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Abstract

The detection of target analytes with high specificity and sensitivity within fluids
or on substrates is essential in many analytical applications. Surface-enhanced
Raman spectroscopy (SERS) is a variation on vibrational Raman spectroscopy which
uses plasmonic nanostructures or nanoparticles to amplify the Raman signal of
various molecules via the formation of surface plasmons; concentrated areas of surface
plasmons are known as ‘hot spots,’ often influenced by the morphology of the chosen
nanostructure. SERS can be attractive because it can provide greatly improved
sensitivity and selective identification of an analyte in a mixture without separation,
despite having different selection rules to normal Raman scattering. A variation of
this technique, the slippery liquid-infused porous substrate (SLIPS) method, has
also been shown to increase SERS signal enhancement considerably, allowing the
detection of certain compounds at even lower initial concentrations. SLIPS-SERS
involves the use of a Teflon-based microporous filter coated with a polyfluorinated
oil to dry a drop of nanoparticles to a single condensed spot, which increases the
likelihood of hotspot interactions with analytes. Despite increasing the overall
sensitivity of SERS, some analytes still pose a challenge in SLIPS-SERS. One way to
overcome this is modifying the surfaces of chosen nanoparticles, in the case of this
research, this is done with a thin outer layer of SiO2 or TiO2 (ideally less than 5 nm
thick). This is known as Shell-isolated Nanoparticle Enhanced Raman Spectroscopy
(SHINERS), which can increase sensitivity by another order of magnitude than normal
SERS, decreases particle agglomeration and the oxidation of the plasmonic core. In
this research, we combine known SERS techniques: SLIPS-SERS, SHINERS and
utilizing various nanoparticle shapes to greatly increase the sensitivity and detection
of organophosphorus compounds.
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1. Introduction

1.1 Organophosphorus compounds in the environ-
ment

Organophosphorus compounds (also known as phosphate esters), have a general for-
mula of O=P(OR)3, and find themselves in use as an additive to flame retardants,[1–3]

and as nerve agents.[4] As flame retardants, they have found more common usage since
the ban on brominated flame retardants (BFRs) in the USA and New Zealand in 2004,
and in the EU in 2006. As a result, organophosphate flame retardants (OPFRs) have
been found in waster water or housing materials around the world,[5] such as China,[6]

the USA,[7] and New Zealand.[8] In addition, organophosphorus compounds have found
widespread use in the agricultural industry as they are effective at pest control. In
New Zealand, several pests have even developed resistance towards organophosphorus
pesticides, such as several species of blowfly[9–11] A good case study in New Zealand,
is the Lightbrown apple moth, Epiphyas postivittana, populations in orchards in
the country during the 1960s through to the late 1980s had developed resistance to
organophosphate and carbamate insecticides.[12–15] The pest problem of this moth
was only solved by discontinuing the use of organophosphorus insecticides in the
orchards, biological control[15] and introducing existing native natural enemies into
the orchards;[16, 17] today the moth is controlled successfully by the use of Integrated
Pest Management (IPM). The importance of detecting these compounds is therefore
obvious: due to their widespread use, it is important to monitor their environmental
levels because of their effect on local ecologies, such as effects on bee populations,[18–20],
and the potential human health impacts.[21–23] However, methods that are used quite
often such as GC-MS, LC-MS and HPLC are time consuming.[24–30] Other methods,
such as ultrasensitive biosensors[31, 32], enzymatic electrochemical biosensors,[24, 33],
and fluorescence sensors[34] are otherwise high cost and/or immobile. Thus the need to
develop low-cost, portable (for potential use in the field or onsite location-by-location
data collection), ultra-sensitive, rapid methods for the detection of organophosphorus
compounds provides the motivation for this research thesis. However, SERS methods
are not necessarily applicable to every organophosphorus compound. This is because
SERS sensitivity is affected by factors such as: the power of the incident laser beam,
the kind of nanoparticle, the homogeneity of the nanoparticle, the chosen analyte
and its binding affinity, and the concentration of the nanoparticle, and the concen-
tration of the analyte. Surface binding, in particular, is dependent on the features
of the nanoparticle and the analyte’s affinity for the nanoparticle substrate. What
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2 1. Introduction

is expected is that the surface chemistry of the nanoparticle plays a key role in the
binding of the substrate and that the nanoparticle resonance is just as important.
Therefore, the main goal of this research is to develop and optimise a SERS system
for the detection of selected organophosphorus compounds (in Sec.1.6).

1.2 General overview of Raman Spectroscopy and
Surface Enhanced Raman Spectroscopy (SERS)

Vibrational spectroscopies, mainly Infrared (IR) and Raman spectroscopies are de-
pendent on infrared absorption and Raman scattering, respectively. These techniques
are used to provide information on chemical structure and physical forms, based
on so-called “fingerprints” in their recorded spectra. In addition, this information
can be used to semi-quantitatively or quantitatively determine the amount of a
certain substance in a sample – whether they are in solid, liquid, or gaseous form.
A given sample to be analysed can vary in temperature, exist in bulk, crystalline,
as microscopic particles or as surface layers. Both Raman and mid-IR spectroscopy
are complementary techniques and usually, both are required to completely measure
the vibrational modes of a molecule. Although some vibrations may be active in
both Raman and IR. In general, Raman spectroscopy is best at the detection of
symmetric vibrations of non-polar groups while IR spectroscopy is best at the detec-
tion of asymmetric vibrations of polar groups. Raman spectroscopy utilises a single
wavelength of radiation to irradiate the sample, which is then scattered from the
molecule, one vibrational unit of energy different from the incident beam. This event
occurs roughly one in every million photons. Of the large body of work surrounding
Raman spectroscopy, Surface-Enhanced Raman Spectroscopy (SERS) now makes up
a large portion of the literature.

1.2.1 Raman spectroscopy
Unlike IR spectroscopy, the Raman scattering process utilises a single wavelength
of incident radiation, which is then scattered off the sample. The Raman is by all
accounts, an inelastic scattering process. This scattering process results in a distortion
(polarization) of the cloud of electrons around the nuclei of a molecule, causing it
to form a virtual state, which is short-lived, and the photon is re-radiated. In this
thesis, the Fergie (IsoPlane 81) detector detects these re-radiated photons via its
fast-response time Charge Coupled Device (CCD) detector, where each wavelength
detected is captured in an ’image’ of 1024 x 256 pixels (much like a digital camera the
spectra can be considered to be made of ’pixels’). These pixels, or 1024 wavenumbers
per spectra, make up the observed spectra, which is collected over a certain amount of
exposure time (multiple exposures are common to detect SERS events). In cases where
nuclear motion is induced, energy can either be transferred from the incident photon
or from the molecule to the scattered photon - this is regarded as inelastic scattering.
Inelastic scattering of radiation in this manner is known as Raman scattering, which
is an inherently weak process (occurring in about one in every 106 to 108 photon that
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is scattered. In a Raman scattering process, the incident photon (Ei = Elaser) and
momentum (pi = plaser) scatters to produce Es (energy of scattered photon) and ps

(momentum of scattered photon). We get Eqn. 1.1:

Es = Ei ± Eq and ps = pi ± q (1.1)
Where Eq and q are the energy and momentum changes during a scattering event.

Two key vibrations in Raman spectroscopy are normal modes and phonons. The
normal modes are vibrations within a system (such as an extended solid material
or a molecule), where the atoms are vibrating at the same frequency and phase of
the incident beam. Phonons are a subset of the normal modes; as they are normal
modes which involve the displacement of atoms within unit cells over a crystalline
solid. Normal modes are key to understanding the Raman spectra, as each normal
mode within a molecule occurs due to the electrons following the incoming electric
field, changing the polarizability of the molecule, and the displacement of these
electrons is what drives the vibration. In comparison, in an IR vibration, instead
of the polarizability of the molecule changing, the electron cloud shifts and forms
a dipole, resulting in the observed IR vibrational modes. In non-linear molecules,
their degrees of freedom have a 3N − 6 dependence, whereas a linear molecule has a
3N − 5 degrees of freedom dependence.

To simplify matters, when in the presence of no external field, the molecular
energy has no dependence on its orientation in space. Thus its potential energy is
made up only of its vibration degrees of freedom. This potential energy difference (in
a harmonic oscillator) is given by:

∆V = V (q1, q2, q3, ..., qn)− V (0, 0, 0, ..., 0)

= 1
2

Nvib∑
i=1

Nvib∑
j=1

(
δ2V

δqiδqj

)
qiqj

= 1
2

Nvib∑
i=1

Nvib∑
j=1

fijqiqj

(1.2)

Where q represents the equilibrium displacement; and Nvib is the number of
vibrational degrees of freedom. For simplicity, the anharmonic terms are ignored in
this equation. Classical mechanics determines that the cross terms can be eliminated
from Eq.(1.2), matrix algebra then reveals a new set of coordinates Qj is revealed:

∆V = 1
2

Nvib∑
j=1

FjQ
2
j (1.3)

This new equation shows no cross terms (so the energy does not get transferred
to other modes), however, these coordinates, Q, are normal modes (or normal
coordinates). With Eq.(1.3), we can then get the Hamiltonian operator for the
vibrations:
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Figure 1.1: A Jablonski Diagram that shows the electronic (bold lines between
the curve) and rotational/vibrational (thin lines between the curve) energy
levels of a molecule. Potential transitions between states are shown by arrows,
where dotted lines are for radiative (dipole-allowed) transitions and the solid
lines are for non-radiative transitions.

Ĥvib = −
Nvib∑
j=1

ℏ2

2µi

d2

dQ2
j

+ 1
2

Nvib∑
j=1

FjQ
2
j (1.4)

The total wavefunction is a product of the individual wavefunctions and the
energy is the sum of independent energies. This leads to:

Ĥvib =
Nvib∑
j=1

=
Nvib∑
j=1

−ℏ2

2µj

d2

dQ2
i

+ 1
2

Nvib∑
j=1

FjQ
2
j

 (1.5)

The total vibrational energy of a molecule is therefore given by the sum of all of
the vibrational modes within a molecule:
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Evib =
Nvib∑
j=1

hvj

(
υj + 1

2

)
(1.6)

Where vj = 0, 1, 2, ...etc.. Nvib, therefore, is the number of harmonic oscillations
occurring that correspond to the number of vibrational modes present in the molecule.
At the ground vibrational state (m), the energy of the molecule is (1/2)hvj, this is
often referred to as the zero point energy. Vibrational transitions, as seen in Fig.(1.1),
are induced when it absorbs a quanta of energy according to E = hv, where the first
excited state (vj = 1), is separated from the ground state by Evib = (3/2)hv, and
the next (vj = 2) is (5/2)hv and so on. Whilst the harmonic approximation can
be sufficient, a better approximation is the Morse potential (see Fig.(1.1)), which
takes into the anharmonicity where the energy levels become closer together at higher
energies, and bond dissociation at very high vibrational energies. There are two types
of Raman scattering, dependent on the initial state of the molecule. In general, an
anti-Stokes process is one in which a photon scattering off a molecule has higher
energy than the incident photon, thereby leaving the molecule in a lower vibrational
energy state (Fig.(1.2a), n → m). Conversely, a Raman Stokes process is one in
which the Raman scattering process results in a molecule going to a higher energy
state than it started with, and the scattered photon having less energy than the
incident photon (Fig.(1.2a), m→ n). Therefore, experiments that are done at room
temperature, will result in the majority of Raman scattering to be Stokes Raman
scattering. The ratio of Stokes and anti-Stokes scattering present can be calculated
from the Boltzmann equation (Eqn. 1.7):

Nn

Nm

= gn

gm

exp

[
−(En − Em)

kT

]
(1.7)

Nn is the number of molecules at the excited vibrational energy level (n)
Nm is the number of molecules at the ground vibrational energy level (m)
g is the degeneracy in of m and n.
En − Em is the difference in energy between the vibrational energy levels
k is the Boltzmann constant

For a given molecule, it consists of a series of electronic states that contain both
vibrational and rotational states. In Fig. 1.2b where the y-axis represents energy,
x-axis represents internuclear distance, the curved line represents a single vibration,
where v = 0 is the ground state, and v = 1 is the first excited state, and so on. The
curved line represents an energy electronic state that shows that at large internuclear
separation atoms are essentially free. However, as the internuclear distance decreases,
they are then attracted to each other to form a bond, but if the atoms approach too
closely, they repel each other (shown by the steep rise in energy). The bond length is
therefore represented by the lowest point in the curved line. Within the curve, the
tie lines represent a quantized vibrational state, also referred to as a vibronic state of
a specific electronic state. As this line represents a single vibration, one quantum
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(a) (b)

Figure 1.2: (a) Diagram of Rayleigh and Raman scattering processes. (b) A
typical Morse curve for an electronic state showing the fundamental tone levels
for a single vibration and as horizontal tie lines which represent vibronic states.

of absorbed energy can cause the molecule to vibrate, for example: v = 0→ v = 1.
The anharmonic shape of the Morse curve means that it is somewhat complex to
calculate the energy of vibronic levels (which becomes important in computational
calculations of Raman spectra), so it is replaced with a parabolic curve (harmonic)
that considers the molecule as a mass attached to a spring, giving Hooke’s law,
showing the relationship between frequency, mass, vibration and the bond strength:

ṽ = 1
2πc

√
K

µ
(1.8)

where c is the velocity of light, K is the force constant of the bond between atom
A and atom B, µ is the reduced mass of atoms A and B of masses MA and MB:

µ = MAMB

MA +MB

(1.9)

The simplified nature of Hooke’s Law means that it is much easier to understand
the approximate order of energies of specific vibrations - lighter atoms and stronger
bonds mean higher frequencies. For example, C-H vibrations lie around 3000 cm-1 for
aliphatic and aromatic systems, whereas C-I vibrations lie at around 500 cm-1 and the
-C=C- stretch will be in higher energy than the -C-C- stretch. However - the harmonic
approximation means that the overtones of a molecule will be equally spaced, but in a
real system (which is closer to an anharmonic system) the energy separation between
levels will decrease as shown in Fig. 1.2b. The change in polarizability (α) where one
quantum unit change is possible (∆ω = ±1) plays an important role in determining
the observed Raman signals - this is the basic selection rule of Raman scattering. If
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a vibration has the same symmetry species as the translational vectors, it will be
IR active; while if it is the same as the quadratic functions, it will be Raman active.
∆ω = ±1 applies to both Raman scattering and IR absorption.

Figure 1.3: Representation of how bond stretching in CS2 (S=C=S) changes
with the polarizability α of the molecule, where q is the momentum change of
the scattering event. When the sulfur atoms (yellow) are further apart from
the carbon atom (grey), it will be easier for the electric field to move the
electron clouds (the opposite being true when the sulfur atoms are closer to
the carbon atom), and thus polarize the molecule. Polarizability, therefore, is
an oscillatory behaviour that occurs with the molecular vibration.

Classically, Raman scattering can be described as an electromagnetic wave that
fluctuates with time. The electric field strength (E) of this event is given in the
equation below:

E = E0 cos 2πv0t (1.10)
Where E0 is the amplitude of the electric field, and v0 is the frequency of the

laser. An electric dipole moment (P ) is induced when a diatomic molecule is exposed
to the incident laser, giving:

p = αElocal = αE0 cos 2πv0t (1.11)
In Eqn. (1.11) α is a proportionality constant called polarizability. When a

molecule vibrates with a frequency vm, atoms are displaced (for example in Fig. 1.3),
and the nuclear displacement of this vibration is given by q:

q = q0 cos 2πvmt (1.12)
Where q0 is the vibrational amplitude. In smaller amplitudes, α is a linear function

of q, which means it becomes:
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α = α0 +
(
δα

δq

)
0
q0 + ... (1.13)

In Eqn. (1.13), α0 is the polarizability at the equilibrium position, and (δα/δq)0
is the rate of change of α with respect to the change in nuclear displacement, q at
the equilibrium position. As polarization α is an atomic property, and the dielectric
constant ϵ of a material is dependent on arrangement of atoms, Equations (1.11),
(1.12), and (1.13) can be combined to give the full classical description of the electric
dipole moment:

P = αE0 cos 2πv0t

= αE0 cos 2πv0t+
(
δα

δq

)
0
αE0 cos 2πv0t

= αE0 cos 2πv0t+
(
δα

δq

)
0
αE0 cos 2πv0t cos 2πvmt

= αE0 cos 2πv0t+ 1
2

(
δα

δq

)
0
E0[cos 2π(v0 + vm)t+ cos 2π(v0 − vm)t]

(1.14)

From Eq. 1.14 we can see that light will be scattered elastically and inelastically.
Rayleigh scattering, a type of elastic scattering of light occurs at frequency v0, shown
by the first term. The second term however shows that light can be scattered
inelastically (Raman scattering). The Raman scattering process is given by the
frequency v0 + vm (Stokes scattering) and v0 − vm (anti-Stokes scattering), this is
represented graphically in Fig. (1.2a). If (δα/δq)0 is zero, the vibration is not Raman
active. Stokes and anti-Stokes processes are very important in the Raman scattering
process - where an incident photon decreases or increases its energy by creating
(Stokes) or destroying (anti-Stokes) a phonon excitation in the sample. This is shown
simply in Eqn. (1.1) and inside the parenthesis in Eqn. (1.14) by the plus-minus
signs, which applies when the energy has been transferred to the medium excited
by the Raman signal. The probability of the Stokes and anti-Stokes processes from
happening can be found based on the energy of the incident photon Ei, scattered
photon energy Es and the temperature. This probability is given by the Bose-Einstein
distribution function:

n = 1
exp(Eq/kBT )− 1 (1.15)

where:
n is the average number of phonons
Eq is phonon energy
kB is the Boltzmann constant
T is the temperature.

The probability of the Stokes and anti-Stokes processes is different because of the



1. Introduction 9

way the phonons are affected. In the Stokes process, phonons go from n phonons to
n+ 1 phonons, whilst the anti-Stokes process results in the opposite. The intensity
ratio of these processes is given by:

IS

IaS

∝ n+ 1
n

= exp(Eq/kBT ) (1.16)

Where IS and IaS are the intensity of the Raman Stokes and anti-Stokes peaks.

1.2.2 The Quantum Description
In the previous section, it was established that Raman scattering processes are
practically instantaneous, so a virtual state is created to conceptualise the process
whereby Raman scattering occurs. However, in Resonance Raman scattering, where
the incident laser wavelength corresponds to an electronic transition in say, a target
molecule, an actual state exists - an electronic or a vibronic state, given by |r⟩. The
key to understanding the underlying quantum theory behind Raman spectroscopy as
a whole relies on understanding the quantum description of polarizability and Raman
resonance. Previously, polarizability was described classically in Eqn. (1.11) also with
CS2 in Fig. 1.3 as an example. In a Raman transition between states i, |i⟩ (initial
state), and f, |f⟩ (final state), the intensity of the scattered light perpendicular to
the incident beam is given by the equation:

Ifi(π/2) = π2

ε2
0

(v̄0 ± v̄fi)4I0
∑
ρ,σ

[αρσ]fi[αρσ]∗fi (1.17)

For a transition between two states i, |i⟩ (initial state), and f, |f⟩ (final state),
in a scattering system, the polarizability tensor for the transition is given by the
equation:[35]

[αρσ]fi = 1
hc

∑
r

[
[µρ]fr[µσ]ri

ṽri − ṽ0 + iΓr

+ [µσ]fr[µρ]ri

ṽrf + ṽ0 − iΓr

]
(1.18)

Where, [µρ]fr is the ρth component of the transition dipole moment that is related
to the |f⟩ ← |r⟩ (|r⟩ being an intermediate state).

[αρσ]gn,gm = 1
hc

∑
ev

(
⟨n|[µρ]ge|v⟩⟨v|[µσ]eg|m⟩
ṽev,gm − ṽ0 + iΓev

+ ⟨n|[µσ]ge|v⟩⟨v|[µρ]eg|m⟩
ṽev,gn − ṽ0 + iΓev

)
(1.19)

The temperature also affects the Raman polarizability, as the vibrational modes
are quanta of a harmonic oscillator, and are therefore bosons that follow Bose-Einstein
statistics. The Bose factor, nB

k (T ), for the vibrations over all possible states for a
given molecule at thermal equilibrium at temperature T is implicitly an average. This
is given by the equation:

nB
k (T ) = [exp( ℏωk

kBT
)− 1] (1.20)
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Where ωk is the frequency of a given normal mode.

1.2.3 Resonant states
Excitation of states in a given system under resonance conditions gives rise to some
simplifications with respect to Eqn. (1.19), because as ṽ0 (the laser/incident beam
frequency) approaches a given transition wavenumber ṽev.gm the resulting excited
state will dominate over the others. Any non-resonant transitions can be ignored at
the point of resonance in the transition polarizability equation, and the polarizability
can be expressed as the sum of four terms:

[αρσ]gn,gm = A+B + C +D (1.21)
For the purpose of this thesis, only the A and B terms from Eqn. (1.21) are of any
note, because the C and D terms relate to very rare events that do not need to be
considered.

A = 1
hc

[µρ]0ge[µσ]0eg

∑
v

⟨ng|ve⟩⟨ve|mg⟩
ṽev,gm − ṽ0 + iΓev

(1.22)

The A-term in Eqn. (1.22) represents the resonance Raman effect occurring in only
totally symmetric modes, such as in a pi-pi* transition in say, a cyanine dye like
Rhodamine-6G.

B = 1
h2c2

∑
s ̸=e

[µρ]0gs[µσ]0eg

hk
se

∆ṽse

∑
v

⟨ng|Qk|ve⟩⟨ve|mg⟩
ṽev,gm − ṽ0 + iΓev

+ 1
h2c2

∑
s ̸=e

[µρ]0ge[µσ]0sg

hk
es

∆ṽgs

∑
v

⟨ng|ve⟩⟨ve|Qk|mg⟩
ṽeg,gm − ṽ0 + iΓev

(1.23)

The B-term, in Eqn.(1.23), represents the coupling of modes, both symmetric and
non-symmetric modes are represented in this equation. As the Raman effect is
instantaneous, this coupling of modes is can be considered a superposition of the new
state and the ground state. The C and D terms in Eqn. (1.21) are rare events that
are not relevant to this thesis.

1.2.4 Surface Plasmons
The precise description of plasmons in literature can be confusing because over the
years the experiments involving the exact nature of the plasmonic effect have changed.
The original definition of the term comes from Pines’ review article from 1956:[36]

“The valence electron collective oscillations resemble closely the electronic
plasma oscillations observed in gaseous discharges. We introduce the term
‘plasmon’ to describe the quantum of elementary excitation associated
with this high-frequency collective motion.„
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From this, it can be gathered that plasmons are a type of quantum quasi-particle
that represent the elementary excitations, or modes, of the oscillations present in
the charge density in a plasma. In many ways, this is analogous to how photons
are quantum particles that represent the excitations, modes or oscillations present
in electromagnetic fields. In metals such as gold, silver, aluminium, or iron, the
plasmonic effect is prominent. The free electrons in these metals move about in what
can be considered a plasma or either a free-electron plasma or a solid-state plasma[37].
An important concept for understanding plasmons are longitudinal and transverse
modes; modes are generally described by their frequency, ω, and their wave vector,
k. These are linked by the dispersion relation, ω(k). As electric fields, E, are an
oscillating quantity as a vector, isotropic and homogenous media can be distinguished:
if E and k are parallel E || k = 0 everywhere, then it is a longitudinal mode/wave,
whereas if E and k are perpendicular E ⊥ k = 0, the mode or wave is transverse,
as in 1.4.

