—Condon terms and non—
adiabatic approximations that may be necessary to fit experimental data, but
this is beyond the scope of the thesis. One of the drawbacks of the CV study is
the limited number of laser lines used to measure the SERS REP. It is true that
there is one data point missing between the 568 and 633 nm measurements that
would fully drive the point home that the wavelength response of the Raman
signal on the metal no longer follows the molecule absorbance in solution.

Unfortunately access to a laser line in this region, particularly near the normal
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CV resonance of 590 nm was not available but would considerably strengthen

the current dataset.

Finally, as a general conclusion, it would be naive to suggest that SERS
will become a panacea for analytical chemistry, as no technique by itself can
solve every scientific problem. However SERS no doubt has some of the most
attractive aspects of any analytical technique; sensitivity, down to the single
molecule level; specificity to accurately identify and discriminate between an-
alyte species; versatility, in the almost infinite number of ways in which SERS
detection can be implemented. Given this potential to revolutionise analytical
chemistry, an understanding of the most basic aspects of the technique are of
prime importance. This thesis systematically addresses two of these aspects

and will contribute significantly to the further advancement of the field.
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Appendix A

Polarizability of Dyes and Mie
Theory Shell Model

This appendix describes in detail the methods for extracting the polarizabilities
of dye molecules from their measured absorbances and how this polarizability
can be linked with the dielectric function of a dye layer through the Clausius—
Mosotti relationship. The details of computing the optical response of dye—

coated spheres with Mie-theory as used in Chapter 6 are then presented.’

A.1 Polarizability of dyes

A.1.1 Link between polarizability and absorbance

In practice, one cannot easily measure the frequency-dependent complex polar-
izability of a dye, but its imaginary part can be deduced from the absorption
cross-section, oups(w). The latter is readily obtained from a standard UV-
Vis absorbance measurement of the dye in solution at a known concentration.
Explicitly, oans(w) is related to the bare polarizability of the dye ap(w) by [16]

Tabs(W) = —Im [ap(w)], (A1)

IPart of the material presented in this Appendix is adapted from the Methods and S.I
sections of Reference [128].
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where €y, = n?; is the dielectric constant of the surrounding medium (in
this study water with ny; = 1.33), ¢ the speed of light in vacuum, ey the
permittivity of free space. From this, the bare (imaginary) polarizability can

be deduced (as a function of wavelength A\ = (27¢)/w for convenience):

960 €M A
Im(ap(N)) = ———= —0aps(N). A2
(@) = 7o %o (4.2)
If the measured absorbance spans a sufficient frequency range, the Kramers-
Kronig relations may be applied to infer the real part of ap(\), possibly up
to a constant value accounting for lower-energy transitions. This constant can
be determined from a knowledge of the static polarizability, which may be

obtained from DFT calculations (explained later).

Note that for simplicity, the polarizability is considered isotropic; a more
rigorous derivation could include explicitly the orientation averaging of a uni-
axial polarizability tensor, but the same result is obtained by simply replacing
ap by Tr(ap)/3, where Tr denotes the trace of the tensor. For a uniaxial
tensor (the case of most dyes) along the z-axis, ap is then replaced by «,./3
in Egs. A.2, 1 and 3.

A.1.2 Theoretical fits of bare polarizabilities

Rather than using the real absorption data to obtain the dielectric function of
the dye molecules, it is more convenient to use simplified analytical functions
for the polarizability. These can then be used in the Mie-theory shell model
(discussed later) to reproduce the experimentally-measured absorbances in the
CMCIS setup (Chapter 6). A particularly useful choice of a polarizability
model is one that satisfies the Kramers-Kronig relations by construction. A
Lorentz oscillator (or a sum of them) is the most commonly used example

150,151, 162164, 167).

In the example of Figure 1, a sum of two Lorentz oscillators are used to

model the response of a typical dye (chosen to model Rhodamine 6G) with a
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resonance at 526 nm and a vibronic shoulder at 496 nm:

Ay, 1
Oé()\) = Ojtatic T Z [1 RV Zﬁ - 1] (AS)

n=0,1 Hn

with the following parameters:

Ao = 526 nm, pg = 10000 nm, ap = 5.8x1073®S.1
A1 =496 nm, p; = 6000 nm, a; = 1.55x 10738 S.1.

Olgtatic — 0.96 x 10738 S.L

The parameter asg,tic (corresponding to the static polarizability, for A — oo)

was obtained from a DFT calculation of Rhodamine 6G (discussed below).

