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Abstract

Surface enhanced Raman spectroscopy (SERS) is a surface sensitive technique through
which the Raman signal of molecules adsorbed on a metallic surface is enhanced. It is a
molecular vibrational technique which has evolved from the classic Raman spectroscopy in
early 1970s. This technique is widely used for identification of solid, liquid and gas analytes.
It also enables a sensitive detection of single molecule and also provides its distinguished
chemical fingerprints. This technique has the ability to improve the Raman cross section by
orders of up to 10%. The enhancement of local magnetic field due to localised surface
plasmon resonance (SPR) is greatly dependent on SERS substrates (i.e. metal nanoparticles)
used and the molecule (Raman reporter) attached to the substrate. In the current project, we
report on the effect that the chain-length of 1-alkanethiol functionalized on gold and silver

nanoparticles (AuNPs and AgNPs) has on the Raman scattering enhancement.

AuNPs and AgNPs were synthesized by the reduction of chloroauric acid and silver nitrate
respectively, using tri-sodium citrate as a reducing agent. Citrate capped nanoparticles were
obtained and further functionalized with 1-alkanethiols of different chain-lengths, i.e.
pentanethiol (PT), decanethiol (DT), dodecanethiol (DDT), and pentadecanethiol (PDT). The
1-alkanethiols were chosen as Raman reporters because they are able to form self-assembled
monolayer (SAM) systems on the surface of metals, thus influencing their stability. The
optical properties of both functionalized (SAMs) and unfunctionalized AuNPs and AgNPs
were studied using ultraviolet-visible (UV-Vis) spectroscopy. A red shift of the SPR bands of
AUNPs and AgNPs prior to functionalization with 1-alkanethiols was observed from the UV-
Vis spectra. AUNPs and AgNPs which were monodispersed and spherical-like morphology
with the average diameters of 14 and 25 nm respectively were obtained as was evidenced

from the transmission electron microscopic (TEM) analysis. The obtained negative zeta



potential indicated negatively charged surfaces for both AuNPs and AgNPs. AuNPs were
more stable and well dispersed in the colloidal solution as compared to AgNPs since they
possessed a strong negative zeta potential. The effect of chain-length on Raman scattering
was evaluated using Raman spectroscopy and the enhancement factor (EF) was calculated
from the intensities of symmetric stretch vibrations of C-H observed in the region of about
2900 to 3000 cm™ in all SERS spectra. SERS spectra for all 1-alkanethiols (Raman reporters)
showed more intense characteristic peaks as compared to their classical Raman spectra. Some
vibrational modes which were not observed in classical Raman spectra where observed from
the SERS spectra. The shorter chain-length PT possessed a higher enhancement factor (EF)
of the Raman cross-section as compared to the longer chain-lengths 1-alkanethiols. DFT and
Molecular Dynamic studies were done to establish the influence of the chain length on the
EF. The geometry of the RR adsorbed on the metal surface as well as the position in which
the RR was adsorbed on the metal surface was found to influence the charge density transfer
hence the SERS spectra obtained. From the calculations, it was evident that the adsorption of
the RRs on both Ag and Au metals resulted on an enhanced Raman spectra however other

factors influenced the observed EF trend.
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Chapter 1

Synopsis

1.1 Background

Raman spectroscopy is a molecular vibrational technique that is widely used for identification
of solids, liquids and gasses [1, 2]. Like infrared spectrometry, this technique gives an idea on
the structural features of analytes based on their molecular vibrations. However, Raman
spectrometry doesn’t require an elaborate sample preparation which is one of its advantages
over infrared spectroscopy [1]. This technique is mainly based on the scattering of incident
radiation by various vibrational modes of molecules within the sample [3]. The incident
photons are simultaneously scattered elastically (Rayleigh) and inelastically (stokes or anti-
stokes) as shown in Figure 1.1 [3]. The elastic scattered photons possess the same energy as
that of incident radiation and vice versa for inelastic scattered photons. The energy of
inelastic scattered photons is either small (stokes scattering) or large (anti-stokes) as
compared to incident radiation [4-5]. Therefore, in Raman spectroscopy the inelastic
scattered photons also known as Raman scattering are the ones that contains most important
information about the structural features of the molecules within the sample. Since only a
small fraction of photons will be scattered inelastically, the Raman cross-sections are

extremely low [5].

Various Raman spectroscopic instruments have been developed in order to improve the weak
Raman scattered radiation. There are two types of Raman spectrometers, dispersive and
Fourier transform (FT) Raman spectrometer. FT Raman spectrometer was developed to
improve the shortcomings of dispersive spectrometer. The problem of fluorescence

impingement was solved with FT Raman. However, this technique continued to lack

1



sensitivity due to high signal to noise ratio, stability of the instrument and resolution; more

especially to trace analytes and complex structures [6-8].
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Figure 1.1: Energy states diagram depicting the manner through which the incident photons

are scattered in Raman spectrometry [3].

Raman spectroscopy has gained its popularity as a means of chemical fingerprinting due to
technology advancement such as the use of mercury lamps, lasers, and charged coupled
detectors (CCD) [9-11]. The signal enhancement method gave Raman spectroscopy even
more popularity. This enhancement was first observed in 1974 by Fleischmann and co-
workers. They discovered that the adsorption of pyridine on a roughened silver electrode
resulted in a significantly enhanced Raman spectrum [12]. This enhancement was later

named surface-enhancement Raman scattering/spectroscopy (SERS). SERS can now enhance



the weak Raman scattering cross section by the factor of up to 10 as compared to the

classical Raman spectroscopy, both dispersive and FT.

SERS still applies the same principles as classical Raman spectroscopy, however with the
molecule of interest being adsorbed on a rough metal, semiconductor or metal nanostructured
materials [13-15]. This technique has been applied in various fields of science ranging from
biochemistry to biology [16-18]. The classic application of SERS is the direct sensing of
various analytes attached onto a metallic substrate, yielding both qualitative and quantitative

information as shown in Figure 1.2 [19].

Raman technique SERS technique

Laser light Rayleigh scattering
Laser light Rayleigh scattering

’,—’

/4 Raman scattering Analyte

Tl CAAR.CE. ()
Analyte @ AN

Metallic nanostructure

2

Figure 1.2: comparison between (a) classical Raman and (b) SERS effects on the analyte.

1.2 Problem statement

High mortality rate in our society is directly caused by the complexity in diagnosis of
diseases (e.g. cancer, malaria, TB, and HIV/Aids) while they are still in their early treatable
stage. A host of immunoassay detection techniques (enzyme immunoassay,
radioimmunoassay, fluoroimmunoassay) have been implemented and applied for early
diagnosis of diseases while they are still in their asymptomatic stage, with no sign and
symptoms [1-3]. Raman spectroscopy has also become one of those techniques, playing a

vital role in structural analysis. However, this technique shows a lack of detection sensitivity



towards various molecules and macromolecules [4]. Together with some diagnosis
procedures, they lack sensitivity towards macromolecules and trace analytes; and some of
these procedures are too expensive, complex and time consuming. SERS has a potential to be
a significant analytical technique even in complex biological environments, owing to its
sensitivity and easy data interpretation. Hence its application is thwarted by an understanding
of a combination of its properties which contribute to the Raman signal enhancement [5]. The
importance of the studies to look into properties of combining the SERS substrate (metallic
nanoparticle) and Raman reporter (1-alkanethiols) will provide a better understanding on

optimising parameters for SERS application.

1.3 Motivation

Colloidal nanoparticles are interesting materials that have gained a vast attention in the field
of science and technology due to their electronic, optical and structural properties [6-7].
These materials include metal nanostructures (e.g. gold and silver), metal oxides, and other
semiconductors. Gold and silver nanoparticles (AuNPs and AgNPs) exhibit various native
size-dependent properties such as surface energy and light scattering or absorption as
compared to their bulk materials. These interesting properties are attributed to a phenomenon
known as surface plasmon resonance (SPR) [8-9]. The ease of synthesizing AuNPs and
AgNPs and their surface modification with various molecules and polymers in ambient
environment has led to their vast application in photovoltaic, electronics, drug delivery
systems and water treatment [7-11]. More recently, the synthesis and functionalization of Au
and Ag nanoparticle with 1-alkanethiols and their application in SERS has been reported [9].
In addition, 1-alkanethiol functionalized AuNPs and AgNPs yield a prototypical self-
assembled monolayer (SAM) system, with potential of biological applications. SAMs are

better scaffolds to study SERS since they give out uniform Raman signal, and have proven to



be stable at different ionic strengths [6-7]. However, the effect that the chain-length of 1-
alkanethiols adsorbed on the surface of Au and Ag nanoparticles have on SERS has not been
investigated. Thus, we seek to investigate the possible effects of varying chain-length of 1-
alkanethiols on the surface chemistry of AuNPs and AgNPs and the SERS enhancement

factor (EF).

1.4 Aim and objectives

141 Aim

The main aim of the project was to synthesize and functionalize gold and silver nanoparticles
with 1-alkanethiols of different chain-lengths and evaluate the enhancement factor

dependency.

1.4.2 Objectives
Synthesize AuNPs and AgNPs of smaller sizes.
Functionalize AuNPs and AgNPs with 1-alkanethiols of different chain-lengths.

Investigate SERS dependence on chain-length using Raman spectroscopy.

YV V VYV V

Evaluate chain-dependence of SERS using DFT and Molecular Dynamics.

1.5 Outline
Chapter 1: Synopsis
Chapter one gives the problem statement and the motivation of the study, together with the

aim and objectives of the project.



Chapter 2: Literature review

This chapter will present the whole outline of the dissertation; it will briefly describe the
Raman spectroscopic technique (history/theory), its applications and progression towards
surface enhanced Raman scattering (SERS). The chapter will further explain the
fundamentals and the significance of SERS. This chapter will further present a critical review
on SERS; basically it will focus more on the main parameters of SERS (SERS substrate and
Raman reporter), how they affect or the role they play in Raman scattering enhancement. It
will then specifically present the reported findings on gold and silver nanoparticles as SERS
substrate and the formation of 1-alkanethiols SAMs on the surface of gold and silver
nanoparticles. This chapter will finally introduce the gap and will be concluded by the main

focus of the current project.

Chapter 3: Synthesis and functionalization of gold nanoparticles with 1l-alkanethiols
(Raman reporter) of various chain-lengths

This chapter focuses on the synthesis and functionalization of gold nanoparticles with 1-
alkanethiols of different chain-lengths. It will further give a full discussion on how the chain-

lengths of 1-alkanethiols affect the enhancement factor of Raman signal.

Chapter 4: Synthesis and functionalization of silver nanoparticles with 1l-alkanethiols
(Raman reporter) of various chain-lengths

This chapter focuses on the synthesis and functionalization of silver nanoparticles with
Raman reporter molecules. It will then give a full discussion on how the chain-lengths of 1-

alkanethiols on silver nanoparticles affect the enhancement factor of Raman signal.



Chapter 5: Conclusion and future study

This chapter will summarize the whole project and provide the general conclusion based on

the aim of the project.
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Chapter 2

Literature Review

2.1 General introduction

Surface enhanced Raman scattering/spectroscopy (SERS) is a phenomenon/technique in
which the Raman signal of molecules adsorbed on a metallic substrate is enhanced by several
orders of magnitude. The Raman signal in SERS is primarily driven by the interaction of
laser incident radiation and metallic substrate. This interaction produces more enhanced laser
field as a result of the coherent oscillation of the excited conduction electrons; a phenomenon
known as surface plasmon resonance (SPR). In fact, SERS is a surface sensitive technique
since a molecule has to adsorb or be in closer proximity to the SERS substrate in order to
acquire the enhanced field of electromagnetic (EM) radiation. The adsorption of molecule on
the SERS substrate is very critical in SERS applications because the enhanced laser field

decay with increasing distance from the substrate.

