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ABSTRACT

Explosives remain a threat to homeland security, and recent events emphasize
the importance of explosive trace detection (ETD) technologies and the need to
identify novel approaches. Surface-enhanced Raman spectroscopy (SERS) is a
promising technique with many favourable qualities such as: high sensitivity,
selectivity, portability and fast analysis times. This thesis focusses on SERS
and PIERS, and is divided into three workstreams, described below.

The first experimental chapter explores the relatively new technique, photo-
induced enhanced Raman spectroscopy (PIERS), which has received much
attention for providing enhancement levels greater than conventional SERS.
The chapter details a study into the PIERS effect using a commercially available
material. This chapter also identifies two well-known limitations associated
with metal oxide semiconductors used for PIERS and the successful solutions
described in this chapter have been tentatively proposed as two new variants
of PIERS. Furthermore, the potential applications of these modifications have
explored for homeland security and environmental monitoring.

Chapter 4 describes the synthesis and characterisation of ZnO nanorods
as novel substrates for PIERS. Doped ZnO samples were prepared through
chemical bath deposition to produce uniform nanorod structures with high
crystallinity. The samples were characterised on a structural and elemental
level. Comparison of the PIERS properties showed the doped ZnO samples

provided a higher level of enhancement compared with undoped ZnO.
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Chapter 5 describes a dual method for detecting explosives using colori-
metry and SERS. The assay exploits the formation of a complex between the
nitro moiety of nitroaromatic explosives with a ligand, producing a coloured
complex. To demonstrate the potential for the assay in real-world applications,
a machine-learning algorithm was used to confirm the collected SERS data
to be suitable to achieve a high level of detection. Furthermore, a simple
image-analysis software was used to show the colorimetric analysis can be

easily achieved using a smart-phone camera without modifications.



IMPACT STATEMENT

The detection of trace quantities of explosives is important in many fields,
including forensics, environmental monitoring, as well as during the man-
ufacture and storage of explosives. As such, there is a continuing need to
improve existing ETD technologies as well as maintain efforts to identify new
approaches.

The research described in this thesis has provided new fundamental un-
derstanding into a relatively new technique called PIERS. This research has
reported the first study into the effect of chemical environment and substrate
design on PIERS activity, which opens up a new area of research to optimise
PIERS substrates. Furthermore, this formative study can aid colleagues in the
research community when considering use of similar materials as sensors and
even direct focus on the emergence of a PIERS detection system alongside
development of standalone novel substrates. In the latter part of the thesis,
doped materials are reported as potential PIERS substrates and these materials
add to the relatively limited examples in literature. The work has explored the
potential applications in homeland security and environmental monitoring.

There is a continuing need to develop efficient colorimetric kits for the
detection of explosives and there is a growing interest in overcoming limit-
ations in selectivity by combing colorimetric sensors with more analytical
techniques. The dual colorimetric and SERS assay presented in Chapter 5
shows an alternative approach to detect nitroaromatic explosives, for which

there is only one other example in literature. There is a growing trend in the

vi



use of machine learning (ML) tools in many fields including interpretation
of sensor data. As such, the availability of open source and accessible ML
libraries has become more widely available, making it easier for ML tools to
be used with limited prior knowledge. There has also been a growing interest
in exploiting the capabilities in conventional smartphones for use as sensors.
These trends have been embodied through the work described in Chapter 5,
where a SERS assay for the detection of explosives has been developed and
subsequently made more practical by utilising ML tools and a smartphone
camera to demonstrate the feasibility of automated detection.

Overall, the work in this thesis can benefit not only the academic com-
munity but also science and technology colleagues in defence and security. The
extensive technology review, part of which is included in this thesis, compares
novel approaches for contraband detection against operational requirements
and the capabilities of in-use systems. Directions can be drawn on new avenues
of research. The research relating to PIERS has also introduced a number of
promising avenues to explore and whilst much of the work is in early stages
of development, the approach to experimental design, which focused on im-
portant factors in the operational environment, may guide future approaches in

explosive detection sensors.
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INTRODUCTION

1.1 THE NEED FOR EXPLOSIVE TRACE DETECTION

Explosive trace detection (ETD) technologies play a vital role in maintaining
national security. The range of explosive threats are constantly evolving and
so technologies must remain relevant. Recent terrorist attacks have highlighted
the dangers of improvised explosive devices (IEDs) many of which contain
home made explosive (HME) materials. Acid salts such as ammonium nitrate
(AN) and urea nitrate (UN), in the presence of a primary explosive or fuel oil
have historically been used. Peroxide explosives such as triacetone triperoxide
(TATP) and hexamethlyene triperoxide diamine (HMTD) have become popular
with terrorists due to the ease of preparation from readily obtainable ingredients.
Liquid explosives are also attractive to terrorists due to the difficulties with
screening through containers. Ethylene glycol dinitrate (EGDN) can easily
be synthesised and hydrogen peroxide, at a critical concentration, can also be
used as an explosive.