A similar model can be used to describe the polarizability of Rhodamine
700. The parameters «,, A,, and u, can be determined from a fit to the
experimental absorbance spectrum using Eq. A.2 and aggatic 18 again obtained

from a DFT calculation. For RH700, the parameters are found to be:

Ao = 642nm, pg = 10500 nm, ap = 8.15x107¥S.IL
A1 =589nm, p; = 8800 nm, a; = 28x107%¥S.1.

Olgtatic — 1.15 % 10738 S.L

Again, note that most dyes have a strongly uniaxial polarizability tensor at
their main electronic resonance. The parameters above correspond to the
polarizability along the main axis (i.e. ., for the z-axis) and the corresponding

scalar polarizability for orientation averaging is simply ap = a,./3.

A more accurate model of the spectral lineshape can be obtained by consid-
ering alternative analytic functions; indeed, a sum of one or several Lorentzian
oscillators rarely provides a good fit to the absorbance of a dye, in particu-
lar, for the long-wavelength “wing” of the peaks, despite being Kramers-Kronig
consistent. Therefore a continuous sum of Lorentz oscillators inhomogeneously
broadened by a Gaussian distribution of oscillator frequencies [159], called a

Voigt lineshape, was also considered. Explicitly:
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Figure A.1: Fit of the experimental Rhodamine 700 absorbance spectrum,
shown in blue. The sum of two Lorentz oscillators (red) shows broader wings.

In comparison, the double-Voigt-like lineshape (yellow) gives a more accurate
fit.
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The parameters deduced from the absorbance of Rhodamine 700 in water

are:
2mc/wy = 642.9 nm, ap =85 x 10737 S.1.

[o/(2mc) =56.4cm™t,  o0y/(2mc) = 354.7cm™!
2mc/w; = 593.7 nm, ap =1.17 x 10737 S.1.
[y/(2mc) =338.4cm™!,  oy/(2mc) = 554.7cm™!

Qlgtatic — 1.15 % 10_38 S.L

As shown in Fig. A.1, this model results in a much better fit of the absorbance
of Rhodamine 700 (and other dyes not shown here), and by construction pre-
serves Kramers-Kronig consistency. This is especially better at representing
the correct long-wavelength tail of absorption (note also that a third higher

energy peak could be added to model the short-wavelength part if needed).
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This analytical expression also proves very useful to model the modified polar-
izability of adsorbed dyes. For example, for RH700 the modified polarizability
shown in Chapter 6, Figure 6.15 was obtained using the same parameters as

RH700 in water with the following modifications:

wh/(2me) = wo/(2mc) — 620em™ ) o = 1.08ay o} = 1.20¢

wi/(2mc) = wy/(2mc) —510em ™, o) = 0.98q;

All the other parameters are unchanged.

Since it is not possible to access the absolute modified polarizability on the
nanoparticle surface, the overall scaling of o, and o) was set by conservation

of the oscillator strength f of the transitions as calculated from [127]

4.32 x 107°
f= u/é(p)dy’ (A.5)
nar
where 7 = 1/\ is the wavenumber in cm™' and é(») is the decadic molar

absorption coefficient in ecm=! M1,

A.1.3 DFT calculations of static polarizabilities

Values for aiatie were calculated using density functional theory (DFT)?. Specif-
ically, the package Gaussian09 [195] was used employing the hybrid functional
PBEO [196, 197] with triple zeta basis set def2tzvp [198, 199] to perform
molecular geometry optimizations and polarizability calculations. From the
resulting static polarizability tensors (given in the coordinate frame of the
molecules) the polarizability component oriented along the dominant axis of
the molecule is chosen as representative of the polarizability aggatic of the elec-
tronic state in the limit of A — oco. For example, for Rhodamine 700 the value
is afh700 — 115 x 1072 S.I. and for Rhodamine 6G afP¢ = 9.6 x 10739 S 1..

static static

2DFT calculations were performed by Dr. Matthias Meyer during the preparation of the
manuscript for Reference [128]
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A.1.4 Clausius—Mossotti Relationship for Dye Layers