To date, SERS has become a versatile spectroscopic technique/phenomenon that has been
exploited in a large number of scientific fields. Ever since its discovery in 1977 [1], SERS
has become the most significant method to amplify Raman scattering efficiency over some
stimulated Raman processes and electronic resonance enhancement [2, 3]. For the past few
decades, innovative studies on Raman signal enhancement have been in progress. The
enhancement of a weak Raman signal by a factor of up to 10'® has been independently
reported by several research groups [4-7]. Despite such enhancement of Raman signal, which
has improved SERS sensitivity than that of classical Raman spectroscopy, SERS was not
fully utilized to its maximum potential until recently. SERS experiments were previously

disadvantaged from irreproducible SERS signatures due to little understanding and ill-defined
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fabrication of electrochemical roughened substrates. The discovery of single molecule SERS
in 1997 by Kneipp and co-workers have attracted new research and have transformed SERS
from just being a physical phenomenon to an effective and robust analytical technique [5].
Recently, SERS has been applied to many analytical systems such as anthrax detection,
chemical warfare—stimulant detection, in vitro and in vivo sensing, environmental monitoring

and monitoring of heterogeneous catalytic reactions [6-9].

The enhancement factor (EF) of a Raman signal is mainly driven by manipulation of various
parameters such as SERS substrates and Raman reporter (RR) molecules. Besides the
importance of substrates and RR molecules, the energy/wavelength of laser radiation and the
concentration of RR molecules must be thoroughly controlled in order to obtain significant
EF. Nevertheless, SERS substrates are the most critical parameter in SERS experiments due
to their ability to enhance the incoming EM radiation through a phenomenon known as SPR
[1, 10]. Therefore, the choice of SERS substrates and their fabrication methods is one of the
most critical aspects in SERS experiments. Secondary to the substrates, RR molecules were
also found to play a significant role on SERS effects; this was proven to be due to the charge

transfer between the substrate and the RR molecules [11].

2.2 SERS enhancement mechanisms and enhancement factor

2.2.1 Electromagnetic enhancement mechanism
The ability of a weak Raman scattering to be enhanced to several order of magnitude by a

molecule adsorbed on a metallic substrate was of a great advantage in Raman applications.
Jeanmaire and Van Duyne first attributed this enhancement to electromagnetic field
enhancement (EME) possessed by surface plasmons (SP) on SERS substrates [1]. EME

mechanism arises from the excitation of SPR which further strengthens the EM field around
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the metallic surface as in Figure 2.1. This mechanism relies more on the plasmonic
behaviour of metallic surfaces or SERS substrates which is driven by either their morphology
or size [13]. The enhancement contribution by this mechanism can reach a magnitude of up to
10 or more [10, 12]. However, the mechanism is chemically non-selective, and it is distance
dependent. It requires a molecule to be either adsorbed on or be in a close proximity to the

metal surface for greater SERS enhancement.

/ I-{E, +E, P
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Metal nanoparticle

Figure 2.1: Illustration of the electromagnetic enhancement mechanism in SERS [15].

Generally, the incident EM radiation (Ei) of certain energy excites the conduction electrons
on the surface of a substrate, and induces the oscillation dipole of the conduction electrons
(SPR). The local field (E;, s) is then generated on the surface of the metallic substrate [14]. It
is this local field that causes a strong vibrational transition in the molecule thus resulting in an
enhanced Raman scattered radiation (Er). The enhanced E: can also polarize the metal

substrate resulting in a highly intensified radiation (E;, s) to be easily detected.

2.2.2 Chemical enhancement mechanism
Albrecht and Creighton further explained the chemical enhancement mechanism (CE)

brought about by the adsorbed molecule on Raman scattering enhancement [11]. CE is

known to give an order or two to the enhancement magnitude of Raman signal. This
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mechanism doesn’t involve SP effects, but charge transfer (CT) between the highest occupied
molecular orbital (HOMO) of the adsorbed molecule (or the conduction band (CB) of a
metallic surface) and the lowest unoccupied molecular orbital (LUMO) of a chemisorbed
species as shown in Figure 2.2. Three distinct contributions that may happen separately are
possible in this mechanism [15]. The first contribution involves ground state chemical
interactions between the adsorbates and the metal surface without any excitation of metal-
adsorbate system. This contribution is more likely to occur in a situation where there is no
strong interaction between the metal and the adsorbate. For the second contribution, the
excitation wavelength and the molecular transition have to be in resonance which then
promote the resonance Raman scattering (RRS). This happens mostly when the dye
molecules are being used as RRs. The last contribution involves a strong CT between
covalently bonded molecules to the metal surface. Molecules that have a strong chemical

affinity (e.g. 1-alkanethiols and amines) with metal substrate promote this mechanism.

Unlike EME, this model is chemically selective, more especially to those molecules with lone
pair of electrons and other functional groups, through which they can bond to the metallic
surface [11]. Plenty of experiments have confirmed that both mechanisms play key roles in
SERS effects [13, 14 17]. However, it is believed that the total EF of Raman scattering is the
results of the coupling of the two mechanisms with EME contributing more to the

enhancement of SERS signal than CE [18].
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Figure 2.2: Illustration of the three different types of chemical enhancement mechanism in

SERS [15].

2.2.2.1  Enhancement factor

The multiplicative product of the EME and CE mechanisms (EF =EM x CE), constitute the
total EF of the SERS signal. However, there is not enough scientific support and universally
accepted standards to quantify experimental EF for SERS-active substrates. Le Ru et al.
thoroughly discussed this problem of the multiple definitions of the EF [19]. The most used
and maybe simplest way for calculation of SERS EF is done using equation 1.

EF = Isgrs/NNR )

INR/NsERS

Where Isers and Inr are the intensities of the vibrational modes in SERS and normal Raman
spectrum respectively. Nnr represents the number of molecules probed on the Raman
spectrum (free molecules), while Nsers represents the number of molecules probed using
SERS (1-alkanethiol with Au substrate). Most researchers use this equation to calculate EF.
However, varying conditions in which the calculations are performed have been reported,;
causing the difficulties in consistency and comparing the activity of various SERS substrate
and RRs used. Three considerations to be noted before the calculations of EF have been
proposed by Van Duyne et al. [19]. This include (i) the complete description of the
conditions and how EF is calculated, (ii) the molecule of RRs within the excitation
environment must carry the same weight in enhancement and (iii) to use RRs that have a
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well-defied spectrum and a good chemical affinity to a selected SERS substrate. These
considerations play a significant role in consistency or reproducibility of calculating the EF.
Most calculated EF are over estimated because the precise number of molecules are not
determined, the signal intensities are not normalised and the signals are selectively measured
from the hot spot instead of large region scanning [19]. In case of the current studies, we
focussed more on the second and third considerations since the first one has been thoroughly

investigated separately by Mlambo and co-workers and other research groups [19-23].

2.2.3 SERS substrate
SERS effect is heavily dependent on a metallic substrate (SERS substrate) and their

properties. In a nut shell, good SERS substrates are those metallic structures that support the
strongest SPRs and provide the largest enhancement or amplification of Raman signal.
Therefore, the choice of SERS substrate, their shapes and sizes are among the most critical
aspects that influence SERS effect. This is because different metals with different shapes and
sizes possess different electronic and optical properties that further affect the SPR and the
manner through which the molecules adsorb on the surface. A SERS substrate is thus a
common denomination for any plasmon-resonance-supporting structure that yields a
significant Raman signal. There are two main and commonly used classes of SERS substrates

that have been reported in SERS experiments so far [19].

2.2.3.1 Metallic electrodes

Electrochemically roughened electrodes have played a critical role in the historical
development of SERS and its discovery. It is therefore important to note that SERS started as
a discipline of electrochemical science. Electrochemically roughened electrodes produced by

oxidation-reduction circles (ORC) provide superb optical and chemical properties which are
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necessary for Raman signal enhancement [20]. In addition, these electrodes are untimely and
one of the most stable SERS substrates that produce uniform and reproducible EF of up to
10° [20]. Several methods for preparing such substrates have been reported in literature.
Current-controlled ORC and double potential ORC are the commonly [21-23] used methods
amongst galvanostatic methods, [24] template deposition in membranes [25-28] and cyclic
voltammetry [27]. These methods result in the formation of particles with typical sizes of 20-
500 nm on the surface of the electrode. The final structure of the surface depends on the
hydrogen bubbling before the roughening process and the irradiation of the electrode during

the process [21, 29-32].

Silver electrode prepared by one of the above mentioned procedures (Figure 2.3) was the
first substrate to be utilised in SERS experiments, although other metal surfaces have been
evaluated as active SERS substrates in electrochemical cells. [28, 33-35]. The intense Raman
spectrum of pyridine molecules adsorbed on the surface was observed [1, 14]. It was further
realised that the Raman signal of the ring-stretching modes of pyridine was enhanced five
times more than that of liquid pyridine. Similar results were obtained by Albrecht and
Creighton where it was revealed that the Raman spectrum of pyridine remained enormously
intense even after a single ORC [11]. This effect was attributed to the roughness at the Ag
electrode surface, which facilitated the adsorption of molecules on the surface and further

achieved a strong SERS signal after irradiation [20].

Although the pyridine molecule SERS spectrum was the first to be observed, the
enhancement of Raman signal of other molecules adsorbed on the surface of rough metal
electrodes have also been observed. Bukowska and Michota studied the Raman spectrum of

4-mercaptobenzoic acid (PMBA) adsorbed on the roughened surface of gold (Au) and silver
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(Ag) electrodes. The Raman signal enhancement was evidenced by intense peaks of most of
the vibrational modes of PMBA [36-40]. It was suggested that the enhancement was due to
the roughness of the surface. Philpott et al. also argued convincingly that the induced Raman
scattering of molecules adsorbed on the surface of plasmonic material was due to the

broadening of their electronic energy levels [41].

Positive potential Negative potential

Oxidation-Reduction cycle

Figure 2.3: Scheme illustrating the oxidation—reduction cycle of a silver electrode in

electrolyte (KCI) solution. Modified from [15].

2.2.3.2 Metallic nanoparticles

Once the roughened electrodes became a routine SERS substrate, a plethora of research
started to focus more on the development of reliable and effective SERS substrate with
tuneable plasmon resonance and a wide range of EF [5, 6]. Thanks to the development and
good progress in the field of nanoscience and nanotechnology, synthesis and fabrication of
SERS substrate with great potential in Raman signal enhancement has been achieved. The
new substrates have found application in drug delivery, catalysis, gas sensors etc. [42-44].
Noble metal nanomaterials have shown a great potential in Raman signal enhancement over
their electrochemical roughened counterparts due to their ability to enhance electromagnetic

field on their surface.
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Noble metals such as gold (Au), silver (Ag), and copper (Cu) are the most used SERS
substrates. This is because they possess a strong interband transition which results in the
oscillation of conduction electrons hence the formation of SPR at the infrared-visible (IR-
Vis) range of EM spectrum [1, 45-47]. Figure 2.4 shows the wavelength range in which the
SPR bands of Cu, Au and Ag occur. With Cu nanoparticles known to be less stable in
ambient environment, AuNPs and AgNPs have been endorsed as best SERS substrates.
Therefore, current studies employ AuNPs and AgNPs as SERS substrates due to the

aforementioned advantages.

Ag
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Figure 2.4: Approximate wavelength ranges where Ag, Au, and Cu have been well-

characterized and are established to support SERS [33].

2.2.3.3  Synthesis and properties of AUNPs and AgNPs

Au and Ag nanoparticles are probably the most remarkable metallic NPs and have attracted
considerable attention in research. In particular, these metallic NPs have unique properties
which have driven a variety of applications in the field of science [45, 46]. Their stability in
ambient environment, simple synthetic methods and importantly, their plasmonic character
are the most fascinating properties which make them considerable in all of these applications.