Figure 1.4: Diagram showing the difference between longitudinal and transverse
waves. Reused under CC-BY-2[38]

The polarizability vector of a given molecule is given by the equation:

P⃗ = Np⃗ = Nα̂(ω)E⃗(ω) (1.24)
The Lorentz model describes the optical response of an electron in an atom or

molecule, bound with a restoring force characterised by a resonant frequency given
by ω0. But because the electrons in a metal are not bound, they can be described
without the restoring force, so ω ≈ 0. In reality, the linear optical polarizability is
determined by and linked to the fundamental electronic structure of the molecule
interacting with the incident beam. In metals, In addition, because the electrons in a
metal are uniform and distributed randomly, the optical susceptibility is simply the
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sum of the polarizabilities.

ϵ(ω) = 1− ne2

mϵ0

1
ω2 + iγ0ω

(1.25)

In Eqn. (1.25), where n (m−3) is the number of free electrons per unit volume
and m (kg) their [effective] mass. The damping term, γ0 (rad s−1), corresponds to
the collision rate of free electrons with the crystal or impurities present in the system.
Positive ions present represent a background real dielectric function, given by ε∞ ≥ 1,
which affects the optical response of the crystal, so it must be incorporated into the
dielectric function of the Drude model:

ϵ(ω) = ε∞

(
1−

ω2
p

ω2 + iγ0ω

)
(1.26)

where ωp (rad s−1) is:

ωp =
√

ne2

mϵ0ϵ∞
(1.27)

Without any external perturbation, ωp is defined as the natural oscillation fre-
quency of the solid-state plasma charge density, giving it the name of the plasma
frequency. The corresponding wavelength of this plasma frequency is given by
λp = 2πc/ωp. Separating the real and imaginary parts of Eqn. (1.26), we get:

Re(ϵ(ω)) = ϵ∞

(
1−

ω2
p

ω2 + γ0ω

)
(1.28)

and the imaginary part:

Im(ϵ(ω)) =
ϵ∞ω

2
pγ0

ω(ω2 + γ2
0) (1.29)

For a metal described by the Drude model, the plasma frequency can be obtained
from the real part in Eqn. (1.28), Re(ϵ(ω)) ≈ 0. This is because γ0 is much smaller
compared to ω. In the model described in the equations above, for situations were
ω < ωp, the real part becomes Re(ϵ(ω)) < 0. In plasmonic materials, there exist
phenomena called localized surface plasmon–polaritons (LSPs). The modes of these
resonances are expressed with discrete values of ω. Ignoring the dampening term in
the Drude model from Eqn. (1.26), we get:

ϵ(ω) = ϵ∞(1−
ω2

p

ω2 ) (1.30)

In plasmons, there are two main modes:

• The first modes are bulk plasmon-polaritons these are transverse modes and can
be considered light or photons within a system, these change their properties
based on their interaction with the metal and its electrons. These modes occur
because of an interaction of the photons with a single electron excitation, not
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from collective excitations within the plasmonic material. This is given by the
equation:

ω2 = ω2
p + c2

ε∞k2 (1.31)

• The second modes are bulk plasmons, these are longitudinal modes that corre-
spond to oscillations in the internal charge density and a corresponding electric
wave (not a magnetic wave). These modes do not couple to photons, making
it not very relevant to SERS and a majority of plasmonic effects. The bulk
plasmon frequency is determined by ε(ω) = 0, which reduces to ω = ωp, how-
ever, this frequency may be different from the plasma frequency ωp because of
inter-band transitions, this is the case for gold and silver.

1.2.5 Surface Enhanced Raman Spectroscopy (SERS)
SERS uses the plasmonic properties of materials and the structure of nanoparticles to
enhance Raman signals of a selection of molecules. Different nanoparticle morphologies
can enhance the Raman signal in different ways. Many different kinds of morphologies
have been explored, from nanodimers,[39, 40] nanorods,[41–43] nanocubes,[44–47] nano-
triangles or prisms,[48–52] pyramids or bipyramids,[53] nanostars or nanoflowers,[54, 55]

nanocages,[56–58] and nanopores. In addition, the SERS effect has been found to
occur in other techniques such as the use of plasmonic films, hybrid nanomaterials,
high pressure, photo-induced Raman spectroscopy and shell-isolated Raman spec-
troscopy. SERS, therefore, offers exciting potential to enhance Raman signals that
would otherwise go unnoticed in normal Raman spectroscopies. Typically, "good"
SERS substrates are made of a plasmonic material such as gold or silver (or, more
rarely, aluminium due to its difficult chemistry [59–62]) that support strong plasmonic
resonances in the 400 nm to 1000 nm range. Highly localised plasmon resonances (or,
hot spots) can form on the surface of the plasmonic material. The three main classes
of SERS substrates are metallic particles, ’planar’ metallic structures and metallic
electrodes. SERS enhancement can be affected by several factors, five of these are
identified by Le Ru et. al., these are listed as:[63]

• Laser excitation characteristics; such as wavelength, polarization, and angle of
incidence, etc.

• Detection setup; such as scattering configuration, solid angle for collection,
polarized and/or unpolarized detection

• Selected SERS substrate; key characteristics such as material (such as silver,
gold, etc.), orientation of the nanoparticle with respect to the incident beam
direction, polarization and angle, and the refractive index of the environment
(for example, is it in aqueous solution, another solvent environment or in air?)

• Intrinsic properties of the analyte; of note are the Raman polarizability tensors
of the modes (or their intrinsic Raman cross-section)
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• Analyte adsorption properties; important to note are properties such as adsorp-
tion efficiency and analyte concentration (surface coverage), distance from the
surface and the orientation of adsorbed properties (fixed or randomly oriented).

As a general rule, most molecules exhibit a SERS spectrum can share modes
that are present in their Raman spectra at the same excitation wavelength, with
predictable peaks such as C-H vibrations at around 2600-3100 cm−1 however, factors
such as the selected plasmonic substrate, the morphology of the substrate surface,
and the concentration of the molecules with respect to the plasmonic substrate can
all have an effect on the observed SERS spectrum.

1.2.6 SERS selection rules
As mentioned in Sec.(1.2.5), surface selection rules play a large role in what is seen
in the observed SERS spectra, these are thoroughly discussed by Le Ru et. al.;[63, 64]

a molecule might change it’s signature vibrational modes, in essence, it’s ’identity’
when it adsorbs onto the plasmonic surface and forms a surface complex. This could
result in small shifts (or more) and/or broadening of modes observed in the Raman
spectra. In some cases, modes observed in Raman spectra will completely disappear
or lose much intensity under SERS conditions, while other modes might get enhanced
that would normally not appear at all. As a result of the plasmonic resonance of the
nanoparticle substrate used, SERS signals can differ in their polarization properties
compared to those found in a Raman spectrum. Sometimes, broad backgrounds occur
in SERS spectra and are usually caused due to impurities or fluorescence scattering
that might occur at the same time as SERS. While fluorescence will effect SERS
spectra, it is suggested that the broad background associated with SERS spectra is
due to a SERS continuum, whose origin is still controversial.[65] However, it has been
observed that the SERS continuum fluctuates like the SERS signals, and has the same
polarization properties.[64]. In addition to all of these, many SERS probes, such as
laser dyes like Rhodamine-6G, photobleach under non-SERS conditions (although this
usually requires high laser power). In addition, the orientation of the molecules with
respect to the surface plasmons can have an effect on the observed SERS modes.[66–70]

For example, using diazinon from Section 1.6, it should bond to the silver surface (the
R-P=S-Ag bond itself will also change the Raman spectra as it connects the molecule
to the electronic system of the silver surface, changing its polarization properties),
the orientation of the ring will change how it interacts with the plasmon, which can
change how it interacts with the plasmon, thereby changing its observed vibrational
modes. This can occur with other molecules, regardless if they form a bond with the
silver surface or not.

Due to the relatively high energy of surface plasmon "hotspots" that form in
SERS-appropriate nanoparticles, it is no surprise that molecules can undergo sig-
nificant photobleaching/photo-chemistry. Hotspots are, in effect, highly localised
regions of intense localised plasmon resonances (LSPR) which tend to form in rough
nanostructures, such as in interstitial crevices on the nanoparticle surface, or even
between two nanoparticles.[39, 51, 71–77] Increasing the likelihood of hotspot formation
or increasing their formation to higher densities, becomes important for SERS, as
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Figure 1.5: The potential orientations of diazinon from Section 1.6 and how it
could interact with the surface plasmons when bonded to a silver nanoparticle

they have been shown to increase detection of SERS signals by several orders of
magnitude.[75, 78] This effect has been observed experimentally, and in some cases,
the photo-products of these photochemical products are observed.[73] Signals can also
fluctuate, due to effects not present in conventional Raman spectroscopy conditions.
The fluctuations could be due to changes in the substrate conditions (for example,
in a more aqueous environment, Brownian motion of the colloid), photo-bleaching,
single-molecule sensitivity, or due to the dielectric properties of the nanoparticles,
which can affect how the incident beam interacts with the substrate, thereby affecting
observed modes. Also, there is an effect called called the single molecule detection
regime,[79–82] whereby the concentration of the absorbed molecule is significantly low
enough, single-molecule fluctuations are observed as an average over the detection
area. This results in what appears to be strong SERS signals at low concentrations
where it would not be expected to occur. This differs from the many-molecule regime,
where at higher concentrations, many molecules are SERS enhanced, and the observed
spectrum is an average of all of these molecules; this is typical of most SERS spectra.

1.2.7 Electromagnetic and Chemical description of SERS
As described previously in 1.2.1, Raman intensities scale as a product of the polariz-
ability and the incident laser (electric field) intensity, this means when it comes to
SERS, there are two widely accepted descriptions of the SERS effect: a chemically
derived one which involves charge-transfer excited states;[83–90] and another that
describes SERS as enhancements in the field intensity due to plasmon resonance
excitation.[91] In the latter description, the enhancement factor of a single molecule is
given by the equation:

E = |E(ω)|2|E(ω′)|2 (1.32)
where E(ω) is the local electric field enhancement factor at the incident frequency
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ω, and E(ω′) is the electric field enhancement factor at the Stokes-shifted frequency
ω′. In conventional SERS (explored in this thesis), E is averaged over the surface
area of the nanoparticle substrate where molecules can adsorb onto the surface. The
resulting value generated from this is called the observed SERS enhancement factor,
given by ⟨E⟩. Most calculations find that this value is roughly 106,[92] which accounts
for most of the observed enhancement in SERS (around 106 − 108), which is why
the non-resonant chemical contribution to SERS is assumed to be small (usually less
than 102).

1.2.8 A brief Quantum description of SERS
For the purposes of this thesis, the full quantum mechanical description of the
Raman effect is not needed for SERS, however, it will be briefly touched on to get an
understanding of the Raman cross-section (another name for the Raman polarizability)
and the link to the microscopic properties of normal modes. This is important for
interpreting the DFT calculations of Raman spectra, as DFT calculations produce
a list of the vibrations according to their Raman activity. Normal modes can be
interpreted as quantum harmonic oscillators, this is because all of the atoms in a
normal mode oscillate at the same frequency.

Figure 1.6: Figure showing SERS processes on a plasmonic nanoparticle
at off resonance. Schematics of (a) the off-resonant SERS process in a
plasmonic particle and a vibrating molecule and (b) the SERRS process, both
depicted with their corresponding level structure. Image reused with permission
from APS physics from the article by Neumann et. al.,[93] license number
RNP/22/MAR/051922, the license can be found in the LaTeX folder for this
thesis.

However, for this thesis, a full assignment of normal modes will not be the most
practical, nor the most useful. This is because more than one normal mode could
contribute to any given Raman peak, particularly in more complex a molecules. This
often makes it difficult to identify which mode is responsible for which peak. In
addition, some normal modes may either be too weak, or significantly overlap, making
it difficult to be detected by a Raman spectrometer. This is especially the case if
these modes have a low polarizability, or contain symmetry-forbidden transitions.
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Some normal modes may even be affected by external factors such as temperature,
pressure, solvent, or intermolecular interactions. This makes it hard to compare
the experimental spectrum with the theoretical predictions or reference data. It
can therefore be demanding to account for every possible mode of vibration that
contributes to a single peak.

1.2.9 Enhancing SERS: Slippery Liquid-infused Porous Sur-
face Enhanced Raman Spectroscopy (SLIPSERS)

Slippery Liquid-Infused Porous Surfaces (SLIPS) came out of research surrounding
ways to amplify the effects of non-wetting surface chemistry by using micro-, or
nano-texturing to create superhydrophobic and superoleophobic surfaces with low
sliding angles. However, a newer approach infuses the micro-, or nano-textured
surface with immiscible lubricating liquids, thus creating a Slippery Liquid-infused
porous surface.[94] As these are low surface-energy liquids, the nanoporous structure
will hold onto the liquid on the surface due to capillary action, making the surface of
the filter omniphobic. The advantage of using an omniphobic surface such as this
(as opposed to a glass slide or a piece of cellulose acetate filter), is that it avoids
an effect called contact line pinning, which causes a drop to dry at a low angle,
concentrating the contents of a drop into a ’coffee ring’-like shape. Pinning-free
evaporation, as exploited by the SLIPS method, allows the drop to dry at a high
angle. This high angle of evaporation can provide an increase in concentration and
removal of a significant amount of solvent. This results in a final "spot" which contains
a high concentration of analyte and nanoparticles, and if used in conjunction with
SERS, can lead to further enhancement of signals due to the high-density ratio of
nanoparticles (and therefore hotspots) to the chosen analyte(s). This technique has
been previously used by the research group[95], and others.[96, 97] In addition, this
technique is not limited to liquid-phase extraction/detection, and can also be used
for gas-phase and solid-phase extraction/detection.[97]
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Figure 1.7: Simplified diagram showing the steps involved in creating a SLIPS
sample.

1.2.10 Enhancing SERS: Shell-isolated Nanoparticle Enhanced
Raman Spectroscopy (SHINERS)

Shell-isolated nanoparticles (SHINs) usually consist of a metallic core encased in
a layer of silica, alumina or titanium dioxide. SHINs emerged from the research
surrounding core-shell structures such as quantum dots, and the need for stable
nanoscale catalysts, and have since expanded to applications in electrochemistry,
and detection methods such as SERS and phosphorescence.[98, 99] Typically, SHINs
have a plasmonic core, and a thin layer of either silica or titanium dioxide, the
thin layer can be of any size below 10 nm, depending on the use-case of the SHIN.
However, the surface chemistry of the silica shell must be considered; at low pH
silica has little [negative] to no charge, weakly negatively charged at around pH 3 to
5, more strongly at pH 8, and the highest charge density at more basic pH.[100–103]

If, for example, using silica (or titanium dioxide), the shell is also capable of being
modified by the hydrolysis of silyl-based compounds, opening SHINs to a wide range
of applications, such as nanoresonators [104], phosphorescence platforms,[99], cellulose
nanocomposites,[105], and as SERS platforms.[43, 104, 106–111]

Under normal circumstances, a silica or a titanium dioxide shell would separate the
plasmonic core from any molecules touching, or absorbed onto the surface. However,
if the shell is controlled to be thin, the surface plasmons can penetrate the silica
shell and still influence the polarization of a nearby absorbed molecule upon the
exposure of an incident beam. Thus, by combining a thin shell and a plasmonic core,
SHINERS (Shell Isolated Nanoparticle Enhanced Raman Spectroscopy) can maintain
an enhanced Raman signal, whilst isolating the plasmonic core. In practice, this
should increase the shelf-life of the SERS platform, and reduce agglomeration of the
plasmonic cores, which is unfavourable for SERS. For SHINERS, then, the optimal
thickness of this shell-isolating layer is 2-5 nm in thickness.[107, 112]

Concerning coating metallic nanoparticles with silica, the most common method
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Figure 1.8: Left: the general design of a SHIN, with a plasmonic core such
as silver or gold; right: the thin SiO2 or TiO2 layer provides extra stability to
the nanoparticle, and can minimise the amount of agglomeration, and prevent
oxidation of the plasmonic core; bottom: provided the shell thickness is small
enough, the distance between the core of an analyte can still enable the SERS
effect to be taken advantage of as the surface plasmons are still able to interact
with the molecule close to or absorbed to the surface of the SHIN.

is using the Stöber method.[113] The Stöber method uses alkoxysilanes (for exam-
ple tetraethoxysilane) as the SiO2 precursor, which attaches onto the surface of
nanoparticles, then under the catalytic addition of ammonia, an SiO2 layer grows
on the nanoparticle surface. It is a highly kinetic-dependent process, which occurs
via the hydrolysis of the alkoxysilane, where condensation and nucleation events
allow the formation of the SiO2 shell. The Stöber method has enabled the use of
nanoparticles that would be unstable under normal conditions. Regardless of the
Ag@SiO2 application, precise control of the shell thickness is extremely important -
more so in SHINERs, where a large shell will create a barrier between the plasmonic
core and the surface of the SHIN (as in Fig.(1.8). Within the context of SHINERs,
this is extremely unfavourable, as the interaction between the plasmonic surface and
the analyte is the most important part of the SERS effect. As a result, SHINs find
themselves in an interesting position about SERS where unfavourable shell thickness
results in useless nanoparticles. The advantage of SHINs, then, is three-fold. First, the
enhanced stability of the nanoparticles due to the silica layer protects the plasmonic
core from oxidation. Secondly, the silica layer reduces the likelihood of agglomeration
and aggregation of the plasmonic cores, allowing more edges to interact with each
other and increasing the likelihood of hotspots forming between nanoparticles. Finally,
the silica layer allows the nanoparticles to be deployed in situations where the bare
plasmonic material would normally not be stable.
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1.3 The Synthesis of Metallic Nanoparticles
Ggenerally speaking, nanoparticles (NPs) or nanomaterials exist in dimensions in
the nanometer scale, usually, these nanomaterials exist in the range from 1 nm to
100 nm. Metallic nanoparticles have found themselves used in an ever-expanding
range of applications, commercial products,[114] and research fields, these include
electronics,[62, 115–118], bio-medicine,[119–124] catalysis,[125–127] photovoltaics,[128, 129] and
analytical chemistry. Of key interest has been the controlled synthesis over size,
shape and dispersity (where monodisperse nanoparticles find themselves of interest
in commercial products) of metallic nanoparticles. Creating and controlling metallic
NPs can be done in several ways, usually either by a physical or chemical method.
Nanoparticles Can be produced in vapour, liquid or solid phase,[130] and the methods
of producing nanoparticles are separated into two main groups: the (a) top-down and
(b) bottom-up approach. Physical methods usually rely on the "top-down" approach,
whereby NPs are created by breaking down large structures (either bulk or from the
etching of microscopic particles) into smaller particles.[115, 131] Widely used top-down
methods include nanolithography,[132–137] and electron-beam nanolithography,[138–141]

which involve the etching of nanostructures on a substrate, and then growth of
nanoparticles using the nanostructured substrate as a mould to grow nanoparticles of
the desired shape. In contrast, chemical methods tend to approach NP synthesis by
the "bottom-up" approach. Simply put, this approach involves bringing in metal atoms
from a source such as a salt or another precursor via a reduction, then controlling the
aggregation of these metallic atoms into nanoparticles. In comparison to top-down
methods like nanolithography or electron-beam lithography, the bottom-up approach
is much less suited to producing controlled shape and size of the nanoparticle, however,
it is by far the most common type of method for producing metallic nanoparticles
with top-down methods require expensive, dedicated setups. The research in this
thesis exclusively prepares metallic NPs via wet chemical methods (and therefore a
bottom-up approach, explored more in Sec.(1.3.2) and Sec.(2).

As mentioned, the production of metallic nanoparticles (whether it’s Au, Ag, Pd,
Pt, Cu, Al...) is usually prepared by dissolving the chosen metallic salt (such as
AgNO3) or precursor (such as CF3COOAg) in an aqueous or non-aqueous medium
(such as ethylene glycol) and then reducing it with a reducing agent such as sodium
borohydride, trisodium citrate, ascorbic acid, hydrazine or an alcohol [142]. Even
producing a nanoparticle shape such as a sphere requires some kind of stabilising agent
to prevent aggregation and eventually the production of a bulk metal. This tends
to be done by utilising capping agents that adsorb onto the surface of nanoparticles
that are forming. Stabilisation can occur with small capping agents like citrate
ions via electrostatic stabilisation, or on a larger scale by utilising large sterically
bulky polymers like poly(vinyl)alcohol (PVA) or polyvinylpyrrolidone (PVP). Other
organic ligands, typically those with high binding affinity to the chosen atom (such
as phosphines or thiols for silver or gold) can also suppress the aggregation of nascent
nanoparticles. Thiols in particular are common capping agents and analytical model
molecules for silver and gold nanoparticles, they range from disulfides, dendrimers or
polymers.[143–145]
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In addition to these methods, NPs can also be produced by utilising emulsions,
where micelles or droplets are used as nano-scale reactors where the precursor/salt
solution is localised, spatially separating NP formation in steps. [146] Size control is
an important part of NP research, as such it can be obtained by changing factors
such as thermodynamics, kinetics or stoichiometry. Stabilisers on the surface of
nanoparticles can fulfil this role particularly if the stabiliser is strongly absorbed
onto the metallic surface. Also, micelles can be used to control the stoichiometry by
localising a certain amount of reactants within them, or nucleation events can be
suppressed by utilising a seeded growth method (forming seeds ex situ as opposed
to in situ), or via digestive ripening of nanoparticles. Of all these potential ways of
limiting nanoparticle size, capping agents are the most common as they produce a
thermodynamically stable capping agent-NP entity. Generally, capped nanoparticles
are much more stable than their bare (washed) NP counterparts. Varying this
capping agent stoichiometrically enables control over the size and even shape of NPs.
Homogeneously size distributed large nanoparticles tend to be obtained via seeded
growth.[143, 147] For NPs made of noble metals, typically small seeds are obtained
quickly by using a strong reductant like NaBH4 with a stabilising agent being present
(like citrate), this is then succeeded by addition of a weak reducing agent (for example,
ascorbic acid) and a second stabiliser which is generally bulkier or binds more strongly
(for example CTAB).[145, 147–154] While metallic nanoparticles share many of their
properties with the bulk material, they do differ in several properties which depend
on the shape, size and surface structure of said nanoparticles.[155] As the main focus
of this thesis is more specifically the sensitivity of the nanoparticles in SERS, it is
important to get an understanding of how and why nanoparticles form the way they
do, to explain not only why they behave in the way they do but also gain some insight
into how their stability and nanoparticle growth leads to changes in the observed
SERS spectra.

1.3.1 Mechanisms of nanoparticle nucleation and growth
The most important factors in nanoparticle synthesis can be boiled down to:

• What is the general growth mechanism of the given synthesis?

• How and when is the final particle and shape size determined?

• What determines the final particle size and shape?

• How do various synthesis parameters influence the particle growth and therefore
the final size of nanoparticles?

• At what point can a given synthesis be considered to produce "monodisperse"
or "heterogeneous" solutions of nanoparticles?