Theoretical predictions of the optical properties of the dye layer were carried
out using an isotropic shell model as used in most recent studies of strong cou-
pling in molecular plasmonics [150,151,159,161,163,164,167,169]. This consists
in solving the electromagnetic scattering problem for a metallic nanosphere
covered by a thin spherical shell (of thickness Lp) with an effective dielectric
function that models the dye response. Note that Lp can here be viewed as
an effective thickness, only loosely connected to the physical size of the dye
molecule, i.e. it is an adjustable parameter (whose meaning is defined more
precisely in Ref. [181]). In order to study the dye concentration dependence, it
is necessary to start from the polarizability of the individual dyes and account
for local field corrections using the Clausius-Mossotti (CM) relation in the 2D
dense dye layer, as one would do in a bulk 3D phase. This has been studied
in the past [181] for dyes in vacuum and has been adapted to the case where
the dyes are embedded in a medium, here water with a dielectric constant

ey = 1.77. The effective dielectric function of the dye layer is then

1+ 2(Gwn + ap)
. A6
e T T Naw + ap (46)

where aj,; and ap are the normalized bare polarizabilities of the solvent
(water) and dye molecules. The former is simply deduced from the standard
CM equation [200] in a pure phase,
€N — 1

v =3 ~ (0.61). A7
am 6MJFQ( ) (A7)

The latter depends directly on the density of dyes in the shell layer, via the
concentration of dyes, c¢p (note that this is related to the number of dyes per

unit area pup by ¢p ~ up/Lp):

&D(CL)) = CDa—D. (A8)

This approach then correctly accounts for the change in optical properties

of the dye layer as the dye density increases, as was illustrated in Chapter 6,
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Figure 6.10 (a) for a fictitious dye—coated-water—sphere. It is now clear why
the value of Lp is plays an important role in reproducing the experimental
results. The choice of Lp determines the strength of interaction between dye
molecules in the dye layer and can be tuned in the model to match the observed

spectral changes with increasing dye concentration.

The bare polarizability ap(w) is deduced from the fitting procedure de-
scribed in Section A.1.2 using the measured optical absorbance of the dye.

The the static polarizability is calculated by DF'T as described previously.

A.1.5 Mie—Theory Model of Dye—Coated Spheres

The electromagnetic problem is then solved using Mie theory for multilayered
spheres under plane wave excitation using standard MATLAB codes [69] and
as depicted if Figure A.2 below.

As mentioned in Chapter 2, the derivation and implementation of the Mie—
theory equations are discussed in detail in Refs. [16,68] and only the most
relevant equations are presented here. The goal of Mie-theory is essentially to
solve the electromagnetic problem for scattering by a homogeneous, isotropic,
non-magnetic sphere in a non—-absorbing medium excited by an external inci-
dent field. Following the treatment in Reference [16], the approach is, through
imposition of the appropriate boundary conditions, to find the fields inside and
outside the sphere. The field inside the sphere is denoted Ey, while the field

outside the sphere can be written as

Eout - EInC + ESca' (Ag)

Im Mie—theory, all fields are written in spherical coordinates. As such, each
field can be expanded as a sum of vector spherical harmonics, MY, and Ngf})n,

for the magnetic and electric components of the field respectively. Physically,
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Figure A.2: Schematic of the dye—coated—sphere model used to predict the
optical properties of a dye—-layer surrounding a 60 nm diameter silver nanopar-
ticle embedded in water (ep; = 1.77). The problem is solved in Mie-theory,
here for a plane—wave incident electric field polarised along the x—axis propa-
gating along the z—axis as shown.

these vector spherical harmonics are the fields created by a multipolar distribu-
tion of sources, where the indices n and m indicate the order of the electric and
magnetic component in the field expansion. Simply put, n = 1 corresponds to
the dipole component of the field, n = 2 the quadrupole moment and so on.
The VSHs are functions that describe the electric and magnetic field in terms
of r, 8 and ¢. The radial dependence is described by spherical Bessel functions
and the angular by spherical harmonics. The index i denotes the type of VSH,
ranging from ¢ = 1....4, which determines the type of spherical Bessel used to
describe that component of the electric field. This is discussed in more detail
in [68]. Each field is then written as:

Epnc(r EOZaan(l) kar, t) + b N (K, 1), (A.10)

ESca EO Z Can(3 kM: ) + dnmNSQz(ka I‘), (A11>

and
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En(r) = Eo Y M) (kar, 1) + B NG, (kar, ). (A.12)

The coefficients a,m, bpm, Cums dpm, Qum and b, are known as the Mie
coefficients that essentially relate the incident field (of which the components
Apm and by, are known) to the scattered and internal field. The problem is then
solved for by applying the standard EM boundary conditions which results in
a series of linear equations that can be solved for the unknown coefficients to

compute the scattered and inside field.