Au and Ag colloids are typically prepared by chemical reduction of their inorganic salts in
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solution through several chemical routes [5, 6, 47]. The coulombic repulsive forces among
the particles facilitate the stability of these colloids in solution. These coulombic repulsive
forces require the presence of a stabilizing agent that protects the colloids and further prevent
them from aggregating. Most of the time the reducing agent also play a role as a stabilizing
agent, which is the case in sodium-citrate-reduced colloidal nanoparticles. These types of
colloids are the most commonly utilized SERS substrates [44-47]. Other methods (e.g. laser
ablation and photoreduction) for synthesizing SERS-active colloids (Au an Ag) have been
reported in literature [48-53]. Various methods for preparation of SERS-active colloids of

various morphology and composition are listed in Table 2.1.

Brust-Schiffrin method has been the most implemented method for synthesizing AuNPs with
the sizes below 10 nm [70]. This method involves the reduction HAuCl4.2H,O using sodium
borohydride as a reducing agent in the presence of 1-alkanethiols. The advantage of this
method is the formation of AuNPs which are assembled by the monolayer of 1-alkanethiols
[70]. However, AuNPs which are prepared by this method cannot be utilised in biological
applications (unless ligand exchange of hydrophobic molecules is performed) since they are
hydrophobic. Currently, researchers have reported on the synthesis of AuNPs by the
reduction of HAuUCI4.2H20 using tri-sodium citrate (Turkevich method). In this case tri-
sodium citrate acts as both reducing and capping agent. This synthetic method results in
biocompatible, good size distributed AuNPs with long term stability. These NPs can be used
in a wide range of applications, including bio-analytical chemistry since they are water

soluble [71-73].
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Table2. 1: Colloidal metal nanoparticles used for SERS and synthesis methods

Particle Colloidal Citation
morphology Method used nanoparticles
Creighton method Ag 54
(borohydride Au
method)
Lee—Meisel method Ag 55
(citrate method) (Ag and Au) 56
Spheres Other reduction Ag 57
method Cu 58
Laser ablation Ag, Au and Cu 48
Seed-mediated Au 59
method
Photoreduction Ag 5
Polyol method Ag 60
Cubes Seed-mediated Ag 61
method Au 62
Seed-mediated Au 63
method
Pyramids Oxidative etching Ag 64
process
Polyol method Ag 65
Wires Au 66
Seed-mediated Au 67
Stars method
Electrochemical Au 62
Rods method Ag 68
Electrochemical Au 69
method
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On the other hand, various methods for the preparation of AgNPs have been implemented.
Lee and Meisel method is currently the most common method for preparation of AgNPs. This
method involves the reduction of AgNO3 with tri-sodium citrate in aqueous solution [56].
However, this method is not capable of yielding NPs which are monodispersed with respect
to size and shape. Lee and Meisel method was recently modified (Steinigeweg et al.) by
employing glycerol-water solution as a solvent for Ag-salt instead of using only water [73].
The increased monodispersity of NPs was attributed to the presence of hydroxyl groups of
glycerol, which acts as a co-stabilizing agent and prevent them from oxidation and ripening.

The electronic and optical properties of Au and Ag NPs are very important during their
application. These properties are mainly driven by their size and shape, dielectric properties
of the surrounding medium, inter-particle distance and the adsorbed surfactants [74-78]. The
understanding of the effect of these properties has been utilized to evolve SERS substrates
with various morphological characteristics that yield a well-defined SERS signal. For
example, the optical responses for Au or Ag nanorods which are anisotropic depend on the
direction of the rod with respect to the electric field component of the incident radiation
(Figure 2.5). Nanorods, possess two resonance frequencies, a longitudinal mode for the
oscillation of the electron cloud along the long axis and a transverse mode when the
oscillation occurs in a perpendicularly direction of this axis. Unlike nanorods, spherical
nanoparticles possess only one resonance frequency. This is because the conduction electrons
on the spherical nanoparticles oscillate in one direction with respect to the incident radiation.
The SPR band of spherical nanoparticles occurs in the same range as the SPR for the
transverse mode in the nanorods (Figure 2.5). These properties are also highly suitable for

applications in photovoltaic, photo-catalysis and some bio-applications [69, 79-82].
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Figure 2.5: SPR absorption spectra of (a) spherical AUNPs and (b) gold nanorods (AuNR) of
different aspect ratio; scheme illustrating the collective oscillations of conduction electrons in

response to an external field for nanospheres (c) and nanorods (d). [15].

2.2.3.4  AuNPs and AgNPs as SERS substrates

Since Raman signal enhancement based on SERS is widely dependent on SPR excitation, it is
therefore critical to control all the aspects that influence the SPR to maximize the strength of
Raman signal and reproducibility. The sizes, shapes and inter-particle spacing (“hot spot”) of
AUNPs and AgNPs are the main characteristic to be controlled since they play a major role in
optical properties of the material and hence affect their plasmonic character [83]. Figure 2.6
shows the effect of size and shape on the SPR of AuNPs. Quester et al. evaluated the
performance of AuNPs of various sizes and shapes for SERS application using methylene
blue as a target molecule (Raman reporter) [83]. Even though the synthesised AuNPs were
not monodispersed, they still possessed strong SERS capacity due to the availability of hot
spots between nanoparticles which result in more intense surface plasmons resonance. AUNPs

which were dominated by mixed morphology (triangles, hexagonal, cubes and spheres)
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somehow showed a stronger Raman signal enhancement as compared to the quasi-spherical
nanoparticles. The strong enhancement by mixed morphological nanoparticles was attributed
to the high concentration of conduction electrons density at the edges of irregular NPs which
will further results in strong SPR. On the other hand, the quasi-spherical NPs with the
average diameter ranging from 3 to 12 nm showed less SERS capacity than those with the
diameter range of 6 to 23 nm and 10 to 200 nm. However, the importance of uniform
enhancement was not considered in this study since their substrates were not uniformly
dispersed. It is important to utilize SERS substrates which are uniform and reproducible in

order to acquire a good understanding of SERS enhancement mechanisms.
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Figure 2. 6: The effect of (a) sizes and (b) shapes of nanoparticles on the SPR.

Various researchers have reported on the effect of NPs size towards Raman signal
enhancement. Kalmodia et al. tested the effect of size of AuNPs on Raman signal
enhancement [84]. AuNPs of large size were found to enhance Raman signal stronger than
smaller sizes NPs. The calculated enhancement factor (EF) of 3.4 x10’ due to AuNPs of 61
nm was reported. Several researchers concluded that spherical AuNPs with the average

diameter of approximately 50 nm yield the maximum SERS EF [44]. The optimal size of NPs
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ranging from 30 to 100 nm was reported to provide best SERS enhancement. NPs with small
Average diameter (< 10nm) are considered to have inefficient SERS activity due to their very

small scattering cross-section [86].

As far as the shape of nanostructures is concerned, gold and silver nanorods, nanostars, and
truncated-triangular nanoparticles have appeared to be more effective for SERS enhancement
and other related applications. Kottmann et al. have shown that the EM field resulting from
metallic SPR is more intense at the corners of triangular nanoparticles [86]. Similar study was
conducted by Sau et al. from which they observed strongly enhanced EM field at the edges of
colloidal nonspherical (triangular) noble metallic nanoparticles. The enhancement of EM
field of up to 400 times stronger than that of spherical nanoparticles was observed from
decahedral nanostructures [87]. Raman signal of Rhodamine 6G on silver nanoflowers was
found to be more enhanced as compared to the one on silver nanosphere [88]. Similar studies
by Xie et al also showed that Raman signal of Rhodamine 6G on gold nanoflowers was 10
times more intense than that from AuNPs [89]. The multiple non-degenerate dipole modes of
complex structure results in a broad SPR absorption band, unlike in the spherical
nanoparticles where there is only one dipolar plasmon resonance since they are symmetrical.
The high multipolar charge distribution are clearly induced in nonspherical nanoparticles
since their induced electronic cloud is not distributed homogenously [89]. However, spherical
nanoparticles are still considered to be suitable for many applications either in colloidal or
immobilized state. This is because spherical NPs are easy to synthesize and are mostly

biocompatible, therefore can cover a wide range of applications [90].
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2.2.4 Raman reporter
The intrinsic properties of RR molecules also play a major role on Raman signal

enhancement. It is by far the most important aspects that RR molecules should be located
within a range of enhanced electromagnetic field generated by the excited SPR. Therefore a
logical selection of RR molecules is an important key in developing an effective and sensitive
SERS based methods. This is specifically for analysis of complex structures (proteins, cells,
DNA, etc.) even in their minute/trace concentrations. In essence, RR molecules should be
able to produce intense Raman signal (high Raman scattering cross-section) prior to mixing
with plasmonic nanostructured or electrochemically roughened materials, and of far most
importance they must have functional group/s that possess strong chemical affinity to the
metal nanostructures. In addition, RR molecules should at least have high symmetry for
spectral multiplexing, and low photo-bleaching for signal stability. RR molecules can still
acquire strong EM field from SPR even if they are not in close proximity to the substrate [1].
However, the distance between RR molecules shouldn’t be that large since the enhanced EM

field decays exponentially, with a decay length of approximately 2 nm [13].

Various RR molecules and their structural effects on Raman signal enhancement have been
reported so far. Fluorescent dyes adsorbed on the SERS substrate were reported to show an
extra Raman signal enhancement due to their fluorescence properties which lead to surface
enhanced resonance Raman scattering (SERRS) [91-93]. Dyes also offer more advantage of
spectral multiplexing wherein spectrally distinct molecules can be detected simultaneously
[92]. Mirkin et al. used R6G dye as RR to perform multiplexed experiments for the detection
of DNA sequences with high sensitivity and specificity [90]. Graham and co-workers also
used benzotriazoles and other commercial dyes to perform multiplexed experiment for DNA
detection [93]. However, in some cases dye molecules showed chemical and photo

instabilities which lead to photobleaching and spectral overlap. Researchers have also
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investigated the effect of structure in terms of bulkiness and the symmetry of RR molecule on
Raman enhancement. For instance, Schlucker and co-workers looked at how RR molecules of
different sizes influence the Raman signal. In particular the effects of R6G dye and MBA
adsorbed on Au/Ag nanoshells were investigated [94]. The Raman spectrum of small MBA
showed few but intense peaks. This was attributed to the high symmetry of MBA which lead
to spectral multiplexing. On the other hand R6G yielded more peaks as compared to MBA,
and this lead to spectral overlapping. Figure 2.7 shows some of the commonly used RR
molecules, their chemical structures and their effect on the EF. The decrease in SERS EF
with an increase in the size of the RR molecules was observed. These observations were
attributed to the fact that small molecules easily fit between the hot spots (crevices) formed

by the aggregated colloids.

Alkanethiol coordinated AuNPs and AgNPs have attracted significant research in
fundamental technology and science. This is because alkanethiols on AuNPs and AgNPs
form a prototypical self-assembled monolayer (SAM) system [21, 95]. In addition,
alkanethiols possess strong chemical affinity towards Au and Ag through Au-S or Ag-S
covalent bond, which results in a formation of densely packed and uniformly orientated
cluster. The adsorption of alkanethiol results in covalent interaction between thiol head
and Au and Ag metal, with alkyl chain stabilising the cluster through Van der Waals
interaction. The formation of Au-S bond from alkanethiol and metal surface was found to
involve hydrogen evolution. This was evidenced by oxidative addition of S-H to the metal

then followed by reductive elimination of hydrogen as shown in equation 2.

RS-H + Au/Ag —> RS-(AU/Ag) +1/2H> 2
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The alkanethiolate monolayer also shields the particles from agglomeration and scaffolds the
attachment of some moieties. The replacement of capping agents from the cluster by strong
ligands is possible. This is similar to the way in which alkanethiol replaces weakly attached
citrate ions from Au or Ag surface. Mixed monolayer protected cluster (MMPCs) results

from this multifunctionalisation of MPCs as shown in equation 3.