There are several mechanisms of the growth of nanoparticles,[156] such as the LaMer
mechanism,[157, 158] Ostwald Ripening and Digestive Ripening[159], the Finke-Watzky
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Two Step Mechanism,[160] Coalescence and Orientated Attachment[161] and Intraparti-
cle Growth (or intraparticle ripening).[162, 163] The Finke-Watsky mechanism is a
process in which two steps occur simultaneously:[160]

A→ B (1.33)
A+B → 2B (1.34)

The first step in Eq.(1.33) is a slow, continuous nucleation from starting material A
to product B; the second step in Eq.(1.34) is an autocatalytic surface growth where
starting material A and B form two moles of B, this is not a diffusion-controlled
mechanism. This model currently fits systems such as Iridium,[160, 164] platinum,[165]

and rhodium or ruthenium.[166] For the sake of brevity, only the LaMer model, and
Ostwald and Digestive ripening mechanisms will be briefly discussed here. Nucleation
is a thermodynamic model of particle growth where a "nucleus" (a cluster of atoms)
forms within a metastable primary phase (the solution containing precursor/metal
salts) to act as templates for crystal growth. Primary nucleation as described by
Mullin,[167] occurs when a nucleation event happens without the presence of any other
crystalline matter, this has been used to describe many chemical syntheses.[168–170] In
the case of many porous solids or nanocrystals, this does not always follow classical
models of crystallisation in solution. And, in cases like calcium phosphate, Habraken
et. al.[171] demonstrate that ion-association complexes combine both classical and
non-classical theories. Classical Nucleation Theory (CNT), which was developed more
than 70 years ago by Becker and Döring describes the condensation of liquids from the
vapour phase.[158, 172] CNT describes nucleation and is based on the Gibbs capillary
effect, so macroscopic properties such as the surface energy are used to describe the
rate of nucleation. Since the paper by Becker and Döring, CNT has expanded to
explain other types of phase transitions such as aerosols and nucleation of solids
from the liquid phase.[173, 174] Further growth past nucleation is usually explained via
growth processes such as diffusion-limited growth, aggregation or Ostwald ripening.
Other models use rate equations to describe nanoparticle size distribution changes
over time.[175]

In CNT, nucleation can be described to occur either homogeneously or heteroge-
neously. Homogeneous nucleation is when nucleation events occur somewhat uniformly,
spontaneously and require a supercritical state like a supersaturated solution. On the
other hand, heterogeneous nucleation is when nuclei form at some form of interface
between the main phase and a structural irregularity - such as a container surface,
impurities, grain boundaries or dislocations. Heterogeneous nucleation is much more
common in the liquid phase because the solution and its container act as a nucleating
surface. Homogeneous nucleation is defined thermodynamically by the total free
energy of a given droplet can be represented by ∆Gtot, given by the equation (using
the same symbols as in Fig. 1.9:

∆Gtot = ∆Gbulk + ∆Gsurface (1.35)
The "bulk" can also be referred to as the total volume, or simply the "volume" of
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Figure 1.9: Schematic plot of the free energy barrier (∆G∗) of nucleation at
constant temperature for homogeneous nucleation (green line) and heteroge-
neous nucleation (blue line). ∆G is the change in free energy in the respective
conditions; the surface of growing seeds, or in the bulk phase.

a given system. The surface free energy, ∆Gsurface and the bulk (volume) free energy
is given by the following equations:

∆Gbulk = 4
3πr

3∆Gv (1.36)

∆Gsurface = 4πr2γ (1.37)

∆Gv = −kBT In(S)
v

(1.38)

For Eqn. (1.36), r is the nuclear radius, and ∆Gv is equal to ∆Gbulk/unitvolume,
the crystal free energy, defined in Eqn. (1.38) (where v is the molar volume and S
is the supersaturation ratio). The crystal free energy is dependent on temperature
In Eqn. (1.37), γ is the surface tension of the interface between the nucleus and its
surroundings (it is always a positive value). Combining Eqns. (1.37) and (1.36) gives:

∆Gtot = 4
3πr

3∆Gv + 4πr2γ (1.39)

In Eqn. (1.39) the second term (the surface) dominates, resulting in the r3 term
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to vary more rapidly and the r2 dominates, resulting in positive ∆G values, as shown
in Fig. (1.9) as the red line (∆Gsurface). On the other hand, if the radius is larger
the r3 term dominates and the free energy trends negative, as shown in Fig. 1.9 as
the grey line (∆Gbulk).

∆Gcrit = 4πγr2
crit

3 = ∆Ghom
crit (1.40)

rcrit = −2γ
∆Gv

= 2γv
kBRT In(S) (1.41)

rcrit is the critical radius, and corresponds to the minimum size required for a
particle to be stable without being redissolved in solution. The free energy Gcrit follows
the same logic, as seen in Fig. 1.9. Metal clusters with a radius larger than rc, are
more thermodynamically stable, allowing them to undergo more growth via continuous
reduction of metal atoms. Eqns. 1.41 and 1.40 show that the supersaturation ratio
S, directly influences the critical radius rc, where higher values of S decrease the rc.
This effectively means that a lower rc value enables small clusters of metal atoms to
facilitate nucleation. The nucleation rate J(T,∆Gcrit) is therefore given by relating
it to the Arrhenius equation because the energy barrier shown in Fig. 1.9 is an
activation barrier:

J(T,∆Gcrit) = dN

dt
= A exp

(
−∆Gcrit

kBT

)
(1.42)

Where N is the number of particles and t is time. Relating the rate of nucleation
to the previous equations we get:

dN

dt
= A exp

(
16πγ3v2

3kB
3 T 3(In S)2

)
(1.43)

To account for irregularities in the formation of nuclei in heterogeneous nucleation,
a corrected term, ϕ is introduced into the free energy term for homogeneous nucleation:

∆Ghet
crit = ϕ∆Ghom

crit (1.44)
ϕ is an angle dependent factor that is required because of the non-spherical nature

of pre-nuclei "germs" that form on the first surface of a foreign body. It is defined by
the equation:

ϕ = (2 + cos θ)(1− cos θ)2

4 (1.45)

In CNT, so far it can be gathered that particles will grow larger above some
critical radius, and below said critical radius, they will re-dissolve. However, not
every nucleus will grow at the same rate, and often particles will vary in size. There is
a size effect called Ostwald ripening which must be taken into account when growing
nanoparticles. This is given by the equation below, which describes the change in
particle size over time:
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Figure 1.10: Illustration showing the contact angle, θ for "germs" that form
on surfaces of structural inhomogeneities.

dr

dt
= KD

r

( 1
r∗
− 1
r

)
(1.46)

Where: r is the particle radius, r∗ is the particle radius at equilibrium with the
bulk solution, and t is time, KD is defined as:

KD = 2γDv2Cb

kBT
(1.47)

where: γ is the surface energy, D is the diffusion coefficient, Cb is the bulk
monomer concentration (an atom/molecule "building" the crystal) in the solution, kB

is the Boltzmann constant and T is the temperature. The standard deviation, ∆r for
a particle at a given radius at equilibrium is given by:

d∆r
dt

= KD∆r
r̄2

(2
r̄
− 1
r∗

)
(1.48)

where r̄ is the mean particle radius. Eq. (1.48) is dependent on supersaturation
of the solution. If r̄/r∗ ≥ 2 then the growth of the particle tends to result in a
tighter distribution because d(∆r)/dt ≤ 0. But if r̄/r∗ then d(∆r)/dt and the size
distribution of growing particles tends to broaden.

The LaMer mechanism is based on the idea of burst nucleation, where nuclei
form spontaneously due to homogeneous nucleation, which then grows without
any additional nucleation events occurring. This process is described in Fig.1.11,
and is separated into three parts. The first part,(Phase I) can occur via liquid
phase chemistry, where the supersaturated solution is generated by the reduction
of metal atoms from their salt/precursor. Nucleation itself occurs only once a
minimum concentration is reached (Cmin), resulting in Phase II. From here, a critical
concentration is reached and atoms will separate from the solution and form metallic
clusters. As this progresses and the concentration of metal atoms decreases to a point
where it is below the minimum critical supersaturation level, the nucleation process
is terminated - from here nanocrystals will grow into larger particles (Phase III).
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Figure 1.11: LaMer model showing the process of nucleation and growth of
nanoparticles and its growth stages.[157]

1.3.1.1 Nanoparticle Stability

Generally speaking, nanoparticles are quite unstable and tend towards agglomeration
and aggregation if they do not have a stabilising agent. Usually, nanoparticles are
electrostatically stabilised as a result of the methods used to create them. Under
ideal conditions, nanoparticles have an electrostatic double layer. The four main
repulsive forces to consider are van der Waals interactions, Electrostatic interactions,
DLVO theory, and steric stabilisation. van der Waals interactions are an attractive
force for nanoparticles. The van der Waals interaction potential Wa(D) between two
particles with the radius R1 and R2 is given by the equation:

Wa(D) = −π
2ρ1ρ2

6 C

[
2R1R2

c2 − (R1 +R2)2 + 2R1R2

c2 − (R1 −R2)2 + ln
(
c2 − (R1 +R2)2

c2 − (R1 −R2)2

)]
(1.49)

where c is the centre-to-centre distance between two particles with radius R1,
R2; and ρ is the electron density, the distance between the two surfaces, D, is
D = c − (R1 + R2). Then, taking into account two identical particles having
R = R1 = R2 and D << R The equation reduces down to:

Wa(D) = π2ρ1ρ2CR

12D = − AR12D (1.50)
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Where A is the Hamaker constant. Eqns. (1.49) and (1.50) show that the surface
interaction potential decays not as much with respect to D than with the interaction
potential between the two particles - for example, 1/D compared to 1/r6, therefore
showing that the potential is proportional to particle size Wa(D R).
Electrostatic interactions are a nanoparticle repulsion force that comes from the overall
surface charge of a nanoparticle. Nanoparticles tend to be surrounded by solvated
ions that effectively "shield" the surface charge as described by Stern-Gouy-Chapman
(SGC) theory. In SGC theory, the particle is surrounded by a compact and diffuse
layer called the electric double layer (EDL). The EDL has a thickness determined by
electrostatics called the Debye length (λ(κ− 1)). The layer is distributed according
to the Poisson equation to give the distribution of the electric surface potential:

εε0
d2Ψ(x)
dx2 = −ρ(x) (1.51)

where x is the distance from the particle surface, ψ(x) is the electric potential, ε
is the vacuum permittivity, ε0 is the dielectric constant and ρ is the charge density.
Applying Debye-Hückel linearization to the equation gives:

εε0
d2ψ(x)
dx2 =

∑
i

z2
i e

2n2
i∞Ψ(x)
kBT

= κ2Ψ(x) (1.52)

where ni∞ is the concentration of a given ion (i), and κ is the Debye constant.
Eqn. (1.51 can be solved by defining λD = κ−1, giving the equation describing the
decrease of the electrical surface potential in the EDL:

Ψ(x) = Ψ0(0)exp(−κx) (1.53)
where Ψ(x) is the surface potential at x = 0. Forces in the EDL are caused by an

overlap of electrical potential distribution and ionic concentration. The interparticle
force of the EDL is defined by the radius, R and distance between two surfaces D,
using the Derjaguin approximation. The interparticle force, between the two EDL
layers, is defined by the equation:

F (D) = −2πεε0κRψ
2
δ exp(−κD) (1.54)

with the interparticle energy defined as:

WR =
∫ ∞

D
F (D)dD (1.55)

WR(D) = 2πεε0Rψ
∞
δ exp(−κD) (1.56)

where Eqn. (1.55) is the interparticle energy, and Eqn. (1.56) is the interparticle
energy between the two layers of the EDL.
Nanoparticles can be prevented from aggregating by adsorbing large molecules (such
as polymers) onto their surface. The repulsive interaction between particles with
such a protective layer is described by DLVO theory, and is given by the equation:
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Wtotal(D) = Wa(D) +Wr(D) +Wsteric (1.57)
where Wsteric is the repulsive interaction potential, which is primarily dependent

on polymer concentration, temperature, and chain length of the adsorbed polymer.
DLVO theory (Derjaguin, Landau and Verwey, Overbeek) assumes that the total force
between colloidal particles is the addition of the van der Waals and EDL interaction
forces. The DLVO theory predicts a well-defined critical coagulation concentration
(CCC), which separates the aforementioned types of aggregation: slow and fast
aggregation. The CCC is defined as the minimum electrolyte concentration required
to reach an energetic barrier that is equal to zero. Using silica nanoparticles as an
example, DLVO theory predicts that as the pH increases, the surface charge of the
nanoparticles increases, therefore increasing the CCC concentration. Therefore the
attractive forces of van der Waals and the repulsive force from the EDL are combined,
so the total interaction energy between two particles is given by:

Wtotal(D) = Wa(D) +Wr(D) (1.58)
where Wa and Wr are the attractive and repulsive forces. Combining Eqn. (1.55)

and (1.50 with the above Eqn. (1.58) gives:

Wtotal(D) = Wa(D) +Wr(D)

= − AR12D + 2πεε0Rψ
2
δ exp(−κD)

(1.59)

DLVO theory is better at predicting nanoparticle stability in weakly charged sys-
tems, where the potential barrier is found at distances greater than a few nanometers.
Therefore, it is important to note that the limitations of DLVO theory arise mostly in
more highly charged systems. In these kinds of systems, the CCC is located at much
higher salt concentrations, making the potential barrier move into sub-nanometer
distances. At these distances, variations in the nanoparticle surface can affect stability
much more in the weakly charged systems, so any derivation from DLVO theory is
likely due to the surface roughness and/or the charge of the nanoparticle itself. Silica
nanoparticles, for instance, show the limits of DLVO theory; under low pH conditions,
silica nanoparticles not only have little to no charge,[176–178] but are claimed to be
stable. However DLVO theory incorrectly predicts that silica nanoparticles should be
unstable at this pH. [100, 179–182] In addition, in other silica systems it has been found
that, experimentally, the CCC has a minimum, which is a function of pH.[179–181]

As mentioned above, DLVO theory instead, predicts a continuous increase in the
CCC as the pH increases. However, it has been shown that DLVO theory in silica
nanoparticles only applies to larger particles in the sub-micron range; conversely,
the smaller particles in the nanometer range (approximately smaller than 25 nm
radius),[183]
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1.3.2 The preparation of silver nanoparticles (AgNPs)
Nanoparticle dispersions that are made of noble metals such as gold and silver,
post-transition metals like Aluminium, or transition metals such as copper can be
made into a wide range of colours which vary with the corresponding size and
shape of the particles, which make them useful as plasmonic substrates for use in
SERS. Noble metals such as silver or gold, are useful due to their stability and
easily reproducible methods for nanoparticle creation. In addition to the growth
mechanisms outlined in the previous section, noble metals nucleate and grow in their
own way, dependent on their chemistry and their affinity for various chemicals that
bind to them. Nanoparticles can also be produced non-chemically using methods
such as laser ablation, vapour deposition, and nanolithography.[137] Silver has been
studied in depth and under various conditions, such as by Rothberg et. al.[184] and
by Henglein et. al. via γ-irradiation of silver perchlorate in propanol in the presence
of N2O, and sodium citrate.[185] In Henglein et. al., there are a couple of proposed
mechanisms: electron transfer via reduction is responsible for Ag+ ions reducing
on particles already present in solution. This mechanism suggests that low citrate
concentrations lead to coalescence of silver nanoparticles, while very high citrate
concentrations destabilise the nanoparticles as the ionic strength causes reduction
to occur on the surface of particles that are forming, causing them to grow larger.
With the use of small-angle X-ray scattering, more insights were gained into the
growth of silver nanoparticles where Harada and Katagiri.[186] What they found was
that silver particles form in two stages: the first phase is an initiation, where a
rapid increase in the number of nanoparticles occurs within the first ten minutes -
resulting in a solution which is 20% polydisperse. Further analysis found this first
step to being an autocatalytic reduction–nucleation which is the two-step mechanism
proposed by Finke and Watzky. The second phase of silver nanoparticle growth with
citrate involves a decrease in the number of nanoparticles forming, while the size of
nanoparticles increases, which is explained via Ostwald ripening.

1.3.2.1 Inorganic reducing agents

In many silver nanoparticle syntheses, sodium borohydride (NaBH4) is a favourite in
nanoparticle reactions because NaBH4 is a strong reducing agent that tends to lead
to the production of smaller-sized nanoparticles.[50]

AgNO3 + NaBH4 −→ Ag0 + 0.5H2 + 0.5B2H6 + NaNO3 (1.60)
On the other hand, reducing agents like hydrazine (N2H4) are also used as a

common inorganic reducing agent. Stable solutions tend to be very basic, however,
the silver nanoparticles are much less stable under these conditions.

2Ag+ + N2H2 −→ 2Ag0 + N2 + 2H+ (1.61)
With hydrazine, it is possible to create nanoparticles with a 10-50 nm size range,

but it is difficult to control their size and their polydispersity.[187] Although, there has
been some effort to control the monodispersity of hydrazine-reduced nanoparticles.
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[188]

1.3.2.2 Organic reducing agents

Among the reactions that produce nanoparticles, organic reducing agents offer an
expansive collection of reagents for a single type of reducing agent - for example,
using citrate (which began as the Turkevich method in 1951) for the synthesis of gold
nanoparticles can be adapted to a wide range of particle size and shape. The original
Turkevich method used chloroauric acid with sodium citrate under boiling conditions
to produce a colloidal suspension of gold nanoparticles.[189] The basic process of this
reaction when used with a source of silver ions is given by the Eqn. 1.62:

C6H5O
3−
7 + 2Ag+ −→ C5H4O3−

5 + H+ + CO2 + 2Ag (1.62)
This method is the most popular due to it being an aqueous method, and the

fact that under the right conditions, citrate acts as both a reducing agent, and
then a stabiliser for silver nanoparticles, often being able to last weeks outside of
low temperatures, and months in refrigeration conditions. Many variations on the
Turkevich method have been made[190], resulting in various nanoparticle shapes,
from rounded, prisms, to pentagonal nanoparticles. Another common method of
producing nanoparticles via polyol reduction - usually involves either ethylene glycol
or diethylene glycol as a solvent, and polyvinylpyrrolidone as a capping agent. This
method is also very adaptable like the citrate reduction, allowing the formation of
spheres,[39, 113, 127, 191, 192] cubes,[44, 46, 47, 193, 194] rods,[41–43, 147] wires,[195, 196], cages,[58]

and more.[197] The polyol process is very popular, as a result, the reaction of an
AgNO3 precursor with ethylene glycol is as follows:

HOCH2CH2OH→ 2CH3CHO + 2H2O (1.63)
2Ag+ + 2CH3CHO → CH3CO-OCCH3 + 2Ag + 2H+ (1.64)

The moment silver atoms reach a supersaturated concentration, they will begin to
nucleate and grow into silver nanostructures in the solution phase, thereby producing
the nanoparticles.s

1.4 Applications of AgNPs for the detection of
Organophosphorus compounds via SERS

The detection of pesticides and organophosphorus compounds is important in assessing
environmental issues, as pesticides such as organophosphorus compounds can cause
damage to the central nervous system. [23, 198]. Malathion and glyphosate are some
of the more common compounds that are studied, as their use is more widespread
due to them not being recognised as harmful to humans. This is relevant because
the scientific evidence of pesticide carcinogenicity is always changing, cancer hazard
classifications for specific pesticides also change over time, as do pesticide use profiles
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as a result of agrichemical developments, legislation and pest resistance. Several
pesticides currently known or suspected to cause cancer in humans are no longer
used in New Zealand since the 1970s and 1980s, for example, DDT and parathion,
which were banned for use in 2018 and 2017, respectively.[22] Many methods used
to detect pesticides using SERS use methods already outlined here, for instance,
just using SERS,[199] surface modification of the plasmonic surface,[200] or using
SHINs,[106, 199, 201, 202] or using aptamers.[203]

1.4.1 Overcoming detection Issues
Detecting specific analytes using SERS can be difficult due to the variability in the
observed Raman modes when enhanced by a plasmonic material - where physical con-
straints such as the orientation of molecules on the plasmonic surface, the orientation
of plasmonic surfaces and their morphology/shape which affects "hot-spot" formation,
or any leftover capping agents that could interfere with the detection of the selected
analytes. Typically, when showing the effectiveness or efficiency of a nanoparticle,
ideal molecules such as dyes are used, whose properties are known and Raman spectra
are well understood. However, where this is not the case, and where the nanoparticles
on their own are not enough to enhance the Raman signals, certain steps can be
taken to enhance the SERS signals. Dilute solutions of nanoparticles should lead to
a decrease in the intensity of the observed signals, even if the nanoparticle itself is
ideal for SERS. In solution, one could also force aggregation by adding either NaCl or
Na2SO4. Normally too much aggregation can decrease the efficiency of nanoparticles,
however, if the goal is to increase the likelihood of a molecule encountering hotspot,
an optimal amount of aggregation can be used to enhance the SERS signals observed.
Another method is to remove the solvent factor completely - solvents such as water
result in very large -OH peaks in the Raman signal. For molecules where their signals
do not lie within the range, this is not a problem, but where this is not the case,
removing the solvent is a good solution. Drying the nanoparticles with their analyte
does have its downsides, however. In some cases, the chosen analyte will not be
stable without the solvent, or, drying results in ‘coffee-ring’, which can be difficult to
analyse, as the drying process is not completely uniform.

A solution to this drying problem is Slippery Liquid-infused Porous Surface
Enhanced Raman Spectroscopy (SLIPSERS), which uses the advantages of a micro-
porous structure (such as a filter) and an omniphobic liquid to create a drying surface
which avoids contact pinning. This concentrates a given droplet into a very small
spot, drastically improving observed SERS signals, as everything within the droplet
is forced into a small spot, including analytes. In addition to the nanoparticle con-
centration and the initial analyte concentration, the size distribution of the selected
nanoparticles also needs to be considered. Much research has gone into the effect of
size distribution on the observed SERS enhancement factor has taken place. Generally
speaking, the larger the average nanoparticle size is, the less effective it is as a SERS
substrate.[204, 205]

Another issue with detection comes in the form of d/g bands. These can appear in
areas of intense hotspot formation or the laser burning the sample due to user error
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(caused by the laser having high output), effectively creating graphene and related
compounds. The Raman spectrum of graphene and its derivatives exhibits two promi-
nent features: the so-called "G band" and the "D band." The G band ( 1580 cm−1)
comes from the bond-stretching mode of sp2-hybridized carbon atoms at the center of
the Brillouin zone (also known as the Γ point); whilst the D band ( 1350 cm−1) comes
from the breathing mode of sp2-hybridized carbon atoms at the edge of the Brillouin
zone (K point). The D band is observed in the Raman spectra due to defects or
disorder within the lattice of graphene; such as edges, vacancies or functional groups
(such as graphene oxide, GO; or reduced graphene oxide, rGO). The intensity ratio
between the D to G bands (ID/IG) is commonly used as an indicator of the defect
density or quality of graphene and its derivatives. This ratio alone is not usually suffi-
cient to evaluate the degree of reduction of GO or rGO, because it can be affected by
other factors such as layer number, layers overlapping, doping, intramolecular strain
or the wavelength used from the laser. Other Raman features have been proposed to
assess the reduction process of GO or rGO, such as the D* band (roughly 1620 cm−1)
and the 2D band (roughly 2700 cm−1). The D* band is a defect-induced overtone of
the D band, whilst the 2D band is a second-order two-phonon process involving two
phonons with an opposite momentum near the K point. Like the ID/IG ratio, the
intensity ratio of the D* to G band (ID∗/IG) has been shown to correlate well with the
C/O atomic ratio of either GO or rGO; reflecting the removal of oxygen-containing
functional groups during reduction. In more in-depth studies about graphene, the
2D band is used to provide information about the number of layers, how layers are
stacked, and electronic structure of graphene and its derivatives within a given sample.