ETD technologies are used at military sites, to monitor ageing and stability
of munitions and to ensure safety and environmental aspects are followed.
ETD technologies are also required in environmental monitoring, through
waste products of munitions manufacture, as unexploded ordnance or from
conflict areas. For example, explosives such as TNT can bind to soils and pose

a danger to plant and wildlife and RDX readily dissolves in water which can
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leach into the environment and contaminate drinking water. As such, ETD
technologies can be installed at sites to monitor and quantify the levels of
explosives and related components. A wide range of techniques are used,
each with its own limitations and so there is a requirement to improve existing

detection methods as well as maintain efforts to identify new approaches.

1.2 AIMS

The overall aim of this research was to develop new methods for the analysis
of energetic materials using enhanced Raman spectroscopy approaches. SERS,
and the relatively new technique, PIERS, were chosen as the main focus of
research due to their potential for rapid detection and non-destructive analysis

at trace detection levels. The objectives of the research were:

* To characterise the PIERS effect using a commercially available sub-

strate.

* To overcome limitations in conventional PIERS, relating to; the time-
dependent enhancement and distribution of nanoparticles on a superhy-

drophilic surface.

e To fabricate a novel semiconductor metal oxide substrate for PIERS.

* To explore the development of a dual mode SERS assay for the detection

of explosives.
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1.3 SCOPE

The thesis begins with an overview of the principles of Raman spectroscopy
and SERS. To gain insight into the feasibility of the work in this thesis towards
a usable sensor, there was a need to understand the detection capabilities,
limitations and strengths of existing techniques. Chapter 2 provided a liter-
ature review, covering a broad range of technologies in addition to Raman
spectroscopy, including animal olfaction, sensors, ion mobility spectrometry
and colorimetry. Examples of systems in operational use are also presented,
along with insights into their analytical capabilities.

Chapters 3-5 described the experimental work in this thesis, which is split
into three workstreams. In Chapter 3, the PIERS effect was characterised
using a commercially available TiO, substrate, Pilkington ActivT™. The PIERS
lifetime was determined and improved upon by conducting experiments under
a low oxygen environment using a custom chamber. To overcome the issue of
nanoparticle deposition on a photoinduced superhydrophillic surface, PIERS
was carried out using a mask (termed m-PIERS), which resulted in higher en-
hancement factors. These improvements to the conventional PIERS approach
were further verified by applying detection to trace explosives and the pesticide
thiram.

Chapter 4 described the synthesis and characterisation of ZnO nanorods for
use as a PIERS substrate. ZnO nanorods were synthesised using the chemical
bath method and compared with Ag and Cu doped variants. The films were
characterised using photoluminescence, diffuse reflectance spectroscopy, EDX,
XRD and XPS.

And finally, Chapter 5 showed the development of an assay to detect

nitroaromatic explosives using colorimetry and SERS. The dual detection assay
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was tested using TNT, tetryl and picric acid. To demonstrate the potential for
the assay to be used in the field, a simple paper-based sensor was developed
with colorimetric analysis achieved using a smartphone camera. The robustness

of the assay was further confirmed using machine learning.

1.4 PRINCIPLES OF RAMAN SPECTROSCOPY

Raman spectroscopy is a widely used chemical analysis technique which in-
volves the collection and analysis of scattered light from a material. The main
advantages of Raman include: high selectivity, fast analysis times, minimal
sample preparation and the ability to analyse solid, liquid and gaseous samples.
In addition, analysis is carried out in a non-destructive manner and the tech-
nique offers stand-off detection capabilities. Raman analysis can provide
information on molecular vibrations, which can be used to infer chemical
structure and identification, molecular interactions, crystallinity and provide
quantitative analysis.

The Raman effect was discovered by Dr. Chandrasekhara Venkata Raman,
who noticed light deflected off a transparent material had a different wavelength
to the incident light [1]. The theory of Raman scattering can be explained
through classical wave or quantum particle interpretations. The classical
wave theory considers light as electromagnetic radiation and composed of
electric and magnetic fields oscillating at a given frequency. The oscillating
electric field component interacts with the electron clouds within a molecule,
resulting in a change in the molecule’s polarizability. On the other hand, the
quantum particle interpretation considers light as a photon, and interaction

with a molecule results in the inelastic scattering of the incident light.
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1.4.1 Classical interpretation

For a simple diatomic molecule, the molecular motion can be modelled by
considering two atoms as masses connected by a spring (Figure 1). The spring
constant, ‘k’, which describes the ‘stiffness’ of the spring, represents bond
strength and molecular vibrations arise from displacement of the atoms by
distance ‘x’, from the resting equilibrium. This can be represented using

Hooke’s Law (Equation 1).