(RS)NMPC + x(R'SH) ———>x(RSH) + (R'S)x(RS)n-1MPC 3)

In SERS experiments, the densely packed structures of alkanethiol SAMs on SERS substrates
tend to reduce or minimize spectral interferences from other molecules in the medium
solution. In addition, SAM of RRs molecules offer great advantage on reproducible SERS
signatures [96]. Wang and co-workers demonstrated the use of 2-aminobenzenethiol
functionalized AgNPs for SERS detection of living cells [17]. Levin et al. also studied SERS
spectra of 1-alkanethiol SAMs of various chain-lengths on gold nanoshells substrates [97].
The main idea was to study vibrational resonance of 1-alkanethiol SAMs while varying chain
length. SERS spectra of 1-alkanethiol SAMs were found to be more intense (revealing sharp
resonance) as compared to those from native Raman spectroscopy. Moreover, long-chains 1-
alkanethiols showed low vibrational frequency of Au-S stretch as compared to shorter chains.
This was attributed to an increase in Van der Waals interaction with increasing chain, thus
reducing the chain mobility on the planar facets of NPs. Beside their influence in SERS
studies alkanethiols SAMs also help in maintaining the stability of SERS substrates; this
helps to prevent the agglomeration and aggregation in nanostructured substrates (i.e. AUNPs

and AgNPs).
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Figure 2. 7: Illustration of the effect of RR molecules on the EF [98].

2.3 SERS applications

SERS is a sensitive and selective technique for molecular identification and detection. The
signals from this technique reveal a distinct spectrum with more informative characteristic
peaks. In addition, SERS spectrum provides molecule fingerprints that can be utilized for
analytical purposes. The fingerprinting ability of Raman spectroscopy makes it more special

and lot more specific than other commonly utilized techniques like infrared and fluorescence
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spectroscopies. This technique combines the high specificity and other advantages of classic
Raman technique with high sensitivity, possibly better than that of fluorescence and infrared.
Due to this, Raman spectroscopy has already been exploited in variety of applications ranging
from scientific to industrial areas. Some of the main applications of SERS are shown in

Figure 2.8.

Bio-
sensor
Catalysis SERS Ga§
: ‘ sensing
Electroc
hemistry

Figure 2. 8 Schematic representation of some applications of SERS.

2.3.1 SERS in detection of diseases

The strong Raman signal provided by SERS can simply increase the sensitivity or lower the
limit of detection of the technique. This makes it simply to use Raman to investigate systems
that could not be investigated by the classical Raman spectroscopy and other related
techniques. SERS has recently been used to detect biological samples due to its sensitivity
and selectivity. The SERS based biosensors are utilized mostly as immunoassays (as shown

in Figure 2.9) for diseases diagnosis, including cancers, malaria and TB [61, 62]. For

28



instance, Matousek et al. have reported on SERS-based immunoassay using metallic
nanoparticles conjugated with antibodies as SERS probes. This SERS-based technique is
portable, with rapid response, low limit of detection, and simple instrumentation.
Furthermore, Grubisha et al. also reported on the diagnosis of prostate specific antigen
(cancer) in human serum at a very low concentration (~1pg/ml) using SERS based readout
method [63]. Sha et al on the other hand have identified breast cancer cells from blood
sample by combining anti-her2 antibody conjugated SERS tags with epithelial cell-specific
antibody functionalized magnetic nanoparticles [64]. Guo et al. used hollow gold
nanospheres and magnetic microspheres as SERS tags and SERS substrates, respectively
[40]. Hence Synthesizing SERS probes which are stable and possess strong Raman signal
can lead to most reliable and effective SERS based immunoassay with a very low limit of

detection towards various antigen.
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Figure 2. 9: SERS based immunoassay for early detection of diseases [40].
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2.3.2 SERS gas sensor

The modelling and designing of devices for efficient detection and selective towards
explosives, volatile organic compounds and other toxic gases have attracted a great research
which is of a notable interest in security and environmental monitoring agencies. To date,
various gas sensing devices including SERS have been manufactured and showed critical
importance for detecting highly toxic gasses such as chemical warfare agents (CWAs) and
toxic industrial chemicals (TICs). However, SERS analysis requires analyte molecules to
bind with or be in close proximity to the SERS substrate in order to acquire more specific and
representable results. Due to this requirement, SERS measurements are quite challenged
because of lack of interaction between substrate and the analyte. Despite this challenge,
various explosives such as dinitrobenzene, half-mustard agents etc. have been detected using
SERS-based gas detectors. Figure 2.10 shows a simple SERS device for gas toxic gas
sensing. Piorek and co-workers circumvented this challenge by using water soluble gasses
that can be converted to liquid and detected by Microfluidic SERS sensor. By using this
SERS based technique, 4-aminobenzenethiol (4-ABT) gas with a concentration as low as 300
MM was able to be detected [41]. Similar study by Gibbs et al also revealed successfully the
detection of benzenethiol (BT) using SERS as a gas sensor with the detection limit of 6ppb
[42]. Other gas phases such as Nerve agent simulants, dimethyl methylphosphonate and
diisopropyl methylphosphonate, have been detected by SERS using electrochemically
roughened silver oxide substrate [43, 44]. Detection of half-mustard gas was also achieved by
SERS analysis using a portable Raman spectrometry and silver film over nanosphere
(AgFON) as a substrate [45].

30



Raman
spectrometer

chemiresistive & fingerprint
sensing '
RS, ,
|
< H A
s ' g \ v \
: LAW (8 B £
£

Figure 2. 10: A schematic for designing Sensitive and selective gas sensing devices [41].

2.3.3 SERS is electrochemistry

Besides being a detection technique, SERS has been utilized in electrochemistry to study and
analyse the behaviour of various molecules in various oxidation states. The compatibility of
the two techniques (SERS and electrochemical techniques) is solidated by the fact that they
both use metals as substrates (SERS) and electrodes (electrochemical techniques)
respectively. Abdelsalam et al. demonstrated the use of electrochemically prepared Au
surface for electrochemical SERS by recording the pyridine spectra as a function of the
electrode potential. In this case, Raman signal of pyridine was found to decrease as the
electrode potential become more negative (-1.2 V). At the electrode potential of -1.6 V
Raman signal was very low, as this was attributed to the formation of hydrogen in the pores
of electrode (also acted as substrate) [46]. Electrochemical SERS was used to gather the
chemical information for the derivation of Tetrathifulvalene (TTF) during potential sweep.
TTF is a compound which is rich in electrons and has been utilized most extensively in
electronic devices such as solar cells and super-capacitors. The electrochemistry of TTF is
characterized by two reversible one-electron processes at 0.34 and 3.68 eV [47]. Paxton et al
studied the structural change and redox properties of TTF using electrochemical SERS. In

this case they used AuFON as a SERS-active substrate and working electrode.
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A change in vibrational energy due to change in oxidation state was observed together with
the dramatic change of signal as the potential was swept [48]. In general, Electrochemical
SERS offers the ability to study electrochemical changes of a specific molecule

spectroscopically, and can be further used for molecular switches and electronic stimulation.
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Figure 2. 11: Schematic representation for fabrication of the electrochemical-SERS based
devices for bio-analysis applications [46].
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2.3.4 SERS in catalysis

Various techniques have been so far used to monitor chemical reactions during catalysis
processes. Analytical techniques such as Uv-Vis, XRD, and IR have been good candidates for
in situ studies of catalysed reactions. However, Uv-Vis is not surface selective and provide
limited information, IR on the other hand is complicated due to strong water absorption band
if aqueous system (i.e. colloidal catalyst) is employed. SERS can therefore fulfil the entire
requirement for monitoring molecular transformation in heterogeneous catalysis, owing to its
advantages of chemical specificity, selectivity and sensitivity. Xie et al demonstrated the
significance of SERS on Au-catalysed reduction of 4-nitrothiophenol (4-NTP) to aniline
derivative (4-ATP). The mild catalytic activity of gold allowed the successful monitoring of
reaction by collecting aliquots (for SERS analysis) from direct colloidal solution at different
reaction times. The SERS spectrum of the last aliquot showed the spectral features which are
comparable to that of 4-ATP [50]. The successful monitoring of Au-catalysed reduction of 4-
NTP using SERS technique is clearly indicated in figure 2.12. Similar studies by the same
group was conducted for monitoring platinum (Pt)-catalysed reduction of 4-NTP by sodium
borohydride (NaBH4) using SERS. The conversion of 4-NTP to 4-ATP was evidenced by the
disappearance of nitrous (NO2) peak at 1560 cm™ as the reaction progress with time.
Additionally, the new peak which appeared at around 1615 cm™ confirms the formation of 4-
ATP [51].
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Figure 2. 12: SERS spectra from the reaction suspension collected at different reaction times
[50].
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Chapter 3
The effect of chain-length on the SERS of 1-alkanethiols

functionalized on AuNPs

3.1 Introduction

Alkanethiol protected gold nanoparticles (AuNPs) are among the most studied and used
systems in science and technology. These systems have attracted a great interest in research
due to simple synthetic methods, their stability and unique electronic, chemical and optical
properties [1-3]. In fact, co-ordination of AuNPs with alkanethiols results in the formation of
self-assembled monolayer (SAMs) which has a major contribution towards their properties
[4, 5]. The SAMs of alkanethiols on AuNPs have attracted most interest in applications such
as plasmonic photovoltaic, photo-catalysis, and photo-thermal heating [1, 6]. Recently, thiol
SAMs are utilized as Raman reporters during SERS experiments for Raman signal
enhancement [6]. Their strong chemical affinity towards AuNPs plays a major role in the
improvement of Raman cross-section as a result of charge transfer between the molecular

orbitals and the conduction bands of the metal.

Anyway, it is well known that shapes, sizes and dielectric environment of NPs can be tuned
to manipulate their properties in order to open more gates for various applications including
SERS [1, 7, 8]. For instance, nanorods, nanospheres, and other nanostructured materials have
been reported to show a variety of optical and electronic properties which make them
desirable to use in SERS applications [9, 10]. However, little has been reported on how the
surface chemistry of these NPs can be utilised to manipulate their optical and electronic
properties, without ruling out the theories of inorganic chemistry about the effects of metal-
ligands interactions on the electronic structure and properties of metal surface. It was found
that 1-alkanethiols on AuNPs can influence their electronic properties [11]. Cirri et al.
showed that adsorbing 1-alkanethiol on AuNPs has an influence on their electronic
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properties. They further explained the way the charge density of the metallic core is affected
by 1-alkanethiols of various chain-lengths in various solvents [11]. Therefore by taking
advantage of these properties which are possessed by 1-alkanethiols, Raman scattering cross-

section of various molecules can be improved.

It is lately appreciated that changing a head group of ligand (i.e. amine to thiol or vice versa)
can also affect the physical and chemical properties of AuNPs including dampening of SPR
and increased electron—lattice coupling [12, 13], which is more advantageous in SERS
experiments. Even though there is a lot of information on the effect of AuNPs-alkanethiols
SAMs on Raman signal enhancement; not much has been done on the effect of specific
chain-length of 1-alkanethiol. Herein, we aim to show the effect of chain-length of 1-
alkanethiols on Raman signal enhancement. Pentanethiol (PT), decanethiol (DT),
dodecanethiol (DDT), and pentadecanethiol (PDT) on AuNPs were used as Raman reporters.
The effect of chain-lengths was investigated by comparing the Raman spectrum of each 1-
alkanethiols with their SERS spectrum. A SERS spectrum is a Raman spectrum of each 1-
alkanethiols after they were adsorbed on AuNPs. Furthermore we investigate the interaction
of the 1-alkanethiols with the AuNPs through DFT and Molecular Dynamics modelling. The
DFT calculations are important in the evaluation of the adsorption of different alkanethiols on
the surface of AuNPs. The adsorption studies through computer modelling further helps in
the determination of the effect of alkanethiol on the surface chemistry of AuNPs and the
impact on SERS. Herein we further aim to use DFT and Molecular Dynamics modelling to
calculate the theoretical spectra, charge densities on the surface of AuNPs, and the

nucleophilic centres of the molecules for SERS EF evaluation.
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3.2 Experimental
3.2.1 Chemicals
Hydrogen tetrachloroaurate (I11) trihydrate (HAuCls. 3H20, 50 %), trisodium citrate
(CsHsNasO7. 2H20, 99.9%), Pentanethiol (PT, 98%), Decanethiol (DT, 96%), Dodecanethiol
(DDT, 98%), and Petadecanethiol (PDT, 97%) were all purchased from Sigma Aldrich and
used as received. All glassware was washed with aquaregia solution, and all the solutions

were dissolved with distilled water.