1.4.1.1 Detection via specificity

So far, only non-specific methods have been discussed (being most relevant to this
thesis), however, it is important to note that there is a significant amount of research
on modifications that are used to detect compounds by specifically binding to them via
specificity. Typically, these come in the form of either a generalised binding structure
or an aptamer. Aptamers are made by DNA synthesis and are single-stranded
oligonucleotides that fold and bind to specific shapes. Aptamers are usually designed
with biological compounds such as proteins in mind, however, a lot of research has
also been done to detect other compounds using aptamers on plasmonic surfaces.
Raman spectroscopy and SERS are finding more widespread use in biomedical
and biochemical sciences, for example using aptamers to detect COVID-19 spike
proteins.[206] In related research to this thesis, aptamers can be more used to detect
pesticides such as malathion.[203] Aptamers are ideal candidates for specificity, as
they can be tuned for the exact structure of the analyte of interest. However, their
main downside is their means of synthesis, having to be constructed using a DNA
synthesizer.
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1.5 Combining non-specific methods: SHIN-SLIPSERS
As mentioned in Sec.1.4.1 and Sec.1.2.10, SHINERS and SLIPS are both very use-
ful generalised methods - however, combining them has some potentially useful
applications. It solves some of the issues in SLIP-SERS, namely:

• if nanoparticles are improperly washed, capping agent peaks may appear in
spectra that they would otherwise be undetected;

• SLIP-SERS results in the nanoparticles being exposed, making them unstable
and prone to oxidation, reducing shelf life;

• SLIP-SERS forces nanoparticles to agglomerate into a single spot. While the
sheer concentration of nanoparticles in a single spot can overcome this, reducing
the potential for even more ’hot spots’ throughout the agglomerate;

For one, SHINs under favourable conditions are less likely to lead to the aggregation
and agglomeration of the plasmonic core due to the SiO2 layer, and, combining this
with SLIPS means it should result in a spot where fewer nanoparticles are agglomerated
as a result of the drying process. This should result in a higher likelihood of hot-spots
forming plus the added likelihood of a molecule interacting with these hot spots due
to the condensed spot. Combining the SHIN and SLIP-SERS methods has two major
downsides:

• if the core-shell is improperly made, it will have the opposite effect as described
above;

• for analytes that are sensitive to thermal degradation, so many hot-spots
occurring in a single agglomerate might negate any potential benefits, as they
would be degraded too rapidly or too easily to provide any benefit at all.

However, both downsides above can be minimised if the methods are effectively
tuned if: a consistent core-shell method is found, and; incident laser power and
concentrations are optimised. Combining the methods results in Shell Isolated
Nanoparticle - Slippery Liquid Porous Surface Enhanced Raman Spectroscopy.

1.6 Analyte Selection

1.6.1 Dyes
Laser dyes such as rhodamine-6G (R6G or RH6G) are ideal candidates for probing
the effectiveness of plasmonic surfaces, as they are highly emissive with distinct
vibrational spectra. In SERS research, it is common to see R6G being used as a probe
molecule, with it being involved since the beginning of SERS research in the 1970s
and 1980s.[207] Fluorophores like R6G make it an ideal candidate for probing the
effectiveness of the nanoparticles used in this thesis - however, this might not translate
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to ‘how effective they are at detecting organophosphorus compounds, particularly
compounds with inherently less Raman scattering. Ponceau 4R is an azo dye used
as a food additive and comes in many synonyms, such as cochineal red A or by its
additive code, E124. It is much less emissive than R6G and was chosen due to its
cheap and accessible availability.

(a) (b)

Figure 1.12: Structures of the chosen SERS dyes, Rhodamine-6G (a); and
Ponceau 4R

1.6.2 Organophosphorus Compounds
Diazinon for example, has been banned in New Zealand since 2015, and only approved
handlers can use it up until 2028, however it has still been found in many New Zealand
waterways despite the ban.[208]

Over the years, different pesticides and herbicides will be banned and others will
come into use, it, therefore, becomes important to find ways of detecting pollutants
quickly and with high sensitivity. Glyphosate has, in recent years, become somewhat
of a controversial chemical, and frequently appears on the news due to its potential
carcinogenicity to humans (though this is highly debatable, so far there is little
evidence), and due to its widespread use its potential effects on local biodiversity.
Therefore it became a logical choice as a chosen analyte, its structure is shown in
Fig.(1.13b). Diazinon, on the other hand, being recently banned in the EU and
currently going through a New Zealand EPA phase-out (though still available in
restricted use) and still detectable in the environment, are 1,3-disubstituted diazines
(pyrimidines) with three substituents attached to the ring, shown in Fig.(1.13a). In
addition, the phosphate group also contains a sulfur atom in place of where a P=O
would exist; in the context of a silver nanoparticle system like those in this thesis,
diazinon would favour forming an R3P=S-Ag bond.

One thing to note is that glyphosate is a polyprotic compound, and will have
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(a) Structure of diazinon

(b) Structure of glyphosate

Figure 1.13: Structures of the chosen organophosphorus compounds

varying structures depending on the pH of its environment, see Fig.(1.14). This, in
turn, will change its electronic structure, its polarizability, and therefore its Raman
and SERS spectra will change too. So the polyprotic nature of glyphosate might
have to be considered as not all of the nanoparticles that will be used have the same
aqueous environment.

Figure 1.14: Diagram showing the structure of glyphosate at different pKa
values.

However, one thing to consider about diazinon, is that it becomes relatively
unstable once exposed to certain environmental conditions; Diazinon decomposes at
temperatures above 1200degC. It is stable in alkaline media but is slowly hydrolysed
by water and by dilute acids. In the pH range of 6.0 to 8.0, it is relatively stable, and
the hydrolysis is very slow under these conditions. However, the hydrolysis process is
quite rapid under acidic (usually at pH < 3.1 or lower) or alkaline conditions (usually
at pH > 10.4 or lower).[209, 210] In addition to this, the pH of the SHINs versus the



36 1. Introduction

glyphosate also needs to be considered, as the pH of the solutions will change the
charges on the surface of the silica shell and, the structure of glyphosate itself, this
comparison can be seen in Fig.(1.15) below.

Figure 1.15: Summary table showing how pH affects silica at the same pKas
of glyphosate

1.7 Project Hypotheses and Goals
This thesis will focus on these main goals:

• Produce a range of nanoparticle morphologies to test whether or not nanoparticle
shape will have a significant effect on organophosphorus and dye detection using
the SLIP method.
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• Produce a SHIN version for each nanoparticle shape and compare to the standard
shape SLIPSERS spectra, and what effect this has on their SLIPSERS spectra.

• Find out the limits of detection (in other words their lowest possible concentra-
tion they can detect SERS signals from) of selected analytes outlined in Section
1.6 on a range of analytes.

Based on previous literature, nanoparticle shape (is a key factor in hotspot
formation,[40, 72] and due to the aggregate/agglomerate being formed by the nanopar-
ticles in the SLIP method the likelihood of many interactions between sharp edges
of nanoparticles will be stretched to its physical limit. Based on these reasons, the
selected nanoparticles are, therefore:

• Nanopsheres, including silica capped nanospheres and SHINERs with smaller
Ag nanoparticle satellites.

• Nanocubes.

• A nanoparticle dispersion containing a range of shapes, including a silica capped
version.

• Nanoprisms, including a silica capped version.

In terms of SERS or SLIPSERS performance of the nanoparticles, the nanocubes
or the nanoprisms will likely be the best performers in terms of sensitivity and limits
of detection for both classes of nanoparticles (either standard nanoparticles or SHINs
as explained in Sec.1.2.6). This is likely due to their shape having very sharp edges;
for example, in the case of nanocubes, the vertices will have 90deg angles. Conversely,
the silver nanospheres are likely to be the worst at detection limits, at least relative
to the other nanoparticle types. In addition, the silver nanoparticle dispersion will
sit firmly in between the rest, as the variation in nanoparticle shape and size should
hinder its SERS performance somewhat, as shape homogeneity is shown to increase
SERS performance in other applications.[78, 139, 211–213] The behaviour of nanoparticles
in SERS is generally quite unpredictable; In the case of the analytes, R6G will be the
best probe dye, due to its highly emissive nature. Detection of the organophosphorus
compounds will probably be reliant on how well it adsorbs onto the surfaces of the
chosen analyte, though the condensed spot due to the SLIP method might reduce this
dependency by a small amount. Out of the two organophosphorus compounds chosen,
diazinon will likely be the best in terms of limits of detection as it has a sulfur group
on the phosphate, due to this it is likely to prefer to bind to the nanoparticles via the
sulfur, as silver has a high affinity towards Ag-S bonds. The pyrimidine ring which
will have some conjugation with the phosphate group will also have a significant effect
on the scattering of light, much like in the dye systems.
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2. Experimental Methods

In this thesis, the nanoparticles used are as follows:

Nanoparticle Name used Experiment code
used

Silver nanospheres "Spheres" Ws
Silica-capped Silver nanospheres "Spheres"@SiO2 WsSi
Silica-capped Silver nanospheres
with Ag satellites

"Spheres"@SiO2
Sat

WsSiSat

Silver nanoprisms "Blue" Wb
Silica-capped Silver nanoprisms "Blue"@SiO2 WbSi
Silver nanoparticle dispersion "Yellow" Wy
Silica-capped Silver nanoparticle
dispersion

Yellow@SiO2 WySi

Table 2.1: Summary of nanoparticle types used in this thesis, and the names
they are referred to in graphs.

2.1 Silver nanospheres
Nanospheres are produced via a polyol synthesis:
In a 250 mL round bottom flask, 50 mL of ethylene glycol was heated to 140◦C with
vigorous stirring, to this 6 g of polyvinylpyrrolidone (PVP, avg Mw = 40k g/mol),
this was heated until all the PVP dissolved. Following PVP dissolving, 1 mL of silver
nitrate (1 g/mL) was added, and the solution was heated for one hour, then quenched
by submerging the flask in ice. The solution became yellow upon the addition of silver
nitrate, then slowly turned turbid and formed a green-grey colour once completed.
The nanoparticle solution was washed via centrifugation (using a 1-14 Sigma Micro
Centrifuge) at 5000 rpm (18447 x g) for 30 mins with acetone three times to remove
PVP, and then re-dispersed in 21.7 mL of ethanol.

2.1.1 Ag@SiO2 nanospheres
Silica coating was produced via two main methods, primarily via the Stöber method.

39
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Method 1 - Stöber method 1
At room temperature with constant stirring, and with 21.7 mL of solution from above,
in Section 2.1 in a 250 mL round bottom flask, 68.5 mL ethanol was added, then 2.4
mL of ammonia (29%) followed by drop-wise addition of an ethanolic solution of 5.14
mL TEOS (Tetra-ethyl orthosilicate, or tetraethoxysilane), (2.5 vol%) over 3 min.
Following this, the reaction was allowed to stir for 20 hours. The particles were then
washed via centrifugation using acetone and the resulting solution was re-suspended
in 20 mL ethanol.

Method 1.5 - Stöber method 2
A faster alternative to the above method is the following: At room temperature, with
vigorous stirring, 125 µL of a concentrated solution of the nanoparticles produced
in Section 2.1, and 125 µL of pure TEOS, were stirred for about a minute. Then, 3
mL of an ethanolic solution containing 250 µL of ammonia (29% stock) was added.
The solution was then stirred for 4 min and then quenched with 20 mL ethanol. This
solution was then washed by centrifugation at 9000 rpm (59768 x g) via re-suspension
in MilliQ water. The shell size can be controlled by changing the initial amount of
TEOS added.

Method 2 - Hydrolysis via sodium silicate
At room temperature with constant stirring, an ethanolic suspension of 30 mL of
re-suspended particles from the Stöber method was made, and the added 400 µL of
(3-aminopropyl)-tetraethylorthosilicate (1 mM) was added to the suspension and was
stirred for 15 min. Following this, 3.4 mL of an aqueous sodium silicate (0.54 vol%)
solution adjusted to pH 11, was added. Upon addition of sodium silicate, the solution
was then stirred for a further 48 hours.

2.1.2 Ag@SiO2@Ag core-shell-satellite nanospheres
Using a diluted sample of Ag@SiO2 (Stöber method) made of the following: 1 mL
nanoparticles in 19 mL ethanol. To this 20 mL solution, 10 mg of silver nitrate (99%)
was added, and 20 µL of n-butylamine (98%) was added. This solution was then
stirred gently in a Thermofisher ThermoMixer at 500 rpm at 50degC for 10 mins. The
resulting solution was washed via centrifugation using MilliQ filtered water. This was
also attempted using a round bottom flask to avoid having to split up the solution
into smaller parts after adding the silver nitrate, which could add errors concerning
reaction timing; the UV-vis comparison can be seen in Fig.(3.4) in Section 3.1.
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2.2 Silver nanocubes
Silver nanocubes were produced in two main ways - via a polyol synthesis and an
aqueous method.

Polyol 1 - Ethylene glycol (EG)[194]

At 150◦C, constant stirring, in a 50 mL round bottom flask, to 6 mL of anhydrous
EG, 2 mL of AgNO3 (0.2 M, in EG), then shortly, 2 mL of polyvinylpyrrolidone
(PVP) (111 mg/mL, avg Mw = 40-50g/mol) was added over 3 min via drop-wise
addition. The solution became yellow upon the addition of PVP, and after 70 min,
became turbid and resulted in a green-grey solution. This solution was then washed
3 times via centrifugation at 9000 rpm (59768 x g) for 10 min, and re-suspended in
MilliQ water each time.

Aqueous method
Aqueous solutions of CTAC (5 mL, 20 mM) and AA (0.5 mL, 100 mM) were added
into a 20 mL glass vial and heated to 60 °C for 10 min. Following this, aqueous
solutions of CF3COOAg (50 µL, 10 mM) and FeCl3 (80 µL, 4.29 µM) were then
added in one shot. The reaction solution had a pH value of about 3.1 during the
entire synthesis. After 6 h, the products were collected by centrifugation at 8000 rpm
(47224 x g) and re-dispersed in DI water.

2.3 Silver nanoparticle dispersion
All reagents are made with MilliQ filtered water. In 20 mL vials with constant stirring
at room temperature and added in order, 2 mL of trisodium citrate (1.25× 10−2 M),
5 mL of silver nitrate (3.75×10−4 M), 5 mL H2O2 (5×10−2 M), 40 µL KBr (10−3

M), and finally, 2.5 mL of freshly prepared NaBH4 (5×10−3 M) was added. The
solution begins with a pale yellow colour, goes to an orange-brown and eventually to
a brighter yellow than it began, it takes about 4-8 mins to reach this point and the
colour does not change further.[52]

2.3.1 Ag@SiO2 Silver nanoparticle dispersion
At room temperature, using 6 mL of the final dispersion from the previous section 2.3,
it was concentrated and washed via centrifugation (three times at 8000 rpm (47224 x
g)), and re-dispersed in ethanol to a final volume of 125µL. This solution was then
added to 125µL of TEOS (Tetra-ethyl orthosilicate, or tetraethoxysilane). Then a 3
mL ethanolic solution containing 250µL ammonia (20%) was added. The solution
was then stirred for a further 4 min before being quenched with 20 mL ethanol. The
resulting solution was then washed with water three times and then concentrated via
centrifugation to about 2 mL.
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Figure 2.1: From left: nanoparticle solution of 2.3 after washing using method
2 to immediately after adding TEOS.

A second method was attempted, where it was the exact same process as the
one described above, but with half the amount of ammonia solution and TEOS. The
difference in the UV-vis spectra can be seen in Fig.(3.4) in Section 3.1.

2.4 Silver nanoprisms / triangular nanoplates
There were two main methods used in producing triangular nanoprisms, both are
based in the citrate and borohydride reduction of silver.

Method One[52]

In 20 mL vials with constant stirring at room temperature added in order, 2 mL of
trisodium citrate (1.25× 10-2 M), 5 mL of silver nitrate (3.75×10-4 M), 5 mL hydrogen
peroxide (29%v/v, 5×10-2 M), finally, 2.5 mL of freshly prepared sodium borohydride
(5×10-3 M) was added. The solution begins with a pale yellow colour, goes to an
orange-brown and eventually to a dark blue, it takes about 4-8 mins to reach this
point and the colour does not change anymore. This method is the primary one
chosen, as it is the simplest and produces a solution with sufficient uniformity for the
SERS experiments.
Method Two[214]

To 200 mL MilliQ filtered water and vigorous stirring at room temperature, added 12
mL trisodium citrate (0.075 M), 200 µL silver nitrate (0.1 M), and 480 uL hydrogen
peroxide (29%v/v) then 1.2 mL of freshly prepared sodium borohydride (0.01 M)
was added. The solution goes through various colour changes, from light yellow to
brown-grey colour, shifting to orange, reddish-orange and then finally finishing at a
deep blue. This is an indicator of when the reaction has stopped, as the solution no
longer changes colour at this point. For use with the SLIPSERS measurements, 6
mL of this solution was washed via centrifuge at 9000 rpm (59768 x g) for 10 min,
and then re-suspended in water three times. For the final re-suspension, they are
combined with 500 µL of MilliQ water and used within a few days, as triangular
nanoprisms are susceptible to etching.

Method Three [190]
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To 24.04 mL of MilliQ filtered water, trisodium citrate (75 mM, 0.5 mL), poly(vinyl)-
pyrrolidone (PVP) (17.5 mM, 0.1 mL, avg Mw = 29 000 g/mol), H2O2 (30 wt%,
60µL), was added and stirred at room temperature. Then sodium borohydride was
added (100 mM, 0.25 mL) was added quickly and resulted in a light yellow solution.
Over about 30 minutes, the solution changed colours from yellow, brown, red, and
then green and eventually turning blue. Once this occurs, the reaction was complete.
Nanoparticles are washed three times with water and then concentrated to a volume
of 5 mL.

2.4.1 Ag@SiO2 Nanoprisms
At room temperature, using 6 mL of the final solution in Method One from Section
2.4, it was concentrated and washed via centrifugation, and re-dispersed in ethanol to
a final volume of 125µL, which was then added to 125µL of tetraethyl orthosilicate
(TEOS). Then a 3 mL ethanolic solution containing 250µL ammonia. The solution was
stirred for a further 4 min before being quenched with 20 mL ethanol. The resulting
solution was then washed three times with MilliQ water and then concentrated via
centrifugation to about 400 µL.

Figure 2.2: From left: silver nanoprisms after capping with SiO2 shell, right:
silver nanoprisms before addition of SiO2.

2.5 Slippery Liquid Infused Porous Substrate (SLIPS)
SLIPS surfaces are prepared by placing a PTFE unlaminated filter, with a pore size
of 0.2µm, 13 mm diameter, (provided by Sterlitech, SKU PTU021350), on a glass
slide, placing a drop of a polyfluorinated oil (Krytox GLP100 or 105, about 80µL).
This was then spun at about 1000 rpm using a Spin-coater, taking care for the oil
to spread thinly without the filter falling off the glass slide. Next, in an oven set to
70◦C a drop of nanoparticle solution (80µL) was pipetted onto the filter. The slide
was then allowed to dry in the oven until the drop concentrates into a spot.
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(a)
(b)

Figure 2.3: (a) Drops of silver nanoparticles drying in the oven; (b) a spot of
silver nanoparticles dried in an oven using the SLIPs method described above.

2.6 Raman spectroscopy
Raman spectra were recorded under ambient conditions with a custom-built Raman
microscope. A 532 nm or 633 nm excitation (Laser Quantum Torus 532) was focused
onto the silver nanoparticle/analyte aggregate via an N.A. = 0.65 (40× magnification)
microscope objective. The laser power at the sample was <1 mW. Back-scattered
Raman and Rayleigh scattered light was collected by the same objective, and the
Rayleigh component was rejected by a 532 nm Raman edge filter (Iridian Spectral
Technologies) and focused onto the entrance slit of a Teledyne (Princeton) Instruments
Isoplane81 (FERGIE) spectrograph. Spectral data was acquired using LightField 6.1
software. No background removal was applied during data collection. The detector
exposure time was 1 s and between 30 and 120 exposures (or ’frames’) were captured
and stored separately before data analysis. As discussed in Sec.1.2.1, these ’frames’ of
the spectra (which are spectra in of themselves) are 1024 x 256 pixels in size (meaning
1024 wavenumbers can be observed) are then averaged over the 30 or 120 exposures -
leading to the final spectra shown in later sections.

2.6.1 SLIPS-SERS
The SLIPS samples prepared in 2.5 was placed upside down on the inverted microscope
described in 2.6. The laser was focused on the spot of nanoparticles, adjusting focus
when necessary to optimise the collection of data.

2.7 UV-vis Spectroscopy
All UV-vis spectra are acquired using a Shimadzu UV-1800, with scan speed selected
to ’Quick’, and the wavelength range set from 190 nm to 1100 nm.
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2.8 Electron microscopy
Collection of Transmission electron microscopy data were collected on a FEI Tecnai
G2 Spirit BioTWIN courtesy of the MMIC at Massey University.

2.9 Data Analysis via Python
Data was analysed using a custom Python 3 notebook, a Principal Component
Analysis and a Linear Discriminant Analysis was done using the scikit-learn package.
The purpose of a Principal Component Analysis (PCA) is to reduce the dimensionality
of a large dataset containing a high number of features per observation, while
preserving as much of the information and variation in the data as possible. In the
case of this thesis, each spectrum contains essentially 120 spectra (called ’frames’ in
the detector’s software) averaged over time, so doing this allows us to compare the
effect certain bands have on the overall spectra, and their distribution across those
120 spectra. It does this by transforming the data into a new coordinate system where
the features are linearly uncorrelated and ordered by their importance. The new
features are called principal components (PCs) and they are linear combinations of the
original features. PCA can be used for data exploration, visualisation, compression,
and denoising of data. Similarly, Linear Discriminant Analysis (LDA) is used to find
a linear combination of features that separates two or more ’classes’ of objects or
events within a dataset. In the case of this thesis the ’classes’ were defined as either
the nanoparticle type, or the analyte, and an average of each spectrum is a data point
(rather than using the 120 ’frames’ per spectra). It can be used for either classification
or a dimensionality reduction of the dataset. LDA is based on the assumption that
the features follow a multivariate normal distribution and have an equal covariance
matrix for each class. These assumptions may not hold for every dataset, meaning
issues can arise when interpreting a dataset that does not work well with LDA. For
example, not all data sets follow a normal distribution; if the data is not normally
distributed, the performance of LDA may be suboptimal. LDA attempts to maximise
the variance between the defined classes, and to minimise the within-class variance of
the projected data, so that the classes are maximally distinct from one another. This
allows a visualisation of the dataset into distinct classes. LDA should not be used
as evidence for the existence of classes within the dataset as the user is predefining
classes (supervised learning). Whereas PCA shows the existence of classes within the
dataset without user input (unsupervised learning).