F = —kx (1)

The negative sign shows that the force is directed opposite to the elongation.
Combining Hooke’s Law with Newton’s second law of motion, a relation can
be established showing the motion of the atom as a harmonic oscillation (Equa-
tion 2). As such, the molecule vibrates in a cosine pattern with a frequency
proportional to the bond strength and inversely proportional to the reduced
mass (consisting of masses m; and mj).

1 1 1

n = 5 k(m—1+m—2) 2)

The vibrational spectra of molecules arises from both the atoms and bonds
in a molecule. As molecules undergo vibration, the polarizability of the
molecule also changes, which is observed as changes in the emitted frequencies.
When incident light interacts with a molecule, it induces a dipole moment,
which is equal to that of the product of the polorizability of the molecule and
the electric field of the incident light source. When expressed mathematically
(not shown here), the induced dipole moment shows there are three components

with different frequencies, describing two effects when incident light interacts



INTRODUCTION

with molecules. These are the Rayleigh and Raman scattering effects. In
Rayleigh scattering the frequency of the scattered and incident light is the same
(elastic scattering). In Raman scattering (also called inelastic scattering), two
outcomes are possible whereby the scattered light can be shifted to lower or
higher frequency than the incident light. A decrease in frequency is known as
Stokes shift, whereas an increase in frequency is known as Anti-Stokes shift.

This is represented pictorially in Figure 1.

v v

0l — w—) o cioh (o)
Excitation ‘ |||»Stokes (vo—7)

source (vy) Anti-stokes
Molecule (vo +v)

Raman
scattering

Figure 1: Raman and Rayleigh scattering

1.4.2  Quantum particle interpretation

The quantum particle interpretation of light scattering can be shown using
a Jablonski diagram, by considering the excitation of the molecule through
quantum energy transitions (Figure 2). Here, light scattering is considered
a two-stage process. Firstly, the incident photon excites the molecule into
a virtual energy state. Secondly, a photon is emitted and in the process, the
molecule can return to ground state or jump to an excited state. If the energy
of the scattered photon is the same as the incident photon, the process is called
Rayleigh scattering. If the energy of the scattered photon is lower than the
incident photon, the process is called Stokes scattering. Another possibility
is the molecule already exists in excited state and is further excited to a

higher virtual state, before returning to ground state. If the subsequent emitted
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photon is of higher energy than the incident photon, the process is called
Anti-Stokes scattering. Under normal conditions, the majority of molecules
will be at ground state and so conventional Raman spectroscopy is carried out

by monitoring Stokes-shifted light.

Virtual
levels

Energy

2 .,

Rayleigh Anti-stokes Resonance
scattering Raman

Stokes

Figure 2: Raman and Rayleigh scattering shown using a Jablonski diagram.

Figure 2 also shows Resonance Raman scattering (RRS). RRS is one tech-
nique which can be used to overcome the weak signals of conventional Raman
spectroscopy. Here, the excitation source is selected with energy equal or close
to the electronic transition energy of the analyte molecule, which can induce
structural distortion. Raman bands which are close to the electronic trans-
ition that is responsible for the absorption will be greatly enhanced [2]. With
this approach, signals can be enhanced by three or four orders of magnitude
compared to non-resonance Raman scattering [3]. Provided there is ease in
switching between laser excitation wavelengths in a Raman system, RRS is
a simple approach to enhancing Raman signals without the need for sample

treatment or additional substrates (discussed in the SERS section below).
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1.4.3  Set-up of a Raman spectrometer

Figure 3 shows the general set-up of a Raman spectrometer. Typically, a
monochromatic laser is directed onto the sample through a series of mirrors
and slits. Light scattered from the sample consists of both elastically (Rayleigh)
and inelastically (Raman) scattered photons, which are collected by a CCD
detector. The Raman signal shows the intensity of photons collected as a

function of Raman shift and is given in wavenumbers (cm™).

Microscope

Mirror

\
\
A\ ... p CCD
(WRCLLEL 3
\ e detector

Filter

Figure 3: Set-up of Raman system.