3.2.2 Synthesis of and functionalization of AUNPs with 1-alkanethiols

Citrate capped AuNPs were synthesized following Turkevich method [13]. Typically, An
aqueous solution of 1 mM HAuCI4 (100 mL) was heated to boil (approximately 97 °C). To
the boiling solution, 0.04 M of an agueous solution of tri-sodium citrate was added. The
mixture was stirred vigorously while heating, until color changes from colorless to deep ruby-
red (7 min) which indicate the formation of AuNPs. The as-synthesized AuNPs were further
functionalized with n-1-alkanethiols of various chain-lengths (1-pentanethiol, 1-decanethiol,
1-dodecanethiol and 1-pentadecanethiol) as shown in the schematic diagram in Figure 3.1.
The colloidal solutions of AuNPs were centrifuged at 15000 rpm, for 15 min in order to
concentrate the dispersed particles and to remove excess unreacted ions. The centrifuged
solution of the AuNPs was divided into 3 aliquots of 10 mL. To each aliquot, 200 pL of 10
mM of each 1-alkanethiol dissolved in dimethyl sulphoxide (DMSQO) was added and the
mixtures were stirred for 3 h at room temperature. Figure 3.1 shows the schematic diagram
representing the formation of citrate capped AuNPs followed by the substitution of citrate

with 1-alkanethiols.
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$ 3
AN T s’
z s S
- s s
R A=
s ® ‘—\_\_

3.2.3 Characterization

All excess impurities from colloidal solutions were removed using a universal 320R
centrifuge at a maximum speed of 15000 rpm. The absorption spectra were acquired using a
Varian Cary Eclipse (Cary 50) UV-Vis spectrophotometer. For spectral analysis, all the
samples were diluted with distilled water until the optical density (OD) of 1 was reached.
Transmission electron microscopy (TEM) images were obtained from FEI Tecnai-12
microscopy at an electron acceleration voltage of 200 KV and beam sport size of 10-100 nm.
All SERS experiments were carried out using a PerkinEImer Raman Station 400 benchtop
Raman spectrometer. The excitation laser with the near infrared wavelength of 785 nm,
power of 100 mW and a spot size of 100 um was used for all experiments. A spectral range
of 100-3200 cm™ was employed. The detector was a temperature controlled Charged Coupled
Device (CCD) detector (-50 °C) incorporating a 1024 x 256 pixel sensor. The surface charge

and the stability of substrate were investigated using the zetasizer potential.
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3.3 Computer Simulation

3.3.1 Molecular Adsorption

Au 13 nanocluster was constructed and ligand adsorption was simulated. A trade-off exists
between simulation accuracy and computational time. Since it becomes increasingly more
difficult to do accurate molecular mechanics and dynamics calculations on large atomic
systems, the aforementioned nanoclusters were selected and simulated. Although, in size,
they are not exactly the same as those experimentally investigated, similar trends (small NPs

vs large NPs) were observed on comparing their Raman spectra.

By using the Dmol3 of the BioVia Materials Studio 7.0 (MS 7.0), different number of ligand
molecules were adsorbed onto the Au nanocluster surface. For the initial adsorption, a
universal forcefield was used and the charges were assigned using the QEq charge
equilibration method. As a check, the same experiment was repeated using the charge
consistent valence forcefield (cvff) with charges assigned by the forcefield. Density
functional theory (DFT) was used to determine the optimum geometries for each of the
resulting ligand nanocluster systems using the Dmol3 — module of MS 7.0. The GGA: PBE,
gradient-corrected functionals were used. Frequency calculation was done from the properties

tab for computing a Hessian which is used for vibrational frequencies of the model.

3.4 Results and discussion

The absorption spectra of citrate and 1-alkanethiols capped gold AuNPs are presented in
Figure 3.2. A sharp peak for citrate-capped AuNPs was observed at 521 nm due to the effect
of coherent oscillation of conduction electrons when interacting with electromagnetic
radiation [7, 14]. After the substitution reaction of citrate with 1-alkanethiols (DT, DDT and

PDT), a red shift of the SPR band was observed, and the summary of these SPR peaks are
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summarized in Table 3.1. However, there was no shift to higher wavelength for PT
functionalized AuNPs as the peak remained at 521 nm in Figure 3.2, and this can be

attributed to a negligible change in dielectric environment due to a shorter chain-length PT.
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Figure 3.2: UV-Vis absorption spectra of citrate capped and 1-alkanethiols functionalized

AUNPs.

The red shift in 1-alkanethiols functionalized AuNPs of longer chain-lengths (DT, DDT, and
PDT) from 521 nm to 526, 531, and 533 nm, respectively as seen in Figure 3.2, are attributed
to the change in dielectric constant of the medium through the introduction of 1-alkanethiols.
These observations agree with what have been reported in literature [7]. Additionally, the
chemisorption (resulting in charge transfer between metal and 1-alkanethiols orbitals) of 1-
alkanethiol on the surface also played a role in the shift in SPR band. The appearance of a
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secondary peak at longer wavelengths as seen at 650 nm for the Au-PT NPs usually suggests
the formation of more anisotropic nanoparticles or is an indication of broad size distribution
possibly caused by agglomeration. Table 3.1 also shows the calculated full width at half
maximum (FWHM) values of the SPR peaks. The FWHM values clearly indicate the
broadening of the SPR bands as the 1-alkanethiols are introduced to the solution. This
broadening effect is an indication of a slight agglomeration of AuNPs. Introducing 1-
alkanethiols within the colloidal solution reduces the suspension ability of NPs due to the
replacement of negative charged ions of citrate surrounding the surface, hence the slight
agglomeration and aggregation of particles. The values of FWHM decreased with an increase
in chain-length of 1-alkanethiols. This is a result of less steric hindrance provided by shorter
chain PT as compared to its longer chain counterparts (DT, DDT, and PDT). The small length
of PT molecules has resulted to the particles to move closer to each other, hence the

agglomeration of NPs.

Table 3.1: Summary of SPR bands of citrate capped and 1-alkanethiols functionalized

AuNPs and their corresponding FWHM values

Sample name SPR bands wavelength (nm) FWHNM (nm)
Au-citrate 521 104
Au-PT 521 169
Au-DT 526 124
Au-DDT 531 130
Au-DDT 533 131

48



Figure 3.3 shows the particle size distribution of citrate and 1-alkanethiols capped gold
nanoparticles, and their corresponding TEM images used to measure the average diameter are
shown in Figure 3.4. The citrate capped AuNPs were observed to be spherical with good
dispersity and an average diameter of 153 nm as shown in Figure 3.4 (a) and Figure 3.3
respectively. There was no significant change in average particle size after functionalization
of AuNPs with the different alkanethiols as observed in Figure 3.3. The observed change was
due to a slight agglomeration of particles prior to functionalization with 1-alkanethiols; this is
attributed to a slow substitution reaction of the citrate by the different chain-lengths 1-
alkanethiols. Some bigger particles are noticeable in the TEM images shown in Figure 3.4
(b) to (e). Another notable feature was the influence of chain-length in the inter-particle
distance during SAMs formation. The shortest chain (PT) resulted into shorter inter-particle
distance as seen in Figure 3.4 (b), which caused particle to agglomerate and this is also
evident from the absorption spectrum which showed a second broad peak around 650 nm in
Figure 3.2. The inter-particle distance was observed to increase with an increase in chain-

length as can be clearly seen in Figure 3.4 (b-e).
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Figure 3. 3: Particle size distribution of citrate capped and 1-alkanethiols functionalized AuNPs.
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Figure 3.4: TEM images of (a) citrate-capped, (b) PT, (c) DT, (d) DDT, (e) PDT

functionalized AuNPs.

Functionalization of AuNPs with alkanethiols is understood to occur via substitution reaction,
where citrate ions are replaced by alkanethiols of different chain-lengths using their thiol
head group [15]. The displacement of citrate ions can lead to a change in surface charge or
agglomeration of nanoparticles, thus a stability investigation of these functionalized AuNPs is
vital for their SERS evaluation study. Zetasizer was used to evaluate their stability, and all
the functionalized AuNPs were found to have a negative potential. The thiol capped
nanoparticles have a surface charge values that were less negative compared to the citrate-
capped AuNPs (-60 mV), and the Zeta potential values are summarized in Table 3.2. The
zeta potentials distributions are shown in Figure S3.1-S3.5. The high negative value of zeta
potential for citrate capped AuNPs confirms good stability and dispersion of particles as
compared to the l-alkanethiol functionalized particles in solution. A decrease in potential

value of the functionalized AuNPs also confirms the displacement of citrate ions with
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alkanethiols which possess a thiol group with strong affinity for metal surface. The longer
chain-length (PDT) showed a lesser potential (-18 mV) as compared to shorter chain-lengths;
this is attributed to long chain’s ability to form more stable and dense SAMs [5, 14, 16, 17].
The potential values of DDT and DT functionalized AuNPs were found to -54 and -42 mV,
respectively, while PT functionalized AuNPs was -32 mV. These two potential values of
DDT and DT functionalized AuNPs were close to citrate-capped AuNPs (-60 mV), this might
be due to the manner in which these alkanethiols interact with metal surface, and the resulting

orientation.

Table 3.2: The values of zeta potentials of citrate capped and 1-alkanethiols functionalized

AUNPs
Sample name Zeta potential (mV)
Au-citrate -60
Au-PT -32
Au-DT -42
Au-DDT -4
Au-PDT -18

The EF dependence on the chain-length of alkanethiols (PT, DT, DDT and PDT)
functionalized on AuNPs was investigated through SERS experiments. Figure 3.5 shows the
normal Raman (NR) spectra of 1-alkanethiols (black) and SERS spectra (red) of all 1-

alkanethiols adsorbed on AuNPs respectively. The SERS effect on all 1-alkanethiols was
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clearly evidenced by the enhanced and appearance of some vibrational bands which were
supressed on the NR spectra. The SERS spectra of all 1-alkanethiols are dominated by strong
bands at 2900 cm™ (*) and 1450 cm™ (#) which are assigned to v(C-H) symmetrical and
asymmetrical vibrations, respectively. On the other hand the vibrational bands at a range of
2500 cm™ to 2700 cm™ (circled peaks) were observed from all NR spectra. These bands were
all assigned to the vibration of v(S-H) group of each 1-alkanethiol. The dissociation of S-H
group prior to the binding of 1-alkanethiols on the surface of AuNPs (as was expected) was
evidenced by the disappearance of v(S-H) vibrational bands in the SERS spectra. The binding
of 1-alkanethiolates on the surface of AuNPs was further evidenced by the appearance of new
vibrational bands 280 cm™ which are assigned to v(Au-S) vibrations denoted by &. Table
3.3-3.6 summarise the assignment of Raman bands of 1-alkanethiol before and after they
were adsorbed on AuNPs. The positions of the observed peaks of all 1-alkanethiols agree

with what have been reported on literature [18-20].
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Figure 3.5: Raman spectra of 1-alkanethiols (black) and their corresponding SERS spectra

(red). * denotes v(C-H) sym, # denotes v(C-H) asym and & denotes v(Au-S).