46 2. Experimental Methods



3. Results and Method
Development

3.1 Identifying the LSPR peaks of the chosen
nanoparticles via UV-vis spectroscopy

Figure 3.1: Overlay of washed nanoparticle dispersion (red line) compared to
capped Ag@SiO2 (blue line), and a second attempt for silica capping (green).

As explained in Section 1, the Localised surface plasmons are the key factor in
determining the type of laser used in the SERS measurements for the nanoparticles.
As a result, a quick analysis of the nanoparticles using UV-vis spectroscopy or UV–vis
extinction spectroscopy to determine the localised surface plasmon resonances of
the nanoparticles, and therefore the appropriate laser wavelength to use for running
the SERS measurements. All of the UV-vis spectra below have been normalised by
dividing the absorbance values by their maximum, making sure each spectrum is
relative to each other. In Fig.(3.1), the main peak (λmax) occurs at 397 nm, with
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another peak appearing beyond 250 nm, this peak is relatively sharp. Similarly, the
third spectra (green line, attempt 2) has a peak at practically the same λmax of the
yellow dispersion. However, there is some peak broadening, which can be expected as
the silica would the nanoparticles larger overall, changing how the light scatters. In
addition, the peak that appears beyond the 250 nm limit appears to have shifted to
higher wavelengths, it is unclear what this peak is from. In the first attempt (blue)
appears that too much silica was added there was broadening and shifting of UV-vis
spectra, this sample was ignored.

In Fig.(3.2), the λmax for the prisms (red line) is at 599 nm, with a secondary peak
appear at 334 nm. Overall, the peak is very wide, which means the nanoparticles
might have varied uses in terms of the incident beam used, however, it might favour
the 633 nm laser, as the λmax is closer to this than the 532 nm which is used in
the majority of the SERS spectra in this thesis. In addition, for the silica capped
nanoprisms, the λmax has shifted to a higher wavelength of 614 nm. This might
be due to how the silica shell forms on the prisms. This might indicate that the
nanoparticle shell must be controlled more precisely in future work.

Figure 3.2: UV-vis spectra of the silver prisms and the silica capped prisms
used throughout this thesis.

In Fig.(3.3), there is a broad peak with a λmax at 532 nm, which makes this
potentially an ideal candidate for the SERS experiments. Combined with a large
amount of homogeneity, these nanoparticles have the potential to be the most sensitive.
The aqueous method (blue) has a broader peak and a slight shift in wavelength of
the λmax to about 530 nm. As the polyol process produced a much sharper, more
intense peak compared to the aqueous method. However, it was not worth tuning
this reaction beyond this point, as there is significantly more research surrounding
the polyol process. Therefore polyol method was used for the remaining experiments
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in the TEM and the SERS experiments.

Figure 3.3: UV-vis spectra of the silver nanocubes used throughout this thesis.
A broad peak is seen at around 550 nm.

In Fig.(3.4), the sphere’s UV-vis spectrum (red dashed line) is very intense due to
a high concentration, leading to a small amount of noise at the λmax, which lies at 439
nm, there is also another peak that appears beyond the 250 nm limits. The Stöber
method of producing a silica shell (blue) showed much sharper λmax than the sodium
silicate hydrolysis spectra (green dotted line), and also displays some more broadening
toward high wavelengths to about 650 nm, though it is not a lot of broadening. The
spherical nanoparticles with satellites had overall broader and less intense spectra. In
particular, the method involving the Thermomixer is shifted more towards the λmax

of the spherical nanoparticles. due to the introduction of many smaller nanoparticles,
which won’t all form spherical nanoparticles, these smaller silver nanoparticles will
also scatter the light more, leading to broader overall peaks. This might explain why
the sodium silicate method was broad too, as silica nanoparticles scatter the light
and broaden the observed peak.
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Figure 3.4: UV-Vis spectra overlaying Spheres (red), Stöber method capped
Ag@SiO2 spheres from method (blue) and the Ag@SiO2-Ag satellites.

3.2 Transmission Electron Microscopy

Figure 3.5: Transmission electron micrograph of the typical sample of the
Silver dispersion ("yellow" nanoparticles); note the variation of shapes.

TEM was used to verify that the nanoparticles are approximately the desired shapes
and size distribution, which has an affect on the . The silver nanoparticle dispersion
("yellow") below in Fig.(3.5), shows that this method produces a wide range of shapes
that appear similar to the ones sold by Sigma-Aldrich (SKU:730785-25ML),[215] as
they also the same colour and similar production method. However, as this method
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was used previously in this research group, this is the expected the nanoparticle
morphology from this method.[95] From Fig.(3.6a), the silver nano prisms have a size
of about 45-50 nm. In the wider picture, from Fig.(3.6b), the nanoparticles have a
broad range of nanoparticle morphology, though the most common is the prism shape,
with some scattered truncated prisms. Though it is known that polydispersity of the
nanoparticle sizes and the heterogeneity of the nanoparticle shapes has a negative
effect on the SERS performance of a sample. However, as these nanoparticles will
be concentrated into a small aggregate via SLIPS, this effect might be reduced as
hotspots will form at edges between aggregated nanoparticles. What this entails is
that monodispersity is better for increased sensitivity. For the purpose of this thesis,
exact control is not as important.

(a) (b)

Figure 3.6: (a) An isolated TEM image of a single nanoprism; (b) a different
area of the TEM sample showing the variation of nanoparticles present in the
silver nanoprism dispersion.

In the TEM image of the silver nanoprisms in Fig.(3.7) appears that some of the
nanoparticles have been capped, though the micrograph is quite noisy/fuzzy for this
so it is unclear if it’s truly capped or just the electron beams producing this halo
effect. Looking at the literature, more high-quality TEM micrographs show that
silica shells are very lightly coloured compared to the silver core and the silica shell,
unlike the TEM below in Fig.(3.7). However, the decision was made to continue with
this particular sample for the SLIPSERS experiments.
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Figure 3.7: TEM microgrpah of the Silver nanoprisms capped with silica,
described in Section2.4.1

In Fig.(3.8) it can be seen that despite the presence of some highly anisotropic silver
nanorods, the nanocubes are relatively monodisperse and have a mostly homogeneous
distribution of shapes. These should perform well as a SLIPSERS substrate. And given
the high amount of sharp edges, at least compared to both the "yellow" nanoparticles
and the silver nanoprisms, it in all likelihood should have the highest sensitivity.
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Figure 3.8: Transmission electron micrograph of the typical sample of silver
nanocubes used in the SERS experiments.

The silver nanospheres in Fig.(3.9) show a lot of similarity with the nanoparticle
dispersion in Fig.(3.5), however, and have much less density than compared to the
silver nanocubes in Fig.(3.8), which share a similar method. Note that the silver
nanospheres with satellites were a last-minute idea at the end of the project, so no
time was available to use the TEM as it was under a lot of maintenance at the time.

Figure 3.9: Transmission electron micrograph of the typical sample of silver
nanopsheres used in the SERS experiments.
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3.3 Navigating through capping agents
Capping agents play a key role in nanoparticle synthesis, as they enable the nanopar-
ticles to gain their signature shapes. As a result, they have the potential to interfere
with the analysis of selected analytes, as SERS can be somewhat unpredictable
with how these capping agents or any contaminants can affect the observed signals.
Generally speaking, these capping agents are removed via a washing process where
the nanoparticles are centrifuged, the pellet is re-dispersed with a solvent such as
water, acetone or ethanol several times, and then re-dispersed into a concentrated
solution used for SERS and SLIPSERS measurements. Note that not all of the modes
are assigned as this can get difficult to do under SERS conditions, although some
modes can be assigned more easily than others. Identifying what the capping agents
appear to be in their Raman and SERS spectra, respectively, will help in the analysis
of the organophosphorus and dye probe data.

3.3.1 Trisodium Citrate

Figure 3.10: A SLIPSERS spectrum of the "yellow" nanoparticle dispersion
described in Section 2.3.

Trisodium citrate is a common capping and reductant; is a relatively stable capping
agent, especially when the surface charge is balanced correctly and nanoparticles
produced with this compound can have quite long shelf lives if stored correctly (up to
several months in a fridge). However, if this charge balance is disturbed, nanoparticles
will easily destabilise and the nanoparticles will agglomerate and aggregate. This
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means trisodium citrate is easy to remove - only requiring about two to three washes
to remove the capping agent. Another way to remove citrate is to use NaCl, and
given silver’s affinity for Cl- ions NaCl is quite effective at displacing citrate, reducing
the number of washes needed. Raman spectra of citrate were acquired by grinding the
small trisodium citrate crystals into a powder and placing a small amount between
two microscope coverslips, seen in Fig.(3.11).

Figure 3.11: Raman spectra of trisodium citrate collected on a 532nm incident
beam.

It is important to note that the SERS spectra in Fig.(3.13) will display peak broad-
ening, likely due to the silica cap and the effects described in Sec.1.2.6.
A comparison of the spectra from the literature below in Table 3.1 shows that there
is some agreement; however, the Raman spectrum from this paper is done in an
aqueous media, and using 633 nm excitation, and not in the solid form or the 532
nm laser, as was done in this thesis. For this SERS spectrum in this thesis, citrate
was adsorbed onto silver nanoparticles and dried using SLIPS, whilst the literature
uses a silicon wafer as a substrate to dry their nanoparticle and citrate mixture.
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Figure 3.12: Raman spectra of trisodium citrate from 150 cm-1 to 1800 cm-1.
Excitation wavelength: 532 nm.

Frequency (cm−1)

Mode(s) Lit. Raman[216] Raman exper. Lit. SERS[216] SERS exper.
vs(C −H) – 2963 – –
va(C −H) – 2919 – 2919
va(COO) 1567-1630 1565, 1597 1600-1603 1517, 1585, 1680
vs(COO) 1406 1387, 1436 1375-1382 1346, 1391
δ(COO) 1257-1282 1288 1279 1263

v(C −OH) 1042-1082 1061 1079 1019
v(C − COO) 943 946 924
v(C − C) 830 842 824-846 838

δout-of-plane(COO) 667 671 791 617

Table 3.1: Summary table of the important Raman active modes in trisodium
citrate for the experimentally collected Raman (532 nm), experimentally
collected SERS (532 nm), and the literature values for Raman and SERS.[216]

It is important to note that often in SERS spectra of organic compounds that
the -CH2 stretching modes can broaden, often looking like one very strong,
somewhat broad peak. Note: exper. is the experimental data and lit. is the
literature values.
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Figure 3.13: SLIPSERS spectrum of citrate using silica capped silver nanoparti-
cles. This was done by concentrating the nanoparticles as described in Sec.3.4,
and using a concentration of 0.01 M of aqueous trisodium citrate, then doing
the SLIPS method as described in Section 2.5. Excitation wavelength: 532
nm.
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Figure 3.14: The Raman intensity change in an aqueous SERS spectrum of
the peak at 1392 cm−1 after adding successive amounts of 100µL of 0.1 M
NaCl solution. Excitation wavelength: 532 nm.
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3.3.2 Polyvinylpyrrolidone (PVP)
PVP will contribute significantly to the observed Raman spectrum due to its size,
and is typically used in 30k-55 kDa in size. PVP contains many oxygen atoms that
will be attracted to both the silver surface and the silica surface of the nanoparticle
that is used to create the SERS standard in Figure (3.16). Therefore it is necessary
to attempt to completely remove it from the nanoparticles - this does however result
in lower stability of the re-suspended nanoparticles. Removing PVP will require more
washing steps when compared to cirtrate. A Raman spectrum of PVP was acquired
by placing a small amount of PVP (Mw = 40 000 kDa) between two microscope
coverslips. The glass on coverslips is quite thin, and will only have minimal affect on
the observed Raman spectra. This spectra is in Fig.(3.15). Here there are the usual
-CH2 asymmetric and symmetric peaks combined at 2926 cm−1.

Figure 3.15: Raman spectrum of PVP (Mw = 40 000). Excitation wavelength:
532 nm.

PVP was removed by doing one wash with acetone (at 8000 rpm (47224 x g)) for
the nanocubes or spherical nanoparticles and then washed five times using MilliQ
water (at 8000 rpm (47224 x g)). In Fig.(3.17), the peaks from the PVP SERS
spectrum are being reduced significantly up to the fifth wash. It’s important to note
that the reference SERS spectra appear different, despite sharing some modes, it is
most likely due to the reference spectra using the silica capped nanoparticle dispersion
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Figure 3.16: PVP (40,000 Da, 0.1 M) SLIPSERS spectrum using the Ag@SiO2
yellow nanoparticles.

described in Sec.2.3.1, which, as mentioned in Sec.1.2.6, differing substrates can shift
the spectra slightly. The PVP in these spectra is not in excess, which can improve the
SERS spectra due to competition with adsorption onto the nanoparticle surface. By
the final wash, the spectra is noisier, indicating that both the PVP and/or ethylene
glycol has been more or less removed from the nanoparticle environment. For use in
the SLIPSERS spectra, there is one final ’wash,’ or rather, a concentration step, which
should minimise any influence from PVP in subsequent SLIPSERS experiments.
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Figure 3.17: Stacked SLIPSERS spectra showing the effect of five consecutive
washes of the spherical nanoparticles made in Sec.2.1 using MilliQ water
following an initial wash of acetone. Excitation wavelength: 532 nm.

3.4 Optimising nanoparticle concentrations
Optimal nanoparticle concentrations are determined by washing the nanoparticles
thoroughly. In this case, the "yellow" nanoparticle method (Section 2.3) will be used
for determining the approximate optimal nanoparticle concentration: It is therefore
appropriate for the citrate reduced nanoparticles, that the nanoparticles be washed
at least 3 times with MiliQ filtered water, then as a baseline, concentrating 6 mL
(or four 1.5 mL microcentrifuge tubes) into 400 µL. For the nanoparticles created
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with PVP capping agents, it requires at least two washing steps with acetone, then
at least four or more washing steps with MiliQ filtered water. As these nanoparticles
are much more concentrated from the beginning, nanoparticles were instead diluted
by adding 100 µL to 300 µL of MilliQ filtered water.

3.5 Evaluating drying methods with Rhodamine
6G

To determine how a drying method affects the observed SERS spectrum, some
experiments were done using the mixed yellow dispersion (Section 2.3, Method 2),
and a prepared solution of 10-7 M of R6G. This was prepared by concentrating 12
mL of nanoparticle solution and then re-dispersing in 185 µL of water, to this, 185µL
of R6G solution was added and the mixture was allowed to sit for about 1 hour to
allow R6G to adsorb onto the surface of the nanoparticles. None of the spectra in
this section has had any post-processing applied aside from averaging of the spectra,
to demonstrate the raw differences between the drying methods.

3.5.1 Glass
The drying method on glass involves taking an 80µL drop of nanoparticle-R6G
mixture and drying it on a microscope slide in the same oven settings as the SLIPs
substrates, resulting in a coffee ring-shaped spot. This method has one advantage
over the rest: the glass provides more of a surface to transfer energy as heat to
the glass and then the filter substrates. This could explain the relatively tighter
distribution seen in Fig.(3.19).
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(a) Raman spectra averaged over 120 frames with peak picking

(b) Raman spectra over 120 frames stacked (left) and averaged over these frames (right)

Figure 3.18: (a) Peak-fitted averaged SERS spectrum of R6G on glass; (b)
Raw SERS data of R6G using the same drying method of (a). R6G at an
initial concentration of 10−7 M. Excitation wavelength: 532 nm.
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Figure 3.19: The standard deviation of all the spectra collected using glass as
the main substrate for the drying method. R6G at an initial concentration of
10−7 M. Excitation wavelength: 532 nm.
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The histograms in Fig.(3.20) show distributions that would be expected from
sample with a tight distribution seen in Fig.(3.19), where the distribution is roughly
normal (as the individual frames in Fig.(3.18b) do not show much variability.

(a) 617 cm-1 (b) 1350 cm-1

(c) 1501 cm-1 (d) 1637 cm-1

Figure 3.20: Histograms showing the distribution of intensities at given peaks
for drying a sample on glass only, over 120 frames of data. (a) At 617 cm-1;
(b) at 1350 cm-1; (c) at 1501 cm-1; (d) at 1637 cm-1. R6G at an initial
concentration of 10−7 M. Excitation wavelength: 532 nm.

The histograms above can be considered to somewhat approximate a normal distri-
bution, with some skewing to the right in the 617cm-1 band and the skewing to the
left in the 1350 cm-1 band. This corresponds to the distribution of frames there are
in Fig.(3.18(b)).
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3.5.2 Filter paper
The second drying method is to demonstrate what occurs when providing a paper-
based form of drying surface. The filter paper used is Whatman Grade 4 filter paper
and then a 100 µL drop of nanoparticle-dye (50 µL nanoparticles, 50 µL dye at an
initial) solution was placed on the filter paper and dried in the oven in the same oven
settings as the SLIPs substrates, this resulted in a grey spot. From Fig.(3.21), the
variation between spectra is greater than those observed in the previous glass spectra
in Fig.(3.18), and the spectra are more broad.

Figure 3.21: (a) Peak-fitted averaged SERS spectrum of R6G using the
Whatman Grade 4 filter paper as the drying substrate method ; (b) Raw
SERS data of R6G using the same drying method of (a). R6G at an initial
concentration of 10−7 M. Excitation wavelength: 532 nm.

The standard deviation of the frames in Fig.(3.22) correlates with the observed
variation between frames in Fig.(3.21).
Based on the spectra in Fig.(3.21), it can be noted that the spectra have significantly
less defined peaks with higher intensity, these are however more broad. This is likely
due to the presence of high amounts of cellulose in the paper and the treatment that
goes into making the filter paper. The histograms in Fig.(3.23) correlate with the
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Figure 3.22: The standard deviation of all the spectra collected for the R6G
on the Whatman Grade 4 Qualitative Filter Papers drying method. Excitation
wavelength: 532 nm.

observed variation in frames seen in Fig.(3.21), where most of the spectra lie in the
relatviely lower intensities.
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(a) 617 cm-1 (b) 1350 cm-1

(c) 1501 cm-1 (d) 1637 cm-1

Figure 3.23: Histograms showing the distribution of intensities at given peaks
for drying on filter paper, over 120 frames of data. (a) At 617 cm-1; (b) at
1350 cm-1; (c) at 1501 cm-1; (d) at 1637 cm-1. R6G at an initial concentration
of 10−7 M. Excitation wavelength: 532 nm.

3.5.3 Cellulose acetate filter
The chosen Sterlitech Cellulose acetate filters are hydrophilic filters made from cellulose
diacetate and have a pore size of 0.45µm sized pores. This filter is significantly more
porous than the filter paper and made of modified cellulose, it should be expected
to perform similar to the filter paper. In Fig.(3.24), there does seem to be a similar
effect with regards to the broadening of the overall spectra, ableit to a much lesser
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extent. This is likely due to the manufacturing process of the filters, which attempts
to have more uniform pores than the paper fibres in the filter paper. In addition,
these have the highest intensities of all of the observed drying methods so far and
the variation between frames seen in Fig.(3.24b) is more than the glass, but less than
the filter paper.

(a)

(b)

Figure 3.24: (a) Averaged spectrum across 120 frames of the ’yellow’ dispersion
using the cellulose acetate drying method and R6G at an initial concentration
of 10−7 M, (b) all 120 frames of the yellow dispersion using the cellulose
acetate drying method (left), (right) averaged spectrum across 120 frames.
Excitation wavelength: 532 nm.

The standard deviation between all the frames in Fig.(3.25) appears to correlate
with the observed variation between frames seen in Fig.(3.24b).

The histograms from Fig.(3.26) seem to correlate with what was observed in
Figs.(3.24b) and (3.25), as the majority of spectra appear in the relatively lower-end
of intensities.
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htpb]

Figure 3.25: The standard deviation of all the spectra collected using the
cellulose acetate filter as the drying substrate method. Centre line is the
averaged spectrum. Excitation wavelength: 532 nm.



3. Results and Method Development 71

(a) 617 cm-1 (b) 1350 cm-1

(c) 1501 cm-1 (d) 1637 cm-1

Figure 3.26: Histograms showing the distribution of intensities at given peaks
for drying on Cellulose Acetate filters with R6G at an initial concentration of
10−7 M, over 120 frames of data. (a) At 617 cm-1; (b) at 1350 cm-1; (c) at
1501 cm-1; (d) at 1637 cm-1. Excitation wavelength: 532 nm.
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3.5.4 SLIPS
Finally, the SLIPS surface is made of an already omniphobic material - the PTFE
filter and is combined with a thin layer of Teflon-based Krytox oil, the PTFE filters
provide a much less absorbent drying surface than any of the methods described in
the previous sections. The SLIPS sample is prepared in the same way described in
2.5 and 2.6.1. Unlike the Cellulose diacetate filters used in the previous section, these
filters are hydrophobic, resulting in a condensed spot to form (see Fig.(2.3)).

Figure 3.27: (a) Peak-fitted averaged SERS spectrum of R6G using the SLIP
as the drying substrate method ; (b) Raw SERS data of R6G using the same
drying method of (a). R6G at an initial concentration of 10−7 M Excitation
wavelength: 532 nm.

. This method results in a tighter spread of observed spectra over the 120 frames
collected (see Fig.(3.28), when compared to the cellulose acetate, filter paper. The
drying method with glass has a similar standard deviation spread, however, the SLIPs
surface produces a signal with at least four times as much intensity, and much less
interference from fluorescent bands. This means that compared to the other methods
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listed here, SLIPS appears to offer better potential for increasing the sensitivity of
collecting SERS spectra.

Figure 3.28: The standard deviation of all the spectra collected for the
SLIPs drying method, R6G at an initial concentration of 10−7 M, excitation
wavelength: 532 nm.

The histograms in Fig.(3.29) correlate with the observed variation in frames
from Fig.(3.27) and the standard deviation of the frames in Fig. (3.28), where the
spectra are more tightly spread and the standard deviations are small. For the SLIPS
standard deviation, they seem much tighter than those observed in Fig.(3.19), and of
those found in the cellulose acetate filter and paper filter.
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(a) 617 cm−1 (b) 1350 cm−1

(c) 1501 cm−1 (d) 1637 cm−1

Figure 3.29: Histograms showing the distribution of intensities at given peaks
prepared using the SLIPS method, over 120 frames of data. R6G at an initial
concentration of 10−7 M. Excitation wavelength: 532 nm.



4. SLIP-SERS Detection of Dyes

As explained in Sec.1.6.1, dyes represent good model molecules for figuring out the
effectiveness of nanoparticles and their ability to enhance Raman signals in SERS.
Rhodamine-6G is a common laser dye that has been used extensively in research
to study laser emission and nanoparticle effectiveness in SERS substrates. In the
case of Rhodamine-6G, its SERS spectrum is well known and therefore is a perfect
compound to assess how well the nanoparticles perform as SERS substrates.

4.1 SLIPSERS Spectra

4.1.1 Rhodamine 6G (R6G)
As discussed above, R6G is a good probe compound for evaluating SERS performance
- as it is extremely emissive.