Due to the linearity of Maxwell’s equations, the scattered and internal field
coefficients are proportional to the incident field coefficients. For the purposes
of this thesis, only the scattered field is of interest, and as such it is related to
the incident field by:

Crm = L'nGnm (A.13)

dnm = Anbnm- <A14)

Equations A.13 and A.14 characterise the optical and magnetic response
of the sphere, where I';, and A,, are referred to as the spheres (frequency de-
pendent) magnetic and electric susceptibilities. Therefore, these two functions
are of crucial importance in Mie—theory, as they determine the optical and

magnetic properties of the sphere. They are expressed as:

st (@) (s2) — ba(s2) ()
P = S (s0)e (@) — sen(@n(sa) (4.15)

and

(e (sa) — sun(s)l (@)
" e (0)En (@) — (@) (57) (4.16)

Here the (adimensional) variables x and s are defined as:
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a €in
r = QW\/EMX and s = \/TE, (A.17)

while v, and &, are the Riccatti-Bessel functions given by:

Unlp) = pinlp)  and & l(p) = phlP(p). (A.18)

Finally, the parameters of interest experimentally to measuring colloidal
solutions, namely the extinction, scattering and absorption cross sections can

be written as [16] (here normalized to the sphere geometrical cross section):

Sca a2

OSca 2 =
NP — :—22271—1-1 (0% + | AL]%). (A.19)

Similarly the extinction cross section is given as:

o0

NP OExt -2

=y = Z (2n + 1 T,) + ReA,]. (A.20)
=1

Given that extinction is the sum of scattering and absorption, the absorp-

tion cross section is then given simply by:

NP NP NP
Abs — WExt ~ “Sca- (A21>

The three quantities above fully characterise what can be measured ex-
perimentally by UV-Vis spectroscopy for a solution of colloids and are the
basis of determining both the size and concentration of colloidal solutions by

comparing the predicted spectra to those measured.

The above approach is for a single, uncoated sphere but can in principle be
extended to coated spheres, as depicted in Figure A.2. This is performed in the
same way by representing the fields in each region (the core particle, the shell,
and outside) by VSHs and solving for the scattering coefficients in each region

by applying the appropriate boundary conditions at the interface between each
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region. This results in more unknown coefficients than the single sphere but
the proportionality relationship between the scattered and incident field is the
same. The coefficients are then solved for recursively at each surface. This is

outlined in more detail in Appendix H of Reference [16].

The problem is implemented in the SpLaC codes by specifying the dye
layer thickness (which in the case here is Lp) and the wavelength dependent
dielectric function of the layer, given by Equation A.1.4 and the core particle
(silver), along with the radius of the core particle and the dielectric constant

of the embedding medium.

The wavelength dependent, complex dielectric function of silver is taken
from the analytical fit to various experimental data of the optical properties

of silver [61,201] derived in Reference [16] given by:

€ag(N) = € (1 - m> : (A.22)

HpA

for which the best fit to the experimental data were found to be e, = 4,
Ap = 2821nm and p, = 17000 nm.

The response of dye—coated spheres can now be calculated within the Mie—
theory framework by a simply taking difference between coated sphere and the
bare sphere cross sections (extinction, scattering and absorption), yielding the
response of the dye-layer. The results of this approach are shown in Chapter
6 but for clarity are repeated here. Figure A.3 illustrates this approach in a
simple case. In (a), the bare responses of uncoated 30 nm radius Ag spheres are
shown. In (b) the dye layer was modelled as Rhodamine 6G (obtained from
the Clausius—Mossotti formalism and Voigt—fits to the measured absorption
spectrum) at an artificially high concentration of 25 nM, with a shell thickness
of 0.2nm (or 3.15dyes/nm?). In (c) the bare NP responses are subtracted
from the coated responses, to obtain the differential absorption and extinction
spectra as described in Chapter 6. Also plotted is the spectrum of the bare dye
in solution for comparison. Note the spectra are scaled by the real concentra-
tion and thus are plotted as real absorbances rather than as cross—sections as
given by Equations A.19, A.21 and A.20. (M), is calculated for the NP-only
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model, by taking the average of the field intensity enhancement factor on the

spherical surface in the middle of the thin shell.
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Figure A.3: The steps involved in computing the optical response of the
dye layer in the Mie-theory shell model used in Chapter 6. The predicted
extinction scattering and absorption spectra are shown for (top) uncoated and
(middle) coated 30 nm radius silver spheres in water. The dye layer thickness
was set to 0.2nm and the dye concentration is 25 nM. The dye layer properties
are obtained by subtraction of the top panel spectra from the middle panel
spectra to give (bottom) the differential extinction and absorbance spectra.
The bare dye spectrum (orange dashed line) is shown for comparison.
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