Table 3.3: A Summary of the experimental and theoretical bands assignment of PT adsorbed

on AuNPs
38(CH2) v(C-H)
Band assignment V(AU-S5) v(C-5) v(CC) aliph asym v(-S-H) sym__
PT (experimental) no peak - - 1450 2610 2941
Au-PT (experimental) 280 720 970,1020,1250 1420 no peak 2941
2900,
PT (theoretical) Nopeak 650,700,780 1050,1250 1470 2550 300
2900,
Au-PT (theoretical) 250 700 1200 1490 no peak 3100
PT =Pentanethiol, Au = Gold, Aliph = aliphatic, sym = symmetric, asym=asymmetric
Table 3. 4: A Summary of the experimental and theoretical bands assignment of DT
adsorbed on AuNPs
8(CH2) v(C-H)
Band assignment V(Au-S) v(C-8) v(CC) aliph asym v(-S-H) Sym
DT (experimental) no peak 700,950 1060,1300 1480 2588 2890
Au-DT (experimental) 320 650,820 1020 1480 no peak 2990
. Nopeak 750,800 1100,1250 1550 2600 2900
DT (theoretical)
Au-DT (theoretical) - - 1050,1150 - no peak 29350

DT = Decanethiol, Au= Gold, Aliph = aliphatic, sym = symmetric, asym=asymmetric
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Table 3.5: A Summary of the experimental and theoretical bands assignment of DT adsorbed

on AuNPs
3(CH2) v(C-H)
Band assignment v(Au-S) v(C-S) v(CC) aliph asym v(-S-H) sym _

DDT (experimental) no peak 748 1050,1250 1490 2620 2980
Au-DDT (experimental) 290 750 1100 1470 no peak 2980
2860,

DDT (theoretical) Nopeak 750,800 1120 1480 2680 3050
2860,

Au-DDT (theoretical) 300 740,880 1200 1450 no peak 3050

DDT = Dodecanethiol, Au= Gold, Aliph = aliphatic, sym = symmetric, asym=asymmetric

Table 3. 6: A Summary of the experimental and theoretical bands assignment of PDT

adsorbed on AuNPs

3(CH2) v(C-H)
Band assignment V(AL-S) v(C-S) v(CC) aliph aASym v(-S-H) Sym
PDT (experimental) no peak 740 1230 1450 2620 2880
Au-PDT (experimental) 270 7350 1000,1250 1472 no peak 2885
PDT (theoretical) no peak 750,800 1150,1250 1480 2500 2900
2850,
Au-PDT (theoretical) 250 500, 550; 650 1170,1300 1500 nopeak 3000

PDT = Pentadecanethiol, Au= Gold, Aliph = aliphatic, sym = symmetric, asym=asymmetric

The calculated EFs of all alkanethiols on AuNPs are shown in the form a bar graph in Figure
3.6. Equation 1 was used to do all the calculations, Where Isers and Inr are the intensities of
the vibrational modes in SERS and native Raman spectrum respectively. Nnr represents the
number of molecules probed on the Raman spectrum (free 1-alkanethiol), while Nsers

represents the number of molecules probed using SERS (1-alkanethiol with Au substrate).

IsersNNR
EF = ———
INRNSERS (1)

Nnr can be expressed further using equation (2):

Ah
Nygr = =2 (2)

m
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Where A, h, p, and m are the laser spot area, the focal length, the density of 1-
alkanethiols (PT, DT, DDT and PDT) and their molecular weights respectively. Nsgrs can
also be expressed as in equation (3):

Nggprs = 4mr?CAN (3)
Where r, C, A and N are the average radius of the AuNPs, the surface density of the 1-
alkanethiol, the area of the laser spot, and the surface coverage of the AuNPs (particles

um 2), respectively.
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Figure 3.6: Relationship between the enhancement factor and chain-length of 1-alkanethiols.

In all calculations, the peak at 2900 cm™ (C-H symmetric vibration) was used to determine
the EF since it exhibits the highest intensity. The EF dependency on the chain-length of 1-
alkanethiol is shown in Figure 3.6. The bar graph is clearly indicating a decreasing trend of

EF with an increase in 1-alkanethiol chain-length. PT was found to possess largest EF among
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the other thiols (DT, and DDT and PDT). A related study by Kennedy et al. also showed a
decrease in enhancement factor as the chain-length of 1-alkanethiol increased [16]. This can
be attributed to the fact that the shorter chain-length of n-1-alkanethiol is likely to result in
less stable and weakly packed SAM which lead to a slight agglomeration of NPs and the
creation of hot spots. This is also confirmed by TEM image in Figure 3.4 (b), where particles
tend to clump together. In addition, PT has higher chance for spectral multiplexing than DT,
DDT and PDT since it has shorter chain-length. The other factor which might have played a
role on the Raman signal enhancement is the orientation of 1-alkanethiols on the surface of
gold nanoparticles. The obtained EF values were 3.8 x 103, 1.6x10%, 2.0x10° and 1.5x10° for
PT, DT, DDT and PDT, respectively. However, the EFs larger than these ones can be
obtained using dyes molecules as Raman reporters. This is because dye molecules result in a
resonance Raman scattering (RRS) effect as a result of a strong charge transfer in the visible
region. However, most dye molecules cannot form SAMs around the surface of SERS
substrate due to their bulkiness; which can also affect the stability of substrate and uniformity
of SERS results [21-24]. The reported EF values in this study were expected, small as they
are, since 1-alkanethiols used in this project didn’t have any functional group which will
further influence the charge transfer between the metal and the molecules. However, critical
to this study is to also investigate whether other factors such as the geometry of the RRs on
the surface of the nanoparticles play a role in the enhancement of the Raman signal. Hence
the evaluation of the effect of chain-length on SERS was further carried out using theoretical
modelling. In this case density functional theory (DFT) calculations were carried out using
Material studio (Dmol3 module), through which the theoretical Raman spectra, chain-length,
nucleophilic centres and the charge density of each alkanethiol was determined. The

modelled 1-alkanethiols and their chain-lengths are shown in Figure 3.7.
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Figure 3.7: The modelled 1-alkanethiols and their chain-lengths (a) 1-PT, (b) 1-DT, (c) 1-

DDT, (d) 1-PDT.

The Raman spectra of these alkanethiols were modelled both before and after they were
adsorbed on a cluster made of 19 Au atoms which represent AuNPs as shown in Figure 3.8;
and were further compared with the experimental spectra. These modelled spectra offered
more information on the validation of adsorption of 1-alkanethiols on AuNPs. Shown in
Figure 3.8 are the modelled normalized Raman spectra of the NR (prior to the attachment to
Au) and SERS spectra (attached to the Au surface) of the alkanethiols. There is a
disappearance of v(S-H) vibration peak at 2600 cm™ in the Au-PT spectrum as opposed to the
PT spectrum. This suggested that there was a strong attachment of the PT ligand on the

surface of the Au through the thiol moiety. This was also observed for the Au-PDT spectrum.
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On the other hand, the NR spectra of DDT and PDT showed the absence of the v(S-H) peak.
This was attributed to the deprotonation of 1-alkanethiols prior to their adsorption on AuNPs
surface. Generally a vibrational peak around 200 cm™ - 350 cm™ accounts for the formation
v(Au-S) and this was observed in SERS spectra for all but the Au-PDT spectrum. This was
indicative of the poor interaction of the PDT ligand with the Au surface. The increase in the
intensity of some of the peaks in the SERS spectra and the appearance of new peaks gave an
insight on the enhancement of Raman scattering possessed by each 1-alkanethiol. The small
chain 1-alkanethiol (PT) was found to possess more intense Raman peaks than the long chain
1-alkanethiol in the 200 cm™ - 350 cm™ region. Just like in the experimental study, PDT

possesses the lowest peak intensity.
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DFT calculations were further used to determine the nucleophilic centres of 1-alkanethiols.
For alkanethiols, the nucleophilic centre is around the S atom. The larger the cross-section of
the nucleophilic centre, the more strongly the RR will bind to the Au surface. Table 3.7
shows the measured cross-sectional lengths of nucleophilic centres for all the molecules. The
nucleophilic centres were found to increase with an increase in chain lengths of the 1-
alkanethiol. This means that the longer chain, PDT will have more effect on the electron
density of the metal. Due to this, it is expected that there will be a high charge transfer from
the HOMO to the LUMO of PDT or to the metallic surface as compared to the shorter chain
1-alkanethiols. This therefore suggests that PDT will have a higher enhancement factor as

compared to the other alkanethiols, however this is contrary to the previous findings.

Table 3. 7: DFT calculated nucleophilic centres of PT, DT, DDT, and PDT

Raman reporters Nucleophilic centres Diameters (A)

1-Pentanethiol @ 1.9

1-Decanethiol ’ 2.8

1-Dodecanethiol 9 3.2

1-Pentadecanethiol ’ 3.7
)
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Figure 3.9 shows the molecular geometry of the alkanethiols on the Au surface as well as the
charge density on the surface of AuNPs functionalized with various 1-alkanethiols. The
simulated geometry showed that the longer the chain length, the more bent the geometry.
This however might hinder the charge transfer to the metal. Based on the size of the
nucleophilic centres, an increase in charge density with an increase in chain-length was
expected. Even though an exact trend can’t be deduced from Figure 3.9, it is clear that the 1-
alkanethiols of different chain-length have an effect on the electronic properties of the
metallic surface which is good for SERS effects. Nevertheless, the shorter chain PT seemed
to have a higher charge transfer on the metal signified by the red area in the metal as
compared to other alkanethiols. In particular, the longer chain PDT has weaker charge
transfer to the metal. This is consistent with the experimental findings that suggest that PDT

has a weaker EF.
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Figure 3.9: The calculated molecular geometry on the surface of AuNPs and their effect on the charge density (blue means lower charge density

and red higher charge density)
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The charge transfer to the LUMO of PT or the conduction band of the metal (Au) will be
limited as a result of small nucleophilic centre. PDT should possess high Raman signal
enhancement however it is very clear that the geometry of the ligand does play an important
role. The total SERS EF results from both chemical (charge) and electromagnetic
enhancement mechanisms. Since chemical enhancement mechanism is dominated by the
electromagnetic enhancement mechanism on the total EF, the chemical effects might not
have a significant influence on the total EF. The reason why PDT possesses lowest total EF
might also be due to the fact that it forms well-ordered SAMs on the surface which results in
a large inter-particle distance between the NPs. It is also important to note that smaller inter-
particle distance and slight agglomeration of NPs caused by small chain 1-alkanethiols will
result in strong hot spots that significantly enhance the laser electromagnetic field. The EF is

widely dependent on the enhanced EM field than the charge transfer contribution.

3.5 Conclusion

Stable AuNPs were successfully prepared and further functionalized by PT, DT, DDT and
PDT. The TEM micrographs revealed monodispersed AuNPs with spherical morphologies.
There was no significant agglomeration or morphological change of NPs after
functionalization as was evidenced from TEM micrographs. The UV-Vis showed sharp SPR
bands around 520 nm, which confirmed the presence of stable and spherical AuNPs in the
colloidal solution. The zeta potentials for both 1-alkanethiol functionalized and
unfunctionalized AuNPs were further obtained in order to identify surface charge and the
stability of AuNPs. The strong negative potential confirmed the negatively charged surface
with good stability. SERS experiments showed an improvement in the intensity of all 1-
alkanethiols spectra as compared to the ones obtained from the NR studies. The calculated EF

of Raman scattering was found to decrease with an increase in the chain-length of 1-
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alkanethiols, with PT possessing the highest EF and PDT the lowest. The modelling studies

corroborated the findings of the experimental studies where PT had the highest EF and PDT

the lowest in spite of the free PDT having the largest nucleophilic centre cross-sectional area.