Raman Shift (cm−1)

Mode(s) Literature[217] Experimental
C-C-C in plane ring bend 610 617

C-H out of plane bend 771 755
C-H in plane bend 1182 1188

Aromatic C-C stretch 1278 1271
Aromatic C-C stretch 1361 1350

1509 1501
1572 1561
1652 1649

Table 4.1: Summary table of the important Raman active modes found in the
SERS spectra of R6G using literature values [217–219] and collected experimental
SERS spectra of Rhodamine-6G (Fig.(4.5) using a 532 nm wavelength.

75
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Figure 4.1: A SLIP-SERS spectrum of Rhodamine 6G using the "yellow"
nanoparticle substrate and 10−7 M initial concentration used as the "standard"
spectrum.
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Figure 4.2: A SLIP-SERS spectrum of Rhodamine 6G using the "yellow"
nanoparticle substrate and at various concentrations.

From Fig.(4.2 it can be inferred that the concentration dependence is non-linear,
suggesting that either; contamination, adsorption of the dye to the glassware the
solution was stored in, contamination from the SLIPS surface, or interference from the
preparation of the SLIPS surface affects the limits of detection for the data collected
on all of the analytes. The spectra in this figure are not normalised or baseline
corrected, unlike in Fig.(4.1). Furthermore, if we compare all of the nanoparticle
types in Fig.(4.3) and Fig.(4.4), it can be seen that the single molecule regime begins
around the concentration region around 10−8 M to 10−9 M, as the intensity begins to
diminish significantly, as seen in Fig.(4.2). This regime occurs when the probability
of having zero molecules on the nanoparticles is about the same as having a single
molecule on the nanoparticle surface, hence the decrease in intensity and overall
decrease in likelihood of a "hot spot" enhancing a signal that can be observed. This
means the ideal concentration to observe SERS events with a dye like R6G is around
a concentration of 10−6 M, as it is likely to form a monolayer that does not interfere
with signal enhancement or saturate the observed signal (observed as a fluorescent
peak).
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Figure 4.3: Comparison of the intensity of the peak at 1500 cm−1 across all
nanoparticle types.

Figure 4.4: Comparison of the intensity of the peak at 600 cm−1 across all
nanoparticle types.
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4.1.1.1 ’Yellow’ and ’Yellow’@SiO2 Nanoparticles

The ’yellow’ nanoparticles Fig.(4.5) appear to show some sensitivity up to about an
initial concentration of 10−7M . The C-H peak appears to get stronger at an initial
concentration of 10−8 M. It also appears that d-g bands are forming at the initial
concentrations of 10−11 M and 10−12 M. However, there is at least some signals from
R6G up to an initial concentration of 10−9 M.

Figure 4.5: Stacked spectra showing the range of initial concentrations of R6G
to evaluate the sensitivity of the ’yellow’ nanoparticles. Excitation wavelength:
532 nm.

For the ’Yellow@SiO2’ nanoparticles (Fig.(4.6)), the silica shell appears to enhance
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the signals somewhat, where it appears that some signals appear up to an initial
concentration of 10−15 M. Similar to (Fig.(4.5)), there appears to be a sudden
appearance of C-H bands starting at the spectra with an initial concentration of 10−8

M. In addition, at an initial concentration of 10−7 M, a peak at 2435 cm−1 appears,
with varying intensities as the initial concentration decreases. Starting at about an
initial concentration of 10−10 M, it appears that there is some d/g band contribution
to the spectra, however the peaks at 997, 1234 and 1383 cm−1 still appear through
the apparent d/g bands.
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Figure 4.6: Stacked spectra showing the range of initial concentrations of
R6G to evaluate the sensitivity of the yellow@SiO2 nanoparticles. Note that
the range of concentrations are larger in this graph because it appeared to
be more sensitive - with possible R6G signals being observed from an initial
concentration of 10−15 M. Excitation wavelength: 532 nm.

4.1.1.2 ’Blue’ Nanoprisms

For the "blue" nanoparticles (Fig.(4.7)), these were carried out at 532 nm, despite it
appearing that it would favour occurring at 633 nm. As can be gathered from the
below spectra, it appears to be sufficient. This might however explain why, compared
to the above "yellow" nanoparticles, that for R6G, it is not very sensitive up to about
an initial concentration of 10−11 M. From the concentrations 10−11 M and 10−12 M,
the sensitivity is significantly degraded due to the signal-to-noise and the appearance
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of d/g bands.

Figure 4.7: Stacked spectra showing the range of initial concentrations of R6G
to evaluate the sensitivity of the silver nanoprisms. Excitation wavelength:
532 nm. Excitation wavelength: 532 nm.

The silica capped ’blue@SiO2’ nanoparticles and their corresponding spectra in
Fig.(4.8), show a very low signal-to-noise ratio which exaggerates the ’dead’ pixel
at around 2592 cm−1, however, it does appear to show some signals up to an initial
concentration of 10−8 M. The "dead" pixel is simply a region on the detector (which
is a CCD detector) that no longer is able to detect any radiation coming from that
specific wavelength. A pixel in a detect can "die" for any number of reasons; it could
simply be dust obscuring the "pixel", or the capacitor has stopped working. However,
there does appear to be a C-H stretching band appearing in the 10−9 M to 10−12 M
spectra, in a similar trend to the previous Figs. (4.5), (4.6), and Fig.(4.7).
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Figure 4.8: Stacked spectra showing the range of initial concentrations of
R6G to evaluate the sensitivity of the blue@SiO2 nanoparticles. Note that the
’dead’ pixel at around 2592 cm-1 is exaggerated at the low signal-to-noise.
Excitation wavelength: 532 nm.

4.1.1.3 Nanocubes

The silver nanocubes (Fig.(4.9)), show fluorescence at 10−6 M, 10−7 and 10−8 M
spectra, resulting in what appears as low signal-to-noise when baselined. However,
these do appear to show signals similar to those found in previous figures. In addition,
much like Figs.(4.5), (4.6), (4.7) and Fig.(4.8), a C-H peak appears at an initial
concentration of 10−9 M and subsequent lower initial concentrations.
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Figure 4.9: Stacked spectra showing the range of initial concentrations of R6G
to evaluate the sensitivity of the silver nanocubes. Excitation wavelength: 532
nm.

4.1.1.4 Spherical Nanoparticles

The spectra in Fig.(4.10) have clear R6G signals up to about a concentration of
10−7 M, after which the signals become difficult to distinguish. In addition, as
the concentration increases, the relative intensity of the peak at around 2995 cm−1

appears to get stronger.
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Figure 4.10: Stacked spectra showing the range of initial concentrations of
R6G to evaluate the sensitivity of the spherical nanoparticles. Excitation
wavelength: 532 nm.

The ’spheres@SiO2’ in Fig.(4.11) show that R6G signals are apparent until a con-
centration of about 10−6 M. As the concentration decreases, the signals become less
distingushable. And, as he concentration approaches 10−8 M, characteristic d/g
bands cause signals to be difficult to distinguish. A comparison of a d/g band spectra
in Fig.(4.12b) shows that the spectrum with the most d/g bands is at an initial
concentration of 10−10 M.
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Figure 4.11: Stacked spectra showing the range of initial concentrations of
R6G to evaluate the sensitivity of the Spheres@SiO2 nanoparticles. Excitation
wavelength: 532 nm.
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(a)

(b)

Figure 4.12: (a) The silica capped spherical nanoparticles at an initial concen-
tration of 10−7 M, 10−11 M, 10−12 M R6G compared to the SERS standard
using the silica capped yellow nanoparticles; (b) the silica capped spherical
nanoparticles at an initial concentration of 10−9 M, 10−10 M, 10−10 M R6G
compared to the SERS standard using the silica capped yellow nanoparticles
and a spectra to show how the spectra are forming d/g bands (dotted line).
Excitation wavelength: 532 nm.
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The ’Spheres@SiO2-Sat’ nanoparticles in Fig.(4.11) show fluorescence from concen-
trations 10−6 M to 10−9 M. Then, at an initial concentration of 10−9 M, the bands
typical of R6G become apparent. However, this appears to be the limit of these
nanoparticles, as from the lower concentrations of 10−10 M, the low signal-to-noise
makes it difficult to distinguish bands from one another.

Figure 4.13: Stacked spectra showing the range of initial concentrations of R6G
to evaluate the sensitivity of the ’Spheres@SiO2-Sat’ nanoparticles. Excitation
wavelength: 532 nm.

However, at the lower concentrations, it appears d/g character dominates (Fig.4.14b).
Despite the d/g character, it appears that there is at least R6G being detected at a
concentration of 10−9 M. the fluorescence seen at concentrations higher than 10−8

M may be due to the introduction of additional smaller satellite silver nanoparticles.
Closer inspection of the bands at the lower concentrations in Fig.(4.12b) show that
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at 10−11 M d/g bands interfere with the signals the most, which could explain why
there are no noticeable R6G signals.

(a)

(b)

Figure 4.14: (a) The silica capped spherical nanoparticles with Ag satellites
at an initial concentration of, 10−9 M, 10−10 M R6G compared to the SERS
standard using the silica capped yellow nanoparticles and a d/g band spectra.
Excitation wavelength: 532 nm. (b) The silica capped spherical nanoparticles
with Ag satellites at initial concentrations of 10−11 M, 10−12 M R6G compared
to the SERS standard using the silica capped yellow nanoparticles and a d/g
band spectra. Excitation wavelength: 532 nm.
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4.1.1.5 Comparison of all nanoparticle types for R6G

Figure 4.15: Stacked SLIPSERS spectra for all nanoparticle types for Rho-
damine 6G. Excitation wavelength: 532 nm.

Comparing all the nanoparticle types in Fig.(4.15), it can be seen that the nanopar-
ticle type with the worst signal-to-noise ratio is the Blue@SiO2 nanoparticles, then
Spheres@SiO2, followed by Spheres@SiO2-satellite nanoparticles. This is likely due
to the fact the nanoparticles scatter too much of the incident beam due to the silica
shells being too thick. The nanocubes, are able to get R6G signals up to about 10−14

M. The "yellow"@SiO2 dispersion appears to be one of the more sensitive nanoparticle
substrates. This is likely due to the heterogeneity of the dispersion, where more than
one type of shape exists. This same dispersion (without the silica shell) has been
used previously for this same purpose.[95] In addition, the spherical nanoparticles and
the ’blue’ nanoprisms appear to be very similar in performance to each other.
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4.1.2 Ponceau 4R (P4R)

Figure 4.16: SLIPSERS spectra of P4R and the "yellow" nanoparticle dispersion
at an initial concentration of 10−7 M. Excitation wavelength: 532 nm.

Ponceau 4R is a food dye and is prone to fluorescence at higher concentrations much
like R6G. From Fig.4.16, there are some key peaks: 235 cm−1 from the nanoparticles
(this appears in the R6G spectra). The key factors to consider in the P4R SLIPSERS
spectrum are the extremely common ring vibration modes, such as at 613 cm−1, 772
cm−1, 1356 cm−1 and 1502 cm−1. These, along with the important modes found in
the literature are shown in Table 4.2.
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Raman Shift (cm−1)

Mode(s) Literature Experimental
Crystal vibration – 235

C-H out of plane bend – 772
C-C-C in plane ring bend – 613

929
1030 –
1236 –

– 1309
Aromatic C-C stretch 1356 1358
Aromatic C-C stretch 1502 1509

1440
1649

Table 4.2: Summary table of key concentration Raman active modes in the
literature values[220] and collected experimental SLIP-SERS spectra of P4R.
Excitation wavelength: 532 nm.

4.1.2.1 ’Yellow’ and ’Yellow’@SiO2 Nanoparticles

The ’yellow’ nanoparticles Fig.(4.17) show significant fluorescence at an initial con-
centration of 10−6, resulting in what appears to be a noisy spectrum when baselined.
At an initial concentration of 10−7 M, peaks are more defined.
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Figure 4.17: Stacked SLIPSERS spectra showing the initial concentration
of added P4R in aqueous mixture (50µL) to 50µL of concentrated "yellow"
nanoparticle dispersion. Arbitrary intensity. Excitation wavelength: 532 nm.
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Investigating further at 500 cm−1 - 1900 cm−1 in Fig.(4.18) shows that many
signals appear in most of the spectra, and that peaks at 614 and 772 cm−1 appear at
all initial concentrations except at an initial concentration of 10−6 M. Signal to noise
does not seem to degrade much at the lower concentrations.

Figure 4.18: Zoomed in detail on the ’yellow’ nanoparticle Raman spectra
from Fig.(4.17), for the ranges 500-1900 cm−1. Excitation wavelength: 532
nm.

The silica capped ’yellow’ nanoparticles (Fig.(4.19)), show signals up to an initial
concentration of 10−11 M. In addition, a C-H peak appears in all spectra at around
2929 cm−1. Unlike most of the spectra in this range of analytes the spectra with the
most d/g band character is at an initial concentration of 10−8 M, however, the peak
that usually appears at around 1440 cm−1 is still apparent, despite losing most peak
information between 1100 cm−1 and 1800 cm−1.
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Figure 4.19: Stacked SLIPSERS spectra showing the initial concentration of
added P4R in aqueous mixture (50µL) to 50µL of concentrated "yellow@SiO2"
nanoparticle dispersion. Arbitrary intensity. Excitation wavelength: 532 nm.

4.1.2.2 ’Blue’ Nanoprisms

In Fig.(4.20), the silver nanoprisms show a sensitivity of up to an initial concentration
of 10−10 M. In addition, are an initial concentration of 10−6 M there is a significant
amount of fluorescence, which is responsible for the uneven peak-like "bumps" from
3000 cm−1 and higher. However the C-H peak at around 2929 cm−1 is present in all
of the spectra, indicating that at the very least an organic molecule is being detected.
The presence of very apparent peaks at around 1350 cm−1 and 1561 cm−1 in the
spectrum with an in initial concentration of 10−8M shows that there is at least some
P4R being detected with these nanoparticles. Compared to the "yellow" nanoparticles,
however, there is significantly more signal-to-noise in these spectra.
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Figure 4.20: Stacked SLIPSERS spectra showing the initial concentration
of added P4R in aqueous mixture (50µL) to 50µL of concentrated "blue"
nanoprisms. Arbitrary intensity. Excitation wavelength: 532 nm.

The silica capped nanoprisms in Fig.(4.21), show similar behaviour as they did in
the previous section with R6G, and do not display many signals relating to P4R. As
with Figs.(4.17) and (4.19), C-H bands at around 2929 cm−1 appear at all initial
concentrations. At the initial two concentrations of 10−6 M and 10−7 M, 10−9 M, and
10−10 M the raw spectrum is very fluorescent, which is responsible for the uneven
peak-like "bumps" from 2300 cm−1 and higher. However, based on the rest of the
spectra present for this nanoparticle type, they have low signal-to-noise. At the
initial concentrations of 10−7 M, 10−8, 10−9, d/g bands appear to affect the spectra
significantly, which is concerning. Compared to the nanoprisms in Fig.(4.20), the
spectra here are significantly noisier, and have no perceptible P4R signals.
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Figure 4.21: Using the silver nanoprisms capped with silica as a SERS substrate,
stacked SLIPSERS spectra showing the initial concentration of added P4R
in aqueous mixture (50µL) to 50µL of concentrated "blue@sio2" nanoprisms.
Arbitrary intensity. Excitation wavelength: 532 nm.

4.1.2.3 Nanocubes

The Silver nanocube spectra in Fig.(4.22) show quite a lot of fluorescence from initial
concentrations of 10−6 M to 10−8 M, which is responsible for the uneven peak-like
"bumps" from 2300 cm−1 and higher. Starting at an initial concentration of 10−8 M,
the C-H peak at around 2929 cm−1 appears in the SLIPSERS spectra; in addition,
there also appears to be some d/g influence starting at this concentration, however,
it appears as if some P4R peaks come through. In terms of signal-to-noise, there
appears to be a better signal-to-noise as the initial concentration decreases. Unlike
previously with R6G, the sensitivity appears to be limited with P4R, this may be
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due to how P4R adsorbs differently onto the nanoparticle compared to R6G, and it
not being as emissive as R6G.

Figure 4.22: Using the silver nanocubes as a SERS substrate, stacked
SLIPSERS spectra showing the initial concentration of added P4R in aqueous
mixture (50µL) to 50µL of nanocubes. Arbitrary intensity. Excitation wave-
length: 532 nm.

4.1.2.4 Spherical Nanoparticles

The spherical nanoparticles in Fig.(4.23) show less activity than SLIPSERS standard
at an initial concentration of 10−6 M, however, there does appear to be significant
activity at an initial concentration of 10−11 M. The spherical nanoparticles do appear
to be capable SLIPSERS substrates, at least for P4R and R6G.
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Figure 4.23: Stacked SLIPSERS spectra showing the initial concentration of
added P4R in aqueous mixture (50µL) to 50µL of concentrated nanospheres.
Arbitrary intensity. Excitation wavelength: 532 nm.

In Fig.(4.24), there are not many significant signals at initial concentrations of
10−6 M and 10−6 M. However, at the initial concentration of 10−10 M, there is the
most activity that is closest to the SLIPSERS standard in similarity. This spectra
with peak labels is available in Fig.(A.5). Despite this, there does appear to be some
signals at around 613 m−1 even at an initial concentration of 10−11 M.

In Fig.(4.25), at an initial concentration of 10−6 M, there are not many high-
intensity signals, however at an initial concentration of 10−9 M, there are strong
signals, most notably at about at 1403 cm−1. Despite the lack of intensity at initial
concentrations of 10−7 M, 10−8 M, 10−10 M and 10−10 M, there do appear to be some
signals at an initial concentration of 10−11 M. They appear to be a broadening of
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Figure 4.24: Stacked SLIPSERS spectra showing the initial concentration of
added P4R in aqueous mixture (50µL) to 50µL of concentrated spheres@SiO2.
Arbitrary intensity. Excitation wavelength: 532 nm.

the modes found in 10−9 M and the SLIPSERS standard. A labelled spectra of the
spectra an initial concentration of 10−9 M is found in Fig.(A.1).

4.1.2.5 Comparison of All Nanoparticle Types

Based on the comparison of selected spectra from each nanoparticle type in Fig.(4.26),
it appears that the spectra with the best signal to noise are the "yellow" nanoparticle
dispersion, while the noisiest spectra are from both of the nanoprisms types ("blue").
The yellow nanoparticles have the closest to the SERS standard spectra due to the
yellow nanoparticles being used to create the SERS standard.
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Figure 4.25: Stacked SLIPSERS spectra showing the initial concentration of
added P4R in aqueous mixture (50µL) to 50µL of concentrated spheres@sio2
with Ag Satellites. Arbitrary intensity. Excitation wavelength: 532 nm.
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Figure 4.26: Summary of selected SERS spectra based on their nanoparticle
substrate type for P4R. Excitation wavelength: 532 nm.
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4.2 Linear Discriminant Analysis of the dye spec-
tra

Figure 4.27: Linear Discriminant Analysis of all of the P4R SLIPSERS spectra,
organised by their nanoparticle type.

In Fig.(4.28), the LDA analysis of only the SHIN substrates for P4R shows that
the nanoparticles are forming independent groups. However, based on the previous
spectra, much of this appears to be due to either a fluorescent background or the d/g
background.
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Figure 4.28: Linear Discriminant Analysis of all of the P4R SLIPSERS spectra
which use SHINs as their substrate, organised by their nanoparticle type.
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In contrast, comparing the spectra by nanoparticle type for R6G, it appears that
there are similar amounts of grouping to the previous LDA plot. However, it appears
more consistent based on the distribution plots. This might either indicate that,
because R6G is more emissive, more vibrations appear, further increasing the chances
of differences between the spectra, or that in the P4R experiments, there is more user
error.

Figure 4.29: Linear Discriminant Analysis of all of the R6G SLIPSERS spectra,
by their nanoparticle type.
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Figure 4.30: Linear Discriminant Analysis of all of the R6G SLIPSERS spectra
which use SHINs as their substrate, organised by their nanoparticle type.
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Finally, comparing all of the spectra for both dyes in Fig.(4.31) there is a very clear
separation between both types of dye with very little overlap between the two classes
of dye. In addition, there is little to no clustering of the analyte clusters with the d/g
reference spectra (green dot). This suggests that the spectra collected via SLIPSERS
are statistically different from one another, potentially ruling out significant issues
related to user error, or the presence of similar capping agents that were not removed
sufficiently, which can increase the similarity between the spectra.

Figure 4.31: Linear Discriminant Analysis comparing of all of the P4R and
R6G SLIPSERS spectra, by the type of dye.

Next, comparing all of the dyes, but only using the SHIN substrates used in
Fig.(4.32), shows that there is a clear separation between the three kinds of SHINs,
indicating that the nanoparticles do produce very different spectra from each other.
There is some overlap with the silica capped "yellow" nanoparticles, however, this is
because the standard spectra for both P4R and R6G were made using silica capped
"yellow" nanoparticles.
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Figure 4.32: Linear Discriminant Analysis of all of the dye SLIPSERS spectra
which use SHINs as their substrate, organised by their nanoparticle type.
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Conversely, when comparing the separation between the two dye types, there is
not as much separation observed as when all of the nanoparticle types are included
in Fig.(4.31), this can be explained by the LDA algorithm finding more variation
between the two spectra when all of the other nanoparticle types are included, so
the model can identify more of the features in the spectra. The loadings plot in
Fig.(A.21) shows how each peak contributes to the observed variations in the SHIN
spectra for both dyes; in particular, PC1 is very noisy, indicating that this principal
component has to do with intensities of the SERS signals. In addition, there is most
of the variation in the ranges 400 cm−1 to 2000 cm−1.

Figure 4.33: Linear Discriminant Analysis of all of the dye SLIPSERS spectra
which use SHINs as their substrate, organised by the analyte.
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5. SLIP-SERS Detection of
Glyphosate

5.1 Raman spectrum
In order to understand the fundamental modes occurring in the SERS spectra, it
would be important to understand the Raman spectrum of glyphosate. In Fig.(5.1)
important, but generic modes such as the C-H vibrations can be seen at 2900-3000
cm−1. This is also compared to the calculated spectra using B3LYP with basis set of
6-311++G(3d,2p) in Fig.(5.2), where it exists in the same region, although shifted a
bit more towards 3100-3200 cm−1. Given that glyphosate is a polyprotic compound,
its SERS spectra will change depending on the chemical environment, in the case of
the Raman spectra, it is taken in powdered form and free of solvents. This will mean
that it is in its neutral form.

Figure 5.1: Peak labelled Raman spectra of a sample of PESTANAL analytical
grade (99%) Glyphosate sandwiched between two cover slips. Collected at
532 nm.

111
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Figure 5.2: Calculated Raman spectra of the glyphosate anion using B3LYP
and 6-311++G(3d,2p) basis set.

Figure 5.3: Overlayed comparison of the calculated Raman spectra (B3LYP 6-
311++G(3d,2p)) (orange) and the experimental Raman spectra (teal) collected
at 532 nm. Frequencies are scaled.

Comparing the Raman spectrum and the calculated Raman spectrum in Fig.(5.3)
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there appears to be minimal agreement with the collected spectra, the reason for this
could be the

Wavenumber (cm−1)

Mode(s) Calculated Experimental
vs C-H 3090 2966
vas C-H 3148 3003

vas -CO2, bend -NH2 1657 1712
bend NH2 1565 1603

wag -CH2, -NH2 wag 1365 1364
-CH2 twist 1199 1196

torsion C-N, P-O 1066 1033
torsion -CH2 766 772
torsion -NH2 671 —
P-OH wag 297 309

torsion -O-H, -CH2 345 346
lattice, -CH2 torsion 216 231

Table 5.1: Summary table of the important Raman active modes in the
experimental and calculated spectra (B3LYP and B3LYP and 6-311++G(3d,2p)
basis set. of glyphosate. Collected at 532 nm.