As described above, molecular polarizability is a measure of how readily
a molecule’s electrons are displaced by an electric field. For molecules to
be Raman active, there must be a change in the polarisability of the electron
clouds upon excitation. For this to happen, the incident light source needs to
be in resonance with the energy gap between the ground and excited electronic
states of the molecule. The power of the scattered light (Ps), is equal to the
product of the intensity of the incident photons, I,, and the Raman cross-
section, 0. The Raman cross-section relates the power of the incident light to
the power of scattered light by the molecules, or the scattering ability, and
is proportional to 1/A*, where A is the incident wavelength. Therefore, the

probability of a photon generating Raman scatter is proportional to a molecules
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Raman cross-section (Equation 3). Equation 3 shows that using a high power
excitation source and a short excitation wavelength can be more beneficial in

Raman spectroscopy due to the greater returns in signal strength.

1o

Psocp

3)

However, a lower laser wavelength (higher energy) can cause fluorescence
interference as well as thermal and photodegradation effects on the sample,
reducing detection sensitivity. Lasers with higher wavelengths (lower energy)
can reduce the effects of fluorescence but may not generate enough detectable
Raman scattering. As such, selection of the excitation source is important and
requires careful consideration of many factors. Raman scattering is a weak
process and the probability of Raman scattering is quite low. For example,
typical Raman cross-sections for explosives are in the range 102 - 10732 cm?
[4], [5], whereas the absorption cross-sections of chromophores is typically

1015 - 10716 cm? [6].

1.4.4 Vibrational modes

For a molecule with N atoms, theoretical vibrational modes can be calculated
based on the internal degrees of freedom (3N) minus the number of transla-
tional and rotational degrees of freedom for linear and non-linear molecules,

as shown in the equations below:

n = 3N — 5 (linear) 4)

n = 3N — 6 (non-linear) 3)
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The majority of these modes will not appear in the Raman spectrum due to
symmetry effects (from the Raman selection rules), or may have small mag-
nitudes. The resultant ‘Raman active’ vibrational modes provide a ‘fingerprint’

for each molecule, allowing for chemical and structural identification.

1.5 SURFACE ENHANCE RAMAN SPECTROSCOPY (SERS)

One disadvantage of Raman spectroscopy is low sensitivity which limits its
use to bulk analysis. As a result, many techniques have been developed to
enhance the Raman signal. Examples include: Coherent anti-Stokes Raman
spectroscopy (CARS), shell-isolated nanoparticle-enhanced Raman spectro-
scopy (SHINERS), tip-enhanced Raman spectroscopy (TERS) and surface
enhanced Raman spectroscopy (SERS), the latter of which will be the main
focus here.

SERS is a relatively new technique with its origins being traced back to
1974. Fleischmann, Hendra and McQuillan were conducting Raman measure-
ments using pyridine on an electrochemically roughened silver surface and
found the resulting Raman signals to be unusually high and varied with the
potential applied [7]. In 1997, Jeanmaire and Van Duyne et al. proposed the
mechanism to be due to a combined surface enhancement effect and resonance
enhancement from coupling of the scattering process with electronic transitions
in the adsorbed molecules [8]. Similar results were also reported by Albrecht
and Creighton using colloidal silver suspensions [9]. The technique has since
been called Surface Enhanced Raman spectroscopy (SERS).

SERS has become a highly researched area, with diverse applications
spanning environmental monitoring, defence and medicine. SERS overcomes

the low signals seen in conventional Raman spectroscopy, which arise from

10
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intrinsically low scattering cross-sections, through the use of nanoparticles or
nanostructured surfaces. Noble metals such as gold and silver are typically
used which can lead to enhancement factors (EF) of 10* - 10° [10]. The SERS
effect arises when an analyte molecule adsorbs onto a rough metallic surface,
leading to enhancement of the analyte’s Raman signal. Coinage metals such
as silver, gold and copper have been extensively used as SERS substrates,
due to their stability, biocompatibility [11] and ease of control of optical
properties [12]. The SERS enhancement is attributed to both chemical (CE)
and electromagnetic (EM) contributions, with the latter giving a much greater

enhancement effect [9], [13]-[15].

1.5.1 Surface plasmon resonance

Surface plasmon resonance (SPR) occurs when light interacts with a metal,
resulting in the collective oscillation of free conduction electrons (Figure 4).
In nanoparticles, where sizes are typically similar to the wavelength of the
incident radiation, the plasmon resonance is localised to the particle surface
and is known as localised surface plasmon resonance (LSPR). For LSPR to
occur, the frequency of the incident light needs to be in resonance with the
plasmon oscillation frequency. LSPR is responsible for the electromagnetic
enhancement and plays a crucial role in amplifying Raman signals of adsorbed

molecules.