The geometry of the RR on the surface of Au had an influence on charge transfer from the

RR to the metal and this resulted in PT having the highest EF also evident from the simulated

Raman spectra.
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Chapter 4
The effect of chain-length on the SERS of 1-alkanethiols

functionalized on AgNPs

4.1 Introduction

Silver nanoparticles (AgNPs) have shown the highest commercialization level, accounting for
approximately 55% of the noble nano material-based products in 2011 [1-4]. AgNPs have
been utilised in a number of applications including catalysis, biosensors, optical devices,
antimicrobials and surface-enhanced Raman scattering (SERS) [5-9]. Most importantly, the
exploitation of AgNPs in SERS applications (as SERS substrate) has attracted lot of research
owing to their simple synthetic method, tuneable size and shapes, stability and most critically
their strong inter-transition band in the Infrared-visible (Ir-Vis) range of electromagnetic
(EM) spectrum. Characteristically, AgNPs possess a very strong absorption band as a result
of interaction with incident EM radiation that is in resonant with the collective oscillation of
free electrons commonly known as surface plasmon resonance (SPR) on their surface. The
excitation of SPR results in the enhancement of EM field around the surface of nanoparticles
(NPs), which is responsible for the intense Raman scattering that is observed in SERS.
However, various parameters have to be controlled in order to obtain SPR excitations which

include; the size, shape, dielectric properties, and local environment of the nanoparticle.

1-alkanethiols molecules on the other hand were found to alter the optical properties of
AgNPs in the sense that they form self-assembled monolayer (SAMs) on the surface [10, 11].
1-alkanethiol SAMs on AgNPs are of great interest for the creation of new functional
materials due to the formation of dense, tightly bonded and well-ordered systems on the

surface. They can further provide a simple functionality for selective tailoring of surface
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electronic and optical properties which are more critical to many areas of scientific study [12,
13] including SERS applications. Although much focus has been done on synthesis and
characterization of SAM-modified AgNPs, few investigations have been done on how the
chain-lengths of 1-alkanethiols affect the surface chemistry of AgNPs and Raman signal
enhancement. Kennedy et al. have demonstrated the effect of chain-length of 1-alkanethiol on
Raman activity towards the detection of aromatic compounds. The best enhancement factor
(EF) of 2.1 *10° was obtained for shorter chain-length 1-alkanethiol on AgNPs [14]. This was
attributed to the fact that the enhanced electromagnetic (EM) field decrease exponentially
with the distance from the SERS substrate. The chain-length of 1-alkanethiol was also found
to have an effect on the chemical properties of nanoparticle. A study by Cirri et al. showed
that longer chain 1-alkanethiols have a great effect on the chemical and electronic properties
of nanoparticles [15]. An understanding of the effect of the 1-alkanethiol’ chain-length on
SERS could open many research gates in the nanotechnology, and more importantly in the
application of SERS technique. The current project focused on the experimental and
theoretical studies of the effect that the chain-length of 1-alkanethiol (i.e. 1-Pentanethiol, 1-
Decanethiol, 1-Dodecanethiol and 1-Pentadecanethiol) has on surface of AgNPs and Raman

scattering enhancement.

4.2 Experimental
4.2.1 Chemicals
Silver nitrate (AgNO3, 99%), trisodium citrate (CeHsNazO7. 2H-0, 99.9%), Pentanethiol (PT,
98%), Decanethiol (DT, 96%), Dodecanethiol (DDT, 98%), and Pentadecanethiol (PDT,
97%) were all purchased from Sigma Aldrich and used as received. All glassware was

washed with aquaregia solution, and all the solutions were dissolved with distilled water.
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Glycerol [C3Hs5(OH)3] was purchased from Associated chemical enterprises (PTY) LTD,

South Africa.

4.2.2 Instrumentations
All excess impurities from colloidal solutions were removed using a centrifuge and the

characterization techniques used are described in Chapter 3.

4.2.3 Synthesis and functionalization of AgNPs

AgNPs were synthesized using a modified Lee and Meisel method [16]. In a typical
procedure 10 mg of AgNOz was dissolved in 40% glycerol-water solution. The solution was
the heated to a boiling temperature; about 97°C. To a boiling solution 0.3 mL of 3%
trisodium citrate solution was added. The mixture was then stirred vigorously while heating.
A change in color of the mixture from colorless to pale yellow after 5 min was an indication
of the formation of AgNPs. It is also important to note that the volumetric flask from which
AgNPs where synthesized in, was rapped with aluminium foil to avoid the interaction of light
with NPs. The as-synthesized AgNPs were further functionalized with 1-1-alkanethiols of
various  chain-lengths  (1-pentanethiol,  1-decanethiol, 1-dodecanethiol and 1-
pentadecanethiol). The colloidal solutions of AgNPs were centrifuged at 15000 rpm for 15
min in order to concentrate the dispersed particles and to remove access supernatants. The
centrifuged solution was then divided into 3 aliquots of 10 mL. To each aliquot, 200 pL of 10
mM of each 1-alkanethiol was added and the mixtures were stirred for about 3 h at room
temperature. The functionalized solutions were further centrifuged in order to remove the

molecules which didn’t adsorb on the surface of AgNPs.
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4.3 Results and discussion

AgNPs were prepared via citrate reduction of AgNOs in aqueous solution and then
subsequently modified with 1-alkanethiols as described in the previous section. The colloidal
solution turned yellow which was the indication of AgNPs formation. As a result of
functionalization with 1-alkanethiols, the colloidal solution changed color to pale yellow. The
change in color of colloidal solution can be attributed to the agglomeration or a change in
dielectric environment of AgNPs. The SPR absorption peaks of citrate-capped and 1-1-
alkanethiols functionalized AgNPs are shown in Figure 4.1. The absorption spectrum of
citrate-capped AgNPs shows the SPR band at 414 nm, indicating the presence of spherical or
spherical-like AgNPs. The summary of SPR bands for both citrate and 1-alkanethiols
modified AgNPs are shown in Table 4.1. The 1l-alkanethiol SPR bands were found to be
slightly red-shifted to 419, 422, 425 and 424 nm for PT, DT, DDT and PDT-AgNPs from that
of citrate-AgNPs (414 nm). This slight shift of the SPR bands to higher wavelength is

attributed to a change in dielectric environment.
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Figure 4.1: UV-Vis absorption spectra of citrate capped and 1-alkanethiols functionalized

AUNPs.

Table 4.1: Summary of SPR bands of citrate capped and 1-alkanethiols functionalized

AgNPs and their corresponding FWHM values

Sample name

SPR bands (nm)

AgNPs-citrate
AgNPs-PT
AgNPs-DT

AgNPs-DDT

AgNPs PDT

414

419

422

4235

424
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Figure 4.2 depicts the particle size distribution, while Figure 4.3 representing the
corresponding TEM micrographs for citrate capped and 1-alkanethiol functionalized AgNPs.
TEM micrographs show monodispersed AgNPs with spherical-like morphology and the
average diameter of about 25 nm. There was no significant change in the diameters of AgNPs
after the modification with 1-alkanethiols. However, a slight agglomeration and aggregation
of NPs was observed in the functionalized AgNPs, more especially on the PT functionalized
NPs. This effect is attributed to a slow substitution reaction during the replacement of citrate
ions by 1-alkanethiols on the surface of AgNPs. The citrate capped AgNPs in colloidal
solution characteristically possess anions adsorbed to the surface. These negative charges on
the surface influence the repulsive force between the particles and further promote dispersion
in solution. The displacement of citrate ions by alkanethiols was evidenced by the reduced
inter-particle distance between NPs, and also the tendency of particles to clump together or a
slight agglomeration more especially on the shorter chain-length alkanethiol (PT). Such
changes in PT functionalized AgNPs might be due to a tendency of shorter chain length
ligands to form less dense and weakly bonded SAMs on the surface [12]. Nevertheless, these

results corroborate the red-shifting of the absorption spectra.

The zeta potential measurements were necessary for determining the surface potential and
stability of NPs before and after functionalization with 1-alkanethiols. Both the citrate capped
and l-alkanethiol functionalized AgNPs show anionic surfaces as depicted in Table 4.2. In
contrast, PDT functionalized AgNPs showed a cationic surface. The citrate capped AgNPs
possesses a strong negative potential which was found to be -19 mV as compared to those for
PT, DT and PDT which were found to be -0.174, -0.193, -0.657 and 0.351 respectively. This
was due to the negatively charged citrate surrounding the surface of AgNPs. Upon addition of

PT, DT, DDT and PDT, a covalent adsorption of thiolate ions is expected to occur since 1-
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alkanethiols have a strong chemical affinity towards AgNPs’ surface, and most citrate ions
will be displaced from the surface. This explains the less negative values of zeta potential
prior to the addition of 1-alkanethiols. Moreover, a decrease in zeta potential confirms the
loss of stability and the ability of AgNPs to disperse in colloidal solution. In general, AgQNPs
both citrate and 1-alkanethiols modified showed a lack of stability based on the information
from zeta potential measurements. This is because the measured potentials are much more
less than -30 mV which is the minimum potential NPs should possess in order to be stable in
colloidal solution. Figure S4.1-S4.5 indicates the zeta potential distribution for both citrate

capped and 1-alkanethiols functionalized AgNPs.
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Figure 4.2: Particle size distribution of citrate capped and 1-alkanethiols functionalized AgNPs
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Figure 4.3: TEM images of (a) citrate-capped, (b) PT, (c) DT, (d) DDT, (e) PDT

functionalized AgNPs.

Table 4. 2: The values of zeta potentials of citrate capped and 1-alkanethiols functionalized

AgNPs.
Sample name Zeta potential (mV)
Ag-citrate -19.3
Ag PT -0.174
Ag DT -0,193
Ag-DDT -0,657
Ag PDT 0,351
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The SERS spectra (red) of PT, DT, DDT, and PDT together with their normal Raman (NR)
spectra (black) are presented in Figure 4.4. The significant changes in SERS spectra were
observed, with an enhancement of almost all the Raman bands compared to those in the NR
spectra. Moreover, some Raman bands (between 800 and 1000 cm™) which were not
observed in NR spectra were observed in SERS spectra. The most significant feature in SERS
spectra is the absence of a weak band around 2600 cm™ assigned to v(S-H) vibration. The
disappearance of this band in SERS spectra suggests that S-H group was directly involved in
the interaction with the surface of AgNPs. Most interestingly, a new Raman band around 250
cm® was observed in the SERS spectra (&). This band was assigned to v(Ag-S) vibration,
confirming the interaction between the 1-alkanethiols and AgNPs. Strong SERS bands were
also observed around 1550 cm™ (#) and 2900 cm™ (*) assigned respectively to asymmetrical
and symmetrical v(C-H) vibration. Tables 4.3 - 4.6 show the assignment of other Raman

bands which were observed in the NR and SERS spectra.
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Figure 4.4: Raman spectra of 1-alkanethiols (black) and their corresponding SERS spectra

(red).