5.2 SLIPSERS Spectra
Glyphosate is a polyprotic compound, and the electronic structure will affect its
observed spectrum due to the changes in polarizability; this will also affect how it
adsorbs onto the nanoparticle surface. In these experiments, glyphosate is initially
exposed to water with a pH of about 7 (MilliQ filtered water). However, 50 µL of this
solution is exposed to a 50 µL solution containing the silver nanoparticles, and then it
is subsequently dried during the SLIPS preparation (which ideally would remove most
if not all of the water from the system). To establish an understanding of the SERS
spectrum, an exploration with silica capped nanoparticles and an excess amount of
glyphosate ( 0.1 M initial concentration, using 50µL concentrated nanoparticles and
50µL glyphosate in water) was done to avoid any complications with organic capping
agents like PVP or citrate. Three spectra were collected in order to capture a larger
set of data (each spectrum contains about 120 "frames" which are individual spectra
in and of themselves).
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Wavenumber (cm−1)

Mode(s) SERS Raman Calculated Raman
vs -CH2 stretch 2939 2966 3090

asym -CH2 stretch 2973 3003 3158
-NH2 bend, vs -CO2 1629 1657 1712

vs C=O 1629 1657
1576

-CH2 wag 1362 — 1365
733

torsion -O-H, -CH2 345 346 345
lattice 211, 235 216 231

Table 5.2: Summary table of the observed SERS modes present in the average of
the three spectra containing excess glyphosate with silica capped nanoparticles
compared with the experimental Raman spectra and calculated Raman spectra
of glyphosate. Collected at 532 nm.

In Fig.(5.4), there are common motifs with the three spectra collected: there is
a prominent -CH2 stretching band at around 2939 cm−1, and what appears to be a
combination of modes around the 235 cm−1 area. This most likely corresponds to
a combination of lattice modes from the silver nanoparticles themselves, the lattice
from Ag@SiO2 and possibly enhanced modes that appear weak in the Raman spectra
of glyphosate at 216 cm−1, which also appear in the calculated spectra at 231 and
251 cm−1.
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Figure 5.4: Comparison of glyphosate calculated and experimental Raman
spectra with SERS spectra containing an excess of glyphosate, and an average
of the three collected spectra (top). Collected at 532 nm.
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Figure 5.5: Averaged spectra of the three spectra collected of excess glyphosate
with the yellow Ag@SiO2 substrate. Collected at 532 nm.

Note that the flat line after 180 cm−1 is due to binning some data because of the
limits of the detector causing issues with the peak at 235 cm−1 that would exaggerate
it after data processing. The environmental conditions (such as pH), and resonance
can affect how the polarizability of glyphosate changes with respect to the Raman
intensity of the C=O bands.
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Figure 5.6: Comparison of collected glyphosate SERS spectra and the average
of these spectra with the calculated and experimental Raman spectra. Collected
at 532 nm.

5.2.0.1 ’Yellow’ and ’Yellow’@SiO2 Nanoparticles

In order to evaluate the sensitivity of the individual nanoparticle shapes with
glyphosate, a range of initial concentrations was prepared in an aqueous environment.
In Fig.(5.7), there is a significant amount of activity up to initial concentrations of
10−11 M. With the most activity that appears like the SLIPSERS standard being that
at 10−9 M. This is promising as a SLIPSERS substrate, and has previously been used
by this research group for similar contaminant analysis.[95]. A spectra with labelled
peaks at an initial concentration of 10−9 M is in Fig.(A.4).

In Fig.(5.8), there is a decrease in overall intensity is seen for the given initial
concentration until an initial concentration of 10−10 M, possibly due to the single
molecule regime, which ignores concentration dependence.
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Figure 5.7: Stacked SERS spectra using the ’yellow’ substrate over a range of
initial concentrations of glyphosate. Collected at 532 nm.
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Figure 5.8: Initial concentration dependence of glyphosate at 211, 733, 1576,
and 2939 cm−1 for the ’yellow’ substrate for the average spectra shown in
Fig.(5.7). Collected at 532 nm.
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As with the excess glyphosate SERS spectra in Fig. (5.6), there are some similar
peaks in Fig.(5.9: there is the peak in the lower end at around 235 cm−1, this
corresponds to lattice vibrations and -CH2 torsion, and the -CH2 asymmetric and
symmetric stretch peaks at around 2990-3100 cm−1. There are signals observed up
until an initial concentration of 10−11 M.

Figure 5.9: Stacked SERS spectra using the Yellow@SiO2 substrate over a
range of initial concentrations of glyphosate. Collected at 532 nm.

5.2.0.2 ’Blue’ Nanoprisms

In Fig.(5.10), there is significantly more activity than the silica capped "yellow"
nanoparticles in Fig.(5.9). Especially at an initial concentration of 10−9 M and
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10−10 M. Labelled spectra at 10−3 M and 10−10 M is found in Figs.(A.2) and (A.3),
respectively.

Figure 5.10: Stacked SERS spectra using the ’blue’ silver nanoprism substrate
over a range of initial concentrations of glyphosate. Collected at 532 nm.

In Fig.(5.11), a decrease in overall intensity is seen for the given initial concentra-
tions up until a concentration of 10−10 M, due to the single molecule regime.



122 5. SLIP-SERS Detection of Glyphosate

Figure 5.11: Initial concentration dependence of glyphosate at 211 cm−1, 733
cm−1, 1576 cm−1, and 2939 cm−1 for the ’blue’ silver nanoprism substrate.

In Fig.(5.12), much like in the dye spectra, there is low signal to noise. However,
there are still significant peaks up to a concentration of 10−10 M. At this point,
signal-to-noise suffers. In the majority of the spectra shown here, there does not seem
to be any significant peaks related to glyphosate.
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Figure 5.12: Stacked SERS spectra using the Blue@SiO2 nanoprism substrate
over a range of initial concentrations of glyphosate. Collected at 532 nm.
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5.2.0.3 Spherical Nanoparticles

Figure 5.13: Stacked SERS spectra using the silver nanospheres substrate over
a range of initial concentrations of glyphosate. Excitation wavelength: 532
nm.

In Fig.(5.13), it appears that there are signals observed up to an initial concentra-
tion of 10−11 M. In addition, there appear to be d/g bands affecting the spectra at
initial concentrations of 10−4 M, 10−5 M, and 10−10 M. However, the spectra at 10−11

M appears to have high SERS activity compared to the rest of the spectra, despite
the low signal to noise, this is likely due to the single molecule regime mentioned in
Section 1.2.6. Despite the influence of d/g bands in several of the spectra here, it is
promising that there are signals at the lower concentrations, in particular at 10−6

M, 10−9 M and 10−11 M. In all of the spectra there are C-H peaks at around 2929
cm−1. There is a labelled spectra of 10−6 M and 10−11 M in Figs.(A.6),(A.7) showing
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modes such as 1533 cm−1, 1329 cm−1, 846 cm−1 and 702 cm−1.
The silica capped silver nanospheres in Fig.(5.14) show that there is detection

sensitivity of glyphosate up until an initial concentration of 10−10 M. There does
appear to be some influence of d/g bands starting at an initial concentration of
10−8 M. Overall, apart from some modes appearing in the spectra at 10−8 M and
10−9 M, it does not appear that this substrate is a good SERs substrate for this
molecule; though there does appear to be peaks at an initial concentration of 10−11

M. Compared to the silver nanospheres in 6.10, this substrate has significantly less
sensitivity and worse signal to noise, particularly at the lower concentrations. As a
reference, a fully labelled spectrum of the spectrum at an initial concentration of
10−4 M is in Fig.(A.8).
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Figure 5.14: Stacked SERS spectra of the the silica capped silver nanosphere
substrate over a range of initial concentrations of glyphosate. Excitation
wavelength: 532 nm.
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5.2.0.4 Nanocubes

Figure 5.15: Stacked SERS spectra using the silver nanocube substrate over a
range of initial concentrations of glyphosate. Excitation wavelength: 532 nm.

The silver nanocubes in Fig.(5.15) show surprisingly less enhancement than the
equivalent experiments with the nanoparticle dispersion in Fig.(5.7), however, it still
shows detection of glyphosate signals up until an initial concentration of 10−11 M. In
particular at this concentration, the peak at around 670 cm−1, is prominent in most
of the initial concentrations. In particular is the spectra at an initial concentration of
10−11 M. At an initial concentration of 10−10 M there appears to be significant peak
activity, with signature peaks at 658 cm−1, 993 cm−1, 1188 cm−1 and 1374 cm−1;
these appear to be similar to the modes in Fig.(5.5), where there are peaks at 657
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cm−1, 1184 cm−1, and 1362 cm−1. A fully labelled spectrum of the spectra at an
initial concentration of 10−10 M is found in Fig.(A.9).

5.2.0.5 Comparison of All Nanoparticle Types

Figure 5.16: Stacked SERS spectra the different silver substrates over a range
of initial concentrations of glyphosate compared to the Raman spectrum.
Excitation wavelength: 532 nm.

Based on the observed "quality" of the signals obtained with each nanoparticle
type, it appears that the majority of nanoparticle types can produce SERS signals
that correspond to glyphosate up until an initial (before drying) concentration of
10−11 M. However, signal-to-noise suffers more with the silica capped substrates. This
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can be explained by the silica coating creating more distance between the plasmonic
surface and the analyte, indicating that the silica shell was not controlled to an
appropriately thin thickness. In addition, there is significant d/g bands affecting
some of the spectra, which can obscure other peaks.

5.3 Linear Discriminant Analysis of Glyphosate
SLIPSERS spectra

From the LDA classification of the data in Fig.(5.17), that there is some grouping of
the data, indicating that the nanoparticle type has an effect on the observed spectra.

Figure 5.17: LDA plot of all of the glyphosate SLIPSERS spectra separated by
the nanoparticle type.

In Fig.(5.17) there are two distinct groups, one from the ’yellow’ nanoparticles (in
grey) and the nanocubes. Whilst there is some overlap between the other nanoparticle
types. One thing to note from this figure is that the Raman spectra (marked in red)
are extremely far from the main grouping of the SLIPSERS spectra and that the d/g
band spectrum is buried in the grouping of the SLIPSERS spectra. The loadings plot
in Fig.(A.22), shows that there is a lot of contribution to the variation of all of the
spectra in the 200 cm−1 to 2000 cm−1 region, with some variation in the C-H peaks
at around 2800 cm−1 to 3100 cm−1.

In Fig.(5.18), it appears that there is some distinctive grouping of the SHIN classes.
There is some overlap with the silica capped "yellow" nanoparticles (YellowSi, purple)
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and the silica capped "spherical" nanoparticles (SphereSi, green). As mentioned
previously in Section 5.2, some spectra had d/g influence, this can be seen where
silica capped nanoprisms (PrismSi, orange) are close to the d/g spectrum (blue). It
does however appear that the d/g influence is minimal on the distinctive grouping of
the SHIN classes.

Figure 5.18: Linear Discriminant Analysis of all of the glyphosate SLIPSERS
spectra which use SHINs as their substrate, organised by their nanoparticle
type.



6. SLIP-SERS Detection of
Diazinon

6.1 Raman spectrum
Even under ideal conditions, it appears that diazinon would not be a good Raman
scatterer (see A.10 for a good example of one of the drastically different Raman
spectra acquired of diazinon in liquid form). As a result, this required increasing
the laser power beyond 10 mW (in comparison, SLIPSERS spectra recorded here
are typically sub 1 mW). However, it is possible to gather the Raman spectrum (see
Figs.(6.1) and (6.2).

Wavenumber (cm−1)

Mode(s) Lit. Raman Experimental Raman Notes
v(CH3) 3026-2844 2872, 2929, 2973 –

vs(P-O-CH2-CH3) 1450-1439 1452 CH3 symm.
semicircle 1375-1410, 1379 ring

1400-1480 1452 stretch
quadrant 1555-1590, 1585, ring

1520-1565 1561 stretch
v(P-CH2) 1440-1405 1452

v(P-O-CH2-CH3) 1008-1042, 1019 –
920-928

v(P-O-Ar) 1130-1090 1100 ring mode
+PO-C

v(C-H) 1050-1040 1019, 1066 rocking
of P-O-C

Radial 980-1005 989, 950 in phase
v(P=S) 600-670 635 –

Table 6.1: Summary of the observed modes for diazinon of the literature values
for modes and the experimental Raman modes[221] collected in a 532 nm setup
as described in Sec.(2.6).

From these spectra, it becomes apparent that unlike in the previous section,
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the peaks are broader and less well defined. The broad baseline might have to do
with the Raman spectrum being collected on a liquid sample (a better medium for
Rayleigh scattering than Raman scattering), and/or diazinon not being an ideal
Raman scatterer and due to the sample being collected on a glass cover-slip. Despite
this, Figs.(6.1) the expected strong C-H band exists at the the 2930-3000 cm−1.
Compared to glyphosate, this mode seems stronger, likely due to the total of C-H
bonds in diazinon (twenty-one) compared to those of glyphosate (four). The summary
of all the important modes in diazinon is in Table 6.2. The literature also describes a
strong band in the ranges 1081-1100 cm−1. In similar Raman and SERS comparison
studies using p-mercaptobenzoic acid (PMBA), similar modes were observed in a
solid state at 1588 cm−1, 1080 cm−1 and 635 cm−1.[68] Many of these, such as at 1578
cm−1 are six-membered ring modes, so it assists in establishing that these modes are
from the diazinon itself and not from any contamination.

Figure 6.1: A Raman spectrum of an analytical grade sample (Pestanal, 99%)
of diazinon on a 532 nm incident beam, captured by using a small drop on a
welled microscope slide.

From the Raman spectrum in Fig.(6.2), this appears to be the case. However,
there is supposed to be a very strong band in the ranges 686-758 cm−1; instead a
band at 989 cm−1 is very strong. However, in monosubstituted diazines (pyridines)
there is supposed to be a very strong Raman band at the ranges 985-1030 cm−1 due
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to a Radial vibration;[221] this falls within this region, so this may be the peak being
observed here. Listed modes are in Table 6.1.

Figure 6.2: The Raman spectra for Diazinon in the 150-1800 cm−1 range. 532
nm excitation wavelength.

6.2 SLIPSERS Spectra
To avoid competitive binding or the nanoparticles being destabilised by the R-P=S
bond, the amount of diazinon as ’excess’ was controlled to 0.01 M. Analysis of the
SERS spectrum of diazinon becomes complicated due to the R-P=S group, as it can
form a R-P=S-Ag bond with the silver surface. This will introduce However, unlike
the Raman spectrum, the SLIPSERS spectra of diazinon in Figs.(6.3)(6.4) is much
more well defined with less broadening. Granted, these SERS spectra are done under
SLIP conditions, however, several modes have been enhanced while others are harder
to notice. For example, the 989 cm−1 peak from the Raman spectrum has been
shifted to about 985 cm−1, but it remains the second most prominent peak (if the
C-H peak is not ignored) in the SLIPSERS spectrum that is being used as a standard.
The literature also describes a strong band in the ranges 1081-1100 cm−1. In similar
SERS studies using p-mercaptobenzoic acid (PMBA), similar modes were observed
in a neutral pH in aqueous environment at 1575 cm−1, 1378 cm−1 1070 cm−1, 1020
cm−1 and 998 cm−1.[68] Many of these, such as at 1578 cm−1 are six-membered ring
modes, so, along with the textbook examples, it assists in establishing that these
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modes observed in the SERS spectra are likely from diazinon itself interacting with
the silver substrate.

Wavenumber (cm−1) Wavenumber (cm−1)

Mode(s) Raman SERS Mode(s) Raman SERS
va(C-H) 2973 – 1100 1129,1192
vs(C-H) 2929 2919 Radial 989 985
quadrant 1561 1513,1565 816-868 890

1452 – 635 648
1379 1370 555 559
1296 1271,1300 – 313 300-430

Table 6.2: Summary of the observed modes for diazinon in the experimental
Raman modes for the standard Raman spectrum and SERS spectrum.

One thing that seems to align with what was hypothesised about the SERS spectra
in Section 1.7 was that the P=S bond will change from the Raman spectra to the
SERS spectra as the P=S-Ag bond with the nanoparticles would form. This can be
seen from the fact that the modes that correspond to a "radial" pyrimidine stretch are
enhanced much more than in the Raman spectrum. In addition, in the pyrimidine
"quadrant" mode Fig.(6.4) it appears that peaks at 1513 and 1565 cm−1 are enhanced
and shifted compared to its Raman counterpart which corresponded to two broad
peaks at 1561 and 1585 cm−1. The literature describes these as characteristic bands
of 2,3-disubstituted pyrazines (pyrimidines), which should have a peak at 1558-1580
cm−1 and another peak at 1525-1570 cm−1. There appears to be some agreement with
these values, however, it is described as a "medium" intensity band; in the collected
spectra here, it is relatively weak. This is likely due to the influence of the other
substituents attached to the pyrimidine ring.



6. SLIP-SERS Detection of Diazinon 135

Figure 6.3: The SERS spectrum for diazinon using an Ag@SiO2 substrate and
excess diazinon (about 0.01 M initial concentration).

Figure 6.4: The SERS spectrum of diazinon using an Ag@SiO2 substrate and
excess diazinon (about 0.01 M), in the range 150cm-1 to 1800cm-1.
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6.2.0.1 ’Yellow’ and ’Yellow’@SiO2 Nanoparticles

The SLIPSERS spectra using the yellow nanoparticles as a substrate in Fig.(6.5)
based on the SLIPSERS spectra before it, that there are diazinon peaks up to about
an initial concentration of 10−9 M. These are the peaks at 1234 cm−1 and 1428 cm−1,
just before the broad peak from 1494 cm−1 to 1649 cm−1. This broad peak appears
to be a broadening of the double peaks in the Excess (SERS) spectrum. Peaks at
1234 cm−1 and 1585 cm−1 still appear up until an initial concentration of 10−9 M
(see Fig.(A.11).
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Figure 6.5: Stacked spectra comparing the Raman spectra of diazinon, a
SERS spectra containing excess diazinon with the "yellow" nanoparticles, and
SLIPSERS spectra collected at various initial concentrations of diazinon with
silver nanoparticle dispersion ("yellow") as a SERS substrate.
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The silica capped yellow nanoparticle dispersion in Fig.(6.6) shows a sensitivity
up until an initial concentration of 10−10 M. This is promising as even the signal to
noise does not suffer too much in this spectra. At initial concentrations of 10−7 and
10−8, there appears to be some loss of some SERS activity, however, at the lower
initial concentrations, there is more SERS activity. As mentioned in Section 1.2.6,
this is likely due to the single molecule regime, at this point concentration dependence
has less of an effect on the observed SERS spectra. In addition, the spectrum at an
initial concentration of 10−9 M is similar to the reference spectrum, which was done
using the same type of substrate.

Figure 6.6: Stacked spectra using the silica capped "yellow" nanoparticle
dispersion, and comparing the Raman spectra of diazinon, a SERS spectra
containing excess diazinon and various initial concentrations of diazinon.
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6.2.0.2 ’Blue’ Nanoprisms

The silver nanoprisms in Fig.(6.7), it is observed that there are what appear to be
diazinon modes up until an initial concentration of 10−10 M. Starting at an initial
concentration of 10−5 M, then again from 10−7 M onward, there appears to be
broadening of a band at 1533 cm−1, however, this broad band does not appear to be
related to d/g bands, as only one broad band appears. By an initial concentration
of 10−10 M, there appears to be a sharpening of this band again, possibly due to
reaching a single molecule regime (see Fig.(A.12) for a peak picked spectra at 10−10

M).
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Figure 6.7: Stacked spectra comparing the Raman spectra of diazinon, a
standard SLIPSERS spectra containing excess diazinon and various initial
concentrations of diazinon with silver nanoprisms as a SERS substrate.

In Fig.(6.8), it appears that despite signal to noise not suffering too much,
diazinon is only detectable to about an initial concentration of 10−5 M, by an initial
concentration of 10−6 M or lower, there are no significant peaks of diazinon appearing
in these spectra. It is unclear what is causing this, but it seems to be due to the
nanoparticle not picking up any modes, and as there are no d/g bands, it is not due
to user error where the diazinon is broken down.
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Figure 6.8: Stacked spectra with the silica capped nanoprism substrate, com-
paring the Raman spectra of diazinon, a standard SLIPSERS spectra containing
excess diazinon and various initial concentrations of diazinon with the silica
capped prisms as the SERS substrate.

6.2.0.3 Nanocubes

The silver nanocubes in Fig.(6.9) appear to show diazinon peaks up until an initial
concentration of 10−10 M, which is promising. However in the spectra at initial
concentrations of 10−6 M and 10−7 M, and slightly in 10−8 M, some d/g bands are
forming, which is affecting the spectra. However, even at these concentrations, the
peak at around 653 cm−1 still appears even with the d/g influence. The signal to
noise does get worse at the lower concentrations, however, it does not appear to affect
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the identification of peaks. The a labelled spectrum at an initial concentration of
10−10 M is found in Fig.(A.13).

Figure 6.9: Stacked spectra with the nanocube substrate, comparing the
Raman spectra of diazinon, a standard SLIPSERS spectrum containing excess
diazinon and various initial concentrations of diazinon with the silver nanocubes
as a SERS substrate.

6.2.0.4 Spherical Nanoparticles

The peaks present in Fig.(6.10) at initial concentrations of 10−3 M and 10−4 M appear
small due to the scaling factor caused the abnormally large peak around 200 cm−1.
At closer inspection, in Fig.(6.11) this appears to not be the case. However, it does
appear that there is increased activity at the initial concentrations of 10−9 M and
10−7 M. This could be due to the competitive binding at the nanoparticle surface;
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such as a large layer of analyte blocking contact to the plasmonic surface. However,
the activity observed at an initial concentration of 10−7 M is unlike anything observed
for diazinon, so it is unclear why this is occurring.

Figure 6.10: Stacked spectra with the nanospheres substrate, compared with
the Raman spectra of diazinon, a standard SLIPSERS spectra containing excess
diazinon and various initial concentrations of diazinon with the nanospheres as
the SERS substrate. Incident beam at 532 nm.

Further investigation in Fig.(6.11), confuses matters further, however, it does
appear that at the previously mentioned unusual spectra, there are at least some
shared modes between these spectra.
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Figure 6.11: Stacked spectra with the nanospheres substrate, compared with
the Raman spectra of diazinon, a standard SLIPSERS spectrum contain-
ing excess diazinon and various initial concentrations of diazinon with the
nanospheres as the SERS substrate. Zoomed in to 250 cm−1 to 1800 cm−1.
Incident beam at 532 nm.

On the other hand, for the silica-capped nanospheres, there appears to be less
sensitivity at least with respect to how many modes are being observed in the SERS
spectrum; in particular, there is a very low signal-to-noise at an initial concentration
of 10−3. This might be due to either an over-saturated surface and the silica shell
that is making it difficult for the diazinon molecules to interact with the plasmonic
core. This could explain why at an initial concentration of 10−5 M there is an
increase in sensitivity and peaks begin appearing, likely due to the aforementioned
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single-molecule regime. At this point concentration dependence has less an effect on
the observed SERS spectra and is now dependent on a molecule interacting with a
hotspot.