11
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Electric field

Electron cloud

Light wave AUuNP \ \ |

Figure 4: Diagram of LSPR on gold nanoparticles.

In 1908, Mie presented a solution to Maxwell’s equations, relating the size
and absorption properties of spherical particles to the colour observed [16].
Since then, Mie theory has been used to describe the interaction between light
and nanoparticles by considering the particle size and dielectric function of
both the metal and the surrounding medium. In SERS, Mie theory is used to
understand and optimise the plasmonic properties of the metallic nanoparticle
substrates, where optical attributes such as absorption and scattering spectra,
are calculated as a function of size, shape, and material composition. This
information is used to design nanoparticles which can efficiently couple with
incident light and produce a strong electromagnetic field at the surface.

For metals such as Au and Ag, the plasma frequency lies in the visible
region of the electromagnetic spectrum, with LSPR peak positions typically
at ~530 nm and ~420 nm, respectively. The intensity and wavelength of the
LSPR band in metallic nanoparticles is affected by changes to the density of the
electron charge on the particle surface, hence, nanoparticles of different sizes
will show SPR shifts and have different colours. In general, silver nanoparticles
(AgNPs) produce stronger SERS intensities than gold nanoparticles (AuNPs).
One reason is due to AgNPs having a higher SPR frequency which results
in a larger electric field enhancement. Dissipation of the LSPR oscillation

energy can reduce the performance of plasmonic materials. One factor for

12
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this optical loss is the difference in the frequency of the band edge (at which
interband transitions are allowed) and LSPR. In Ag, the band edge frequency
is above the LSPR frequency, which means that localised SPRs cannot decay
into electron-hole pairs as easily, resulting in stronger EM fields [17], [18].
Despite these factors, AuNPs are more frequently used as SERS substrates
due to better chemical stability, biocompatibility, and low cytotoxicity, making

them suitable for a range of applications.

1.5.2 Electromagnetic enhancement

The EM enhancement arises from the electromagnetic interaction of light with
the nanoparticle, leading to LSPR [10]. This phenomenon enhances the local
electric fields near the metal nanoparticle surface, in turn leading to enhance-
ments of both the incident and Raman-scattered fields. The EM enhancement
(Gemy) can be written as shown in Equation 6 and comes from two contribu-
tions which are the local field enhancement and radiation enhancement factors,

denoted as M7 ,.(®r) and My o.(@R), respectively [19], [20].

GeM = Mpoc(@L) - Mpoc(®R) (6)

When a laser with excitation wavelength close to the plasmon resonance of

a metallic nanoparticle interacts with the metal’s surface, the local electric field

(near field), E1 ¢, oscillating at incident frequency @y, is enhanced compared
with the incident electric field (Er) [10], [21]:

MLOC(wL) = { (7)

13
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Metallic nanoparticles can act as optical antennaes, transmitting the Raman
signal from the near field to far field [18]. The local electric field induces
a Raman dipole, the magnitude of which is proportional to the square of

enhanced electric field at the scattered frequency, wr [10], [21]:

ELOC(O)R):|2 (8)

Mpoc(0R) = {

Overall, the SERS EM enhancement consists of the local field enhance-
ment which is related to excitation of the Raman dipole, and the radiation
enhancement, which is related to the re-emission of the Raman process [10].
The enhancement factors of both components is comparable (and wr ~ @

shifts being small), which means the expression can be simplified [10], [21]:

GeM = Mpoc(0L) - Mpoc(0OR) = [

Equation 9 is known as the |E*| approximation and this shows that the
SERS EM enhancement is approximately proportional to the fourth power
of the local electric field enhancement. Figure 5A shows the SERS EM

enhancement components pictorially.

14
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Figure 5: Diagram showing the overall SERS enhancement is composed of the
electromagnetic (Ggy) and chemical (Gcpem) enhancements: A) SERS Ggyy arises
from the close proximity of a molecule and the plasmonic material (AuNPs in this
case). When a laser is irradiated onto a molecule (with electric field Ep,, at incident
frequency @), a two-step process occurs. The first step is an enhanced local field
around the AuNP at the incident frequency (excitation), and is represented as My ,.(®r).
The second step consists of the radiation local field enhancement (re-emission) and
represented by My ,.(®g). Since the presence of plasmon-enhanced electric fields near
the substrate enhances both the incident and Raman-scattered fields, the intensity of
a peak can be interpreted as the magnitude of the electric field squared. Ey,. is the
amplitude of the local electric field and Wy, is the frequency of the Raman-scattered
light, B) SERS Gcpem- Interaction