Table 4. 3: A Summary of the experimental and theoretical bands assignment for PT

adsorbed on AgNPs
3(CH2) v(C-H)
Band assignment n(Ag-S) v(C-S) v(CC) aliph asym v(-S-H) Sym
PT (experimental no peak no peak no peak 1450 2610 2941
Ag-PT (experimental) 250 650, 780,980 no peak 1420 no peak 2900
PT (theoretical) no peak 650,700,780 1050,1250 1470 2550 -
Ag PT (theoretical) 250,300 450,720,850 1150,1350 1510 nopeak 2890

PT =Pentanethiol, Ag = Silver, Aliph = aliphatic, sym = symmetric, asym=asymmetric

Table 4. 4: A Summary of the experimental and theoretical bands assignment for DT

adsorbed on AgNPs

8(CH2) v(C-H)
Band assignment V(Ag-S) v(C-S5) v(CC) aliph asym V(-S-H) Sym
DT (experimental) no peak 700,950 1060,1300 1480 2588 2890
Ag-DT (experimental) 240 720,850) 1000 1450 nopeak 2980
DT (theoretical) Nopeak 750,800 1100,1250 1550 2600 2990
Ag-DT (theoretical) - - - - Nopeak 2800

DT = Decanethiol, Ag =silver, Aliph = aliphatic, sym = symmetric, asym=asymmetric

Table 4. 5: A Summary of the experimental and theoretical bands assignment for DDT

adsorbed on AgNPs

8(CH2) v(C-H)
Band assignment V(AU-S) v(C-5) v(CC) aliph asym V(-S-H) Sym _
DDT(experimental) no peak 748 1050,1250 1490 2620 2980
Ag-DDT (experimental) 240 640,780,920 1010 1450 nopeak 3000
2860,
DDT (theoretical) no peak 750,800 1120 1480 2680 3050
2800,
Ag-DDT (theoretical) - 750 - - no peak 3000

DDT =Dodecanethiol, Ag=Silver, Aliph = aliphatic, sym = symmetric, asym=asymmetric



Table 4. 6: A Summary of the experimental and theoretical bands assignment for PDT

adsorbed on AgNPs
3(CH2) v(C-H)
Band assignment V(AZ-S) v(C-S) v(CC) aliph asym v(-S-H) sym _

PDT (experimental) no peak 740 1230 1450 2620 2880

Ag PDT (experimental) 250 600,850 1100 1450 no peak 2900
PDT (theoretical) no peak 750,800 1150,1250 1480 2500 2900
2900,

Ag-PDT (theoretical) - 750 1150 - no peak 3050

PDT = Pentadecanethiol, Ag = silver, Aliph = aliphatic, sym = symmetric, asym=asymmetric

The relationship between the calculated EF and the chain-length of 1-alkanethiol is presented
in Figure 4.5. The EF for each 1-alkanethiol was calculated using equation 1 in Chapter 3.
The symmetrical v(C-H) vibrational band around 2900 cm™ was used to calculate the EF for
all 1-alkanethiols since it acquired the highest intensity. PT was found to possess the highest
EF as compared to DT, DDT and PDT. In general, the EF decreased with an increased in
chain-length of 1-alkanethiol, however with the exception of DDT. The calculated EFs for all
1-alkanethiols were found to be 3.8*10% 1.6*10%, 2.0*10° and 1.5*10% for PT, DT, DDT and
PDT, respectively. A similar trend of decreasing EF with an increase in chain-length of 1-

alkanethiol was also observed for 1-alkanethiols functionalized AuNPs in Chapter 3.
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Figure 4. 5: Relationship between the enhancement factor and chain-length of 1-alkanethiols.

The DFT calculations were carried out using Material studio (Dmol3 module) in order to
model the theoretical spectra, the chain lengths, the charge densities and nucleophilic centres
of 1-alkanethiols. Figure 4.6 represents the modelled 1-alkanethiols and their chain-lengths;
while Figure 4.7 showing the manner through which the 1-alkanethiols adsorb on the surface
of AgNPs. It was clear from Figure 4.7 that the 1-alkanethiols adsorb on the surface through
thiolate group. These results were expected since there were no other functional groups from
1-alkanethiols which could’ve competed with sulphur atoms towards binding with Ag.
Moreover, the geometry of the alkanethiols on the surface of the AgNPs was different as
compared to AuNPs. The Ag-PT is more bent than the Au-PT whilst the Ag-DT is more

linear compared to Au-DT. This might have an influence on the observed EF trend.
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(a)

(b)

(c)

(d)

Figure 4. 6: The modelled 1-alkanethiols and their chain-lengths (a) 1-PT, (b) 1-DT, (c) 1-

DDT, (d) 1-PDT.

@) (b)

Figure 4.7: Optimized geometries of (a) Ag-PT, (b) Ag-DT, (c) Ag-DDT and (d) Ag-PDT.
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The Raman spectra of modelled 1-alkanethiols both before and after they were adsorbed on
AgNPs are shown in Figure 4.8. The disappearance of v(S-H) vibrational band around 2600
cm™ was observed from all the 1-alkanethiols functionalized AgNPs spectra. The emergence
of a new vibrational peak around 0 - 200 cm™ which is assigned to v(Ag-S) vibrational band
was observed for the Ag-PT spectrum hence confirming the adsorption of PT through sulphur
atoms as shown in Figure 4.8. Ag-DT, Ag-DDT and Ag-PDT showed no evidence of the
new peak however the peak at 3000 cm™ was enhanced as compared to the NR spectra. In

fact, Ag-PDT showed the highest intensity suggesting the highest EF.
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Figure 4.8: DFT calculated Raman spectra of (a) PT, (b) DT, (c) DDT, and (e) PDT together with the insert of the zoomed lower region of the spectra.
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Nonetheless, it was difficult to establish a defined trend between the chain-length and the EF
of the Raman scattering. This undefined trend might be due to the way 1-alkanethiols were
adsorbed on the surface during the modelling process. It is important to adsorb the molecule
on the same site or atom for all calculations, since different sites possess different surface
energy. The way 1-alkanethiols were adsorbed on the surface might’ve played a vital role in
this inconsistency. The calculated nucleophilic centres for each 1-alkanethiols are also shown
in Table 4.7. The increase in the length of the nucleophilic centres with an increase in the
chain-length was observed, suggesting that the PDT will bind strongly to the metal surface

and therefore would likely have the highest EF.

Table 4. 7: DFT calculated nucleophilic centres of PT, DT, DDT, and PDT

Raman reporters Nucleophilic centres Diameters (A)

1-Pentanethiol @ 1.9

1-Decanethiol ’ 2.8

1-Dodecanethiol 9 3.2

1-Pentadecanethiol ’ 3.7
)
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These observations were consistent with an increase in the charge density on the metallic
surface (Figure 4.9) as a result of strong charge transfer by longer 1-alkanethiols. Unlike the
shorter chain 1-alkanethiols, PDT will have a significant effect on the chemical properties of
AgNP, which will further promote a charge transfer from its HOMO to the LUMO or to the
conduction band of the metal. These effects are expected to influence the Raman signal in
some ways. Therefore, by only considering a chemical enhancement mechanism, PDT should
then possess a strong Raman signal enhancement. However, this was not the case in the
calculation performed in the experimental session. These results were found to oppose the
trend of SERS EF. This might be due to the fact that the calculated EF in the experimental
session included both the chemical and electromagnetic effects. It is also important to note
that the DFT calculation doesn’t include the effect of hot spots caused by a slight
agglomeration of nanoparticles which are functionalized with shorter chain 1-alkanethiols. In
DFT, only one cluster is used as a substrate, which is why there won’t be any hot spots
creation. More understanding on the effects of 1-alkanethiols on electronic and chemical
properties of nanoparticles can open more gates in understanding SERS effects, more

especially in the chemical point of view.

4.4 Conclusion

AgNPs were successfully prepared and further functionalized by PT, DT, DDT and PDT. The
spherical-like AgNPs ware obtained as was evidenced from TEM micrographs. There was no
significant agglomeration or morphological change of NPs upon functionalization as was also
evidenced from TEM micrographs. The UV-Vis showed sharp SPR bands around 420 nm,
which confirmed the presence of stable and spherical AgNPs in the colloidal solution. The
surface charge of AgNPs, both functionalized and unfunctionalized was found to be negative.

SERS experiments showed an improvement in the intensity of all 1-alkanethiols spectra as
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compared to the ones obtained from the NR studies. The calculated EF of Raman scattering
was found to decrease with an increase in the chain-length of 1-alkanethiols, with PT
possessing the highest EF and PDT the lowest. The modelling studies suggested that the Ag-
PDT will have the highest contribution to EF from chemical effects due to the large
nucleophilic centre, highest charge density transfer to the metal as well as highest intensity of
the 3000 cm peak in the simulated SERS spectrum. However it must be reiterated that EF is

affected by both chemical effects and electromagnetic effects.
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Chapter 5

General Conclusions and Recommendations

5.1 Conclusions

5.1.1 Synthesis and functionalization of Au and Ag nanoparticles

Au and Ag nanoparticles with a spherical morphology were successfully synthesized by
chemical reduction method. The resulting nanoparticles were further functionalized with 1-
alkanethiols of various chain-lengths. Various spectroscopic and microscopic techniques
were used to determine their optical and chemical properties. The SPR bands for both Au and
Ag nanoparticles showed a slight red shift prior to functionalization with 1-alkanethiol as a
result of change in dielectric environment. The measured zeta potentials confirm well
dispersed nanoparticles with a medium to good stability. The surface charge of all

nanoparticles was found to be negative as indicated by negative values of zeta potentials.

5.1.2 The dependence of Raman scattering cross-section on the chain-length of 1-
alkanethiols

The effect of chain-length of 1-alkanethiols functionalized on the surface of Au and Ag

nanoparticle on Raman activity was successfully investigated. The calculated EFs were found

to be higher for shorter chain-length 1-alkanethiols as compared to 1-alkanethiols with long

chain-length. This trend was clearly observed in all cases where Au and Ag nanoparticles

were separately used as SERS substrate.

5.1.3 Modelling of SERS
The DFT calculations were successfully performed for the determination of the effect of 1-
alkanethiols on electronic properties of SERS substrate and SERS EF. The calculated

nucleophilic centre cross-sections were found to increase with an increase in the chain-length
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of alkanethiol, resulting in an increase of charge density on the surface of SERS substrate.
The calculated Raman spectra confirmed the adsorption of alkanethiols through sulphur
atoms as was also observed on the experimental studies. The longer chain alkanethiols were
found to contribute more to the SERS EF (SERS signals) through chemical effect as

compared to the shorter chain alkanethiols.

5.2 Recommendations and future work

The study on the effect of concentration of each 1-alkanethiol is highly recommended for
concentration optimization and determination of the limit of detection. More theoretical
studies on the effect of 1-alkanethiols on the surface chemistry of metallic nanoparticles will
be more significant in understanding their influence on Raman signal enhancement; more
significantly on the CE mechanism. Careful attention on modelling the nanoparticles is
probably required so that the molecules can be absorbed on the same active site. In fact an
investigation on which site could yield the highest EF could also be done. The EME
mechanism can also be investigated in order to determine if indeed high EF values can be
obtained and whether these are independent of the chemical properties such as the chain-

length of the RRs.
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Appendix

Supplementary information
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Figure S3. 1: Zeta potentials of AuNPs stabilized by tri-sodium citrate.
Zeta Potential Distribution

250000

200000 I
£ 150000
8 |
5
< 100000
" oo [

50000 j \
0 t t
-100 0 100 200
Apparent Zeta Potential (mV)

Figure S3. 2: Zeta potentials of AuNPs stabilized by PT.

90




Zeta Potential Distribution
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Figure S3. 3: Zeta potentials of AuNPs stabilized by DT.
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Figure S3. 4: Zeta potentials of AuNPs stabilized by DDT.
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Figure S3. 5: Zeta potentials of AuNPs stabilized by PDT.
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Zeta Potential Distribution
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Figure S4. 1: Zeta potentials of AgNPs stabilized by tri-sodium citrate.
Zeta Potential Distribution
2000000
1500000
2
c
3
§ 1000000
S
=]
o
500000
: J1\
-100 0 100 200
Apparent Zeta Potential (mV)
Figure S4. 2: Zeta potentials of AgNPs stabilized by PT.
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Figure S4. 3: Zeta potentials of AgNPs stabilized by DT.
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Figure S4. 4: Zeta potentials of AgNPs stabilized by DDT.
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Figure S4. 5: Zeta potentials of AgNPs stabilized by PDT.
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