Figure 6.12: Stacked spectra with the silica capped nanospheres substrate,
compared with the Raman spectra of diazinon, a standard SLIPSERS spectrum
containing excess diazinon and various initial concentrations of diazinon with
the silica capped nanospheres as the SERS substrate. Incident beam at 532
nm.

6.2.0.5 Comparison of All Nanoparticle Types

A comparison of all of the "best" spectra collected for each nanoparticle type in
Fig.(6.13) shows that there are some modes that are shared between the SERS
standard and the Raman spectrum (also in Table 6.2), and the other nanoparticle
types. Strangely, unlike for the spectrum of glyphosate or the dyes for the "yellow"
nanoparticle dispersion. However, for the other nanoparticle types, there is less overlap.
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Of note is that the spherical nanoparticles and the nanocubes are characteristically
unique at least compared to the other spectra.

Figure 6.13: A comparison of all of the "best" SLIPSERS spectra of diazinon
for each of the silver nanoparticle types, compared to the SERS standard and
its Raman spectrum. As most of the variation between the spectra occurs at
the 300 cm−1 to 1800 cm−1, the rest of the wavenumbers will be omitted
from this figure.
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6.3 Linear discriminant analysis and comparison of
the diazinon and glyphosate SLIPSERS spec-
tra

From Fig.(6.14), there is a clear grouping of the "yellow" nanoparticles, the silica
capped "yellow" nanoparticles and the nanoprisms. In addition, as the SLIPSERS
standard was conducted on the silica capped "yellow" nanoparticles they appear
in this grouping too. It also appears that much of the overlap occurs between the
nanocubes, prisms, silica-capped spheres, and the nanospheres. Initially, it appears
that it is due to the edges of the nanoparticles; for instance, both the nanocubes
and the nanoprisms have sharp edges, however, the fact that the spheres and silica
capped spheres exist in this overlap too. Based on the presence of the d/g band spot,
however, it seems likely that the reason for this is due to user error, as the d/g bands
are influencing the spectra to such a degree that they are over. However, many of
the ’yellow’ dispersion SLIPSERS spectra also contain some d/g influence, so it is
unclear why these are not overlapping with this group of spectra; it might be due to
them having less d/g character, making them statistically not as similar as the other
spectra. Loadings plots for these spectra can be found in Fig.(A.25), it can be seen
that the majority of variation contribution comes from the 400 cm−1 to 2000 cm−1

range, particularly in principal component 6.

Figure 6.14: Linear Discriminant Analysis of all of the diazinon spectra accord-
ing to the types of nanoparticles used.

As the main goal of this thesis is to see if SHINs are capable of detecting organophos-
phorus compounds, a Linear Discriminant Analysis of the SHINs and how well their
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SLIPSERS spectra compare to one another. From Fig.(6.15) it can be seen that
there is a clear grouping of the nanoparticles, with a small amount of overlap of
the silica capped nanoprisms with the nanoparticles from the silica capped "yellow"
nanoparticles. It is unclear why this overlap exists, however, considering the standard
SLIPSERS spectra use the silica capped "yellow" nanoparticles as a substrate, it
might explain why this overlap exists, as, due to the nature of SERS, produced similar
spectra to those found in the silica capped "yellow" nanoparticles SLIPSERS spectra.

Figure 6.15: Linear Discriminant Analysis of all of the diazinon SLIPSERS
spectra which use SHINs as their substrate, organised by their nanoparticle
type.

Conducting a Linear Discriminant analysis of all of the glyphosate and diazinon
spectra shows a grouping of the spectra, (this section would not have been appropriate
in the previous chapter as the diazinon spectra were not introduced yet) indicating
that the collected spectra are not of capping agents or some other compound in the
samples. There is some overlap between the two groups, though it appears somewhat
minimal; this might be due to shared modes between the two compounds being
enhanced in a similar fashion, or the influence of d/g bands. However, if this were the
case, it would be likely to see that there would be more silica-capped nanoparticles
grouping in this region.
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Figure 6.16: Linear Discriminant Analysis comparing all of the diazinon and
glyphosate spectra.

As mentioned already, analysis of the effectiveness of the SHINs is one of the main
goals of this thesis, therefore an LDA comparison of the glyphosate and diazinon
spectra as in Fig.(6.16) should reveal some insights into how well these spectra are
differentiated. In Fig.(6.17), the LDA is carried out under the nanoparticle type as
classes (’targets’). Here it can be observed that there is a clear separation between
the nanoparticle SHIN type and their spectra. It is unclear why this is happening.
However, the other visualisations of the data appear to show that the diazinon SERS
spectra are at least somewhat different by nanoparticle type (in Fig.(6.14)). It is
likely that making one class from two (the glyphosate and diazinon) causes issues
with the dimensionality of the data.



150 6. SLIP-SERS Detection of Diazinon

Figure 6.17: Linear Discriminant Analysis of all of the diazinon and glyphosate
SLIPSERS spectra which use SHINs as their substrate, organised by their
nanoparticle type.
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In Fig.(6.18), it can be seen that unlike in the previous figure, there is a clear
difference between the different spectra when sorting out the SHINs by their analyte,
however, some outliers make it difficult to make a good estimation of what is going
on. It was difficult to pinpoint these with the code written at the time. Loadings
plots for these analytes by their SHIN substrates can be found in Fig.(A.25).

Figure 6.18: Linear Discriminant Analysis of all of the diazinon and glyphosate
SLIPSERS spectra which use SHINs as their substrate, organised by their
analyte type.
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7. Conclusions

7.1 Linear Discriminant Analysis of all of the col-
lected SLIPSERS spectra

Using LDA classification on all of the collected data will help formulate some conclu-
sions with respect to similar LDA classification in Sections A.2.2 and A.2.4 A.2.3.
For instance, in Fig.(7.1), there is at least some grouping between the types of
analytes, with most of the overlap between analytes occurring due to P4R. Although
not required to understand how this variation occurs, the figures in Fig.(A.14) and
Fig.(A.17) show that for the analytes, the majority of the variation between the
samples occurs within the 400 cm−1 to 2000 cm−1 range. Though this is not surprising,
a lot of important modes in organic molecules occur here.

This overlap could indicate is that either; the spectra are shown in Section 4.1.2
were collected with major errors; or, that P4R shares many similar modes with the
spectra that it overlaps with. Another possibility is because of the limitations of LDA
explained in Section 2.9. Namely, the assumption of equal covariance matrices; this
may not hold if the classes have different variances or if the relationship between the
features is different for each class. This can occur if the data is collected from different
sources or if the underlying processes generating the data are different for each class.
In the case of this thesis, this is why Figs.(4.31) and (6.16) show much more distinct
groups than the other LDA plots. In addition, using LDA classification in Fig.(7.2),
there also appears to be some grouping, although significantly more overlap, this
is likely due to the d/g bands in some spectra causing more similarity as expected
however, the Raman spectra all appear as outliers. However, based on all of the
LDA plots in Figures (7.2), (4.27), (4.29), and (4.31), (6.14), (5.17) it appears that in
the case of the yellow nanoparticles, they consistently produce an easily identifiable
cluster in the Linear Discriminant Analysis. This indicates that they are much more
easily reproducible, or that the quality of the other nanoparticles isn’t as consistent.
However, considering the yellow nanoparticles are very inhomogeneous; this is known
to decrease SERS signal intensity,[222–224]. As these spectra were done under SLIPS
conditions, this effect will be minimised due to the concentration of the nanoparticles
and the analytes in the SLIPs samples.

153
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Figure 7.1: Linear Discriminant Analysis of all of the SLIPSERS spectra
according to the analytes in the sample.
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Figure 7.2: Linear Discriminant Analysis of all of the SLIPSERS spectra
according to the types of nanoparticle substrates in the sample.

Fig.(7.2) also shows that there is three distinct groups; the yellow nanoparticles,
the nanocubes, and the silica capped yellow nanoparticles. The other nanoparticle
classes show significant overlap. As this dataset combines all of the analytes, the
overlap can be explained by both spectral similarity and the limitations of the LDA.
Overall, given the observed separation between the nanoparticle type and analyte
types in the above LDA plots and LDA plots in previous chapters, clear differences
were observed between the types of substrates used and the analyte type (with respect
to comparing dyes or organophosphorus compounds).

7.2 SLIPSERS detection of Dyes
From Section4.2, we see that there is a clear separation between the P4R and R6G
SLIPSERS spectra. This indicates that the spectra collected are significantly different
from each other. There also does appear to be some separation in terms of the
nanoparticle type in Figures (4.27) and (4.29), indicating the nanoparticle type plays
a key role in the observed Raman spectra. In addition, the observed sudden increase
in sensitivity in many spectra at low concentrations in, for example, Fig.(4.17) shows
that there are strong P4R peaks at an initial concentration of 10−11 M, despite
relatively the low signal to noise. Therefore, SLIPSERS for both P4R and R6G is
a good platform for the detection of these dyes using the nanoparticle types in this
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thesis.

7.2.1 Efficacy of SHIN-SLIPSERS for the detection of dyes
However, for the SHIN substrates, it appears that in Section 4.1, that the silica
capping agents prevent some of the SERS enhancement from the plasmonic core.
This can be explained due to the silica shell separating the plasmonic surface from
the adsorbed dyes. This indicates that the nanoparticle silica shell produced was not
sufficiently thin, and the silica capping experiments need to be repeated to obtain a
better tuned SHIN system. However it appears that for R6G and P4R, the SHIN-
SLIPSERS system produced using the silica capped nanospheres is an improvement
over the silica capped nanoparticles of any other type. It therefore appears that the
SHINs and their ability to detect the dyes are also dependent on their shell thickness,
and likely the homogeneity of the nanoparticle morphology in the SLIP aggregate; this
would have to be explored further. In addition, the addition of more Ag-nanospheres
improved the performance of silica capped silver nanospheres in the detection of
dyes. This is likely due to the introduction of the satellites as explained in 2.1.2,
which introduces more plasmonic material into the SLIP surface. It is clear that it
will be required to improve the quality (shell thickness in particular) of the silica
capped nanoparticles for further study. A major disadvantage with the Ag-Satellite
SHIN-SLIPSERS method, appears to be a question of long-term storage and stability,
as the Ag satellites are bare silver nanoparticles and are prone to destabilising if
the conditions of the mixture change significantly. For example, it was observed
that the SHIN-satellite lose stability after about eight weeks (observed by the colour
change to a black solution of oxidised nanoparticles). If the Ag-satellite nanoparticles
are stored in a fridge they are stable for at least two months. So, at the benefit of
better SERS performance, the advantage of a stable central core, this method (in
this thesis at least) comes at the cost of an unstable nanoparticle dispersion. This
nanoparticle composite (SHIN-Satellites) would be an ideal candidate for further
research in SLIPSERS, and SERS in general.

7.3 SLIPSERS detection of glyphosate
Glyphosate is a small molecule, which makes it difficult to determine how well it will
Raman scatter, and, unlike the dyes in the previous sections, it is not fluorophore.
However, the data in Section 5.2 shows that glyphosate is detected well by all of the
nanoparticle substrates, and, unlike the dyes, there was a minimal amount of spectra
with low signal-to-noise or many highly fluorescent spectra. As shown by Section 5.3,
there is some grouping of the SLIPSERS spectra by their nanoparticle type. This
indicates that the nanoparticle type might play a role in how different the SLIPSERS
spectra will be observed.



7. Conclusions 157

7.3.1 Efficacy of SHIN-SLIPSERS for the detection of glyphosate
In comparison to the dyes using the SHIN substrate, the SHINs were somewhat more
capable of detecting glyphosate. As shown in Section 5.3, each SHIN has a more
distinct glyphosate spectrum. Comparing the LDA of the SHINs and the differences
between the glyphosate and diazinon spectra, there is distinct grouping of the spectra
with some overlap (likely due to common modes). Based on the SHIN performance
for detecting glyphosate, the SHINs are a potentially good substrate for the detection
of organophosphorus compounds, for example in the case of all of the SHINs used,
they all picked up some SERS signals in their spectra to 10−11 M, in Figs.(5.9), (5.12)
(5.14). These are promising results that could be expanded upon further in more
experiments; or by choosing another organophosphorus compound with an improved
Raman or SERS cross section. A recommendation for further study is to perhaps use
surface modifications on the silica shell in combination with SLIPSERS, as it should
improve analyte specificity.

7.4 SLIPSERS detection of diazinon
For diazinon, the spectra are consistent between each nanoparticle type. However, in
the case of the silica capped nanoprisms, there was a very low detection limit of only
up to 10−6 M, likely due to a incorrectly controlled silica shell. This consistency, was
hypothesised in Section 1.7. What was not significantly observed were strong P=S
bond vibrations. which is unusual as these should be the strongest, being directly
parallel to the plasmon modes coming from the surface of the silver nanoparticles.
This could be due to diazinon being unstable and prone to degradation, and the
drying method accelerating this process; it is possible that what was being observed
was a diazinon-related compound and not diazinon itself.

7.4.1 Efficacy of SHIN-SLIPSERS for the detection of diazi-
non

In the LDA plot in Fig.(6.14) it was found that there was some grouping of the
nanoparticles, with much of the overlap occurring between the nanocubes, prisms,
silica capped spheres and the nanospheres. Based on the presence of the d/g band
spot, however, it appears that the reason for this is the d/g bands are influencing
the spectra. Many of the ’yellow’ dispersion SLIPSERS spectra also contain some
d/g influence, so it is likely that this overlap is due to similarity in the observed
modes in the spectra. In addition, an LDA analysis just using the SHINs as targets
in Fig.(6.15) showed that there is a more obvious separation between all three of the
SHIN substrates, indicating that each shape and their silica shell plays an important
role in the spectra observed in Section 6.2. More distinct groups were observed for
the silica capped ’yellow’ dispersion, the ’yellow’ nanoparticles and the silica capped
nanoprisms. In the case of the silica capped nanoprisms, this is likely due to the fact
the spectra with an initial concentration lower than 10−6 M do not have any significant
modes showing up, making them different from the other spectra. Therefore, of all
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of the SHIN nanoparticles that were analysed, the silica capped "yellow" dispersion
showed the best significant improvement over the other SHIN substrates used in
this thesis. This could be observed due to errors with data collection, and/or the
capping of the silica on the nanoparticle substrates resulting in separation from the
plasmonic core. Regardless, it is promising that these substrates can be used to detect
diazinon up to an initial concentration of 10−10 M in most cases; likely due to the
single molecule regime being enhanced by the concentrative effect of the SLIPS spot.

7.5 Future Work
The most important aspect that was missed would be to appropriately verify the
concentrations of all of the analytes using mass spectrometry - an aspect of SERS
studies that is often overlooked, and is yet another overlooked aspect in this thesis.
This would be important as the limits of detection are effectively determined by the
presence (or lack thereof) of contaminants at the lower concentration (such as pico-
and subpicomolar) regions; if the contaminants are present, bands that do not belong
to the chosen analyte in the SERS spectra will be observed, and the practical limit of
detection has been reached. A full, accurate characterisation of the vibrational modes
is almost impossible with the current hardware due to the SERS effect, however, a
more in-depth study into how the organophosphorus compounds specifically bind
to the silver nanoparticles would be interesting, as the orientation is an important
factor in understanding the modes observed in the SERS spectra.[66] One key factor
that was missed was more characterisation of the nanoparticle systems. For example,
it was not explored how crystalline the silica capped nanoparticles (SHINs) were, so
powdered X-ray diffraction (pXRD) could have been useful, as the prominent 111
modes would be easily seen and therefore easily verified. One other important avenue
to explore is the absorption spectrum of the aggregate on the SLIPS samples (a solid
UV-vis), as it is assumed that the absorption spectrum of the colloidal solution is
the same as the aggregate; this could be done using the current detector setup in the
Raman lab, but using a broader light source such as a white lamp. In addition, more
optimisation could have been done on the silicon capped nanoparticles, in particular,
the prisms and nanocubes (which weren’t attempted in this thesis), as molecules such
as mercaptohexadecanoic acid and Another missed opportunity was what the specific
nanoparticle size distribution and surface charges were. This, while not crucial to the
understanding of the SERS spectra, might bring more insight into how the systems
used would be affected by the changes in the environment and how the analytes
would bind to the nanoparticle surface. A comparison of the SERS spectra where
glyphosate was under different pH conditions would also have been an interesting set
of experiments that were not thought of; as the differing electronic structure could
likely change how the spectra are observed.
In addition, including some SEM images of the SLIP nanoparticle aggregate, and
Atomic Force Microscopy (AFM) images of the nanoparticle ’spot’ on the SLIPs slides
would be useful (though a very small nanoparticle aggregate would be required for the
AFM due to the physical constraints). In particular, the AFM would provide some
insight into the general morphology of the agglomerated nanoparticle spot produced
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as a result of no contact line pinning, and therefore help to predict (partly because
the nanoparticles will never dry in the same agglomerated spot every time) how the
hotspots are forming within the SLIPS spot.
In addition, it would likely be prudent to analyse the prisms under the 633 nm
laser, as this is a bit closer to the observed LSPR of Fig.(3.2). For much of the
spectra, it appeared to not be necessary due to the broad absorption observed by the
nanoparticles; an addition that was recently added to this laser line also allows the
use of a motorised stage that can collect a spectrum of a sample at each coordinate
that is given to it. This can then be used to create what is essentially a heat map,
allowing us to map an entire nanoparticle aggregate and identify any points of interest
(such as areas of hotspot activity). Combined with the AFM, this could gain some
insight into how exactly the aggregate is interacting with the incident beam based on
its surface structure.
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A. Appendix

A.1 Miscellaneous Spectra

A.1.1 Ponceau 4R

Figure A.1: Ponceau-4R absorbed onto the silica capped silver nanosphere
substrate with silver nanosphere satellites at an initial concentration of 10−9

M. Excitation wavelength: 532 nm.

A.1.2 Glyphosate
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Figure A.2: Glyphosate absorbed onto the silica capped silver nanoparticle
dispersion "yellow" substrate satellites at an initial concentration of 10−3 M.
Excitation wavelength: 532 nm.

Figure A.3: Glyphosate absorbed onto the silica capped silver nanoparticle
dispersion "yellow" substrate satellites at an initial concentration of 10−10 M.
Excitation wavelength: 532 nm.
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Figure A.4: Glyphosate absorbed onto the silica capped silver nanoparticle
dispersion "yellow" substrate satellites at an initial concentration of 10−9 M.
Excitation wavelength: 532 nm.

Figure A.5: Glyphosate absorbed onto the silica capped silver nanosphere sub-
strate satellites at an initial concentration of 10−10 M. Excitation wavelength:
532 nm.
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Figure A.6: Glyphosate absorbed onto the silver nanospheres substrate at an
initial concentration of 10−6 M. Excitation wavelength: 532 nm.

Figure A.7: Glyphosate absorbed onto the silver nanospheres substrate at an
initial concentration of 10−11 M. Excitation wavelength: 532 nm.
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Figure A.8: Glyphosate absorbed onto the silica capped silver nanospheres
substrate at an initial concentration of 10−10 M. Excitation wavelength: 532
nm.

Figure A.9: Glyphosate absorbed onto the silver nanocube substrate at an
initial concentration of 10−10 M. Excitation wavelength: 532 nm.
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A.1.3 Diazinon

Figure A.10: A Raman spectrum of diazinon on a 532 nm incident beam,
captured by using a small drop on a microcope slide.
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Figure A.11: Diazinon absorbed onto a "yellow" substrate at an initial concen-
tration of 10−9 M. Excitation wavelength: 532 nm.
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Figure A.12: Diazinon absorbed onto the silver nanoprism substrate at an
initial concentration of 10−10 M. Excitation wavelength: 532 nm.
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Figure A.13: Diazinon absorbed onto the silver nanocube substrate at an initial
concentration of 10−10 M. Excitation wavelength: 532 nm.
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A.2 Nanoparticle Distributions

A.2.1 All Analytes

Figure A.14: Loadings plot of the SLIPSERS spectra for all analytes for each
of the principle components.
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Figure A.15: For the all of the spectra, a scattermatrix plot with distribution
curves and scatterplots showing the distribution of spectra by the nanoparticle
type using their principle components

A.2.2 Dyes
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Figure A.16: For the all of the spectra, a collection of PCA scattermatrix plots
with distribution curves and scatterplots showing the distribution of spectra
by the analyte type by the first five principle components.
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Figure A.17: For the all of the SLIPSERS spectra containing SHINs as
nanoparticles, and all of the analytes a collection of loadings plots for principle
components 1-5 showing which modes contribute more variation between the
samples.
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Figure A.18: For the all of the R6G spectra, a collection of PCA scattermatrix
plots with distribution curves and scatterplots showing the distribution of
spectra by the nanoparticle type by the first five principle components.
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Figure A.19: For the all of the P4R spectra, a collection of PCA scattermatrix
plots with distribution curves and scatterplots showing the distribution of
spectra by the nanoparticle type by the first five principle components.
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Figure A.20: For the R6G, a scattermatrix plot with distribution curves and
scatterplots showing the distribution of spectra by the analyte type using their
principle components.
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Figure A.21: For the all of the SLIPSERS spectra containing SHINs as
nanoparticles, and all of the dyes as analytes, a collection of loadings plots
for principle components 1-5 showing which modes contribute more variation
between the samples.
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A.2.3 Glyphosate

Figure A.22: Loadings plot of principle components 1 to 6 for all glyphosate
spectra.
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Figure A.23: For the glyphosate spectra, a scattermatrix plot with distribution
curves and scatterplots showing the distribution of spectra by the nanoparticle
type using their principle components
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Figure A.24: For the glyphosate spectra, a scattermatrix plot with distribution
curves and scatterplots showing the distribution of spectra by the analyte type
using their principle components.
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Figure A.25: For the all of the SLIPSERS spectra containing SHINs as
nanoparticles and glyphosate and diazinon as analytes, a collection of loadings
plots for each principle component show which modes contribute more variation
between the samples.
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A.2.4 Diazinon

Figure A.26: Loadings plot of the SLIPSERS of diazinon for each of the
principle components.
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Figure A.27: For the diazinon spectra, a scattermatrix plot with distribution
curves and scatterplots showing the distribution of spectra by the nanoparticle
type using their principle components.
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Figure A.28: For the diazinon spectra, a scattermatrix plot with distribution
curves and scatterplots showing the distribution of spectra by the analyte type
using their principle components.
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A.3 Tables

Raman Shift (cm−1)

Mode(s) Literature 10−6 M 10−7 M 10−8 M 10−9 M 10−10 M 10−11 M
C-C-C in-plane ring bend 612 631 631 622 671 680 671

C-H out of plane bend 774 737 737 737 710 706 –
C-H in plane bend 1185 1196 1196 1196 1129 1129 1121

Aromatic C-C stretch 1311 1284 1284 1284 1275 1271 1304
Aromatic C-C stretch 1364 1362 1362 1362 1383 1387 1342

1510 1517 1517 1517 1581 1597 1573
1652 1649 1649 1649 – – –

Table A.1: Table of modes common for each initial concentration of R6G for
the silver nanocube substrate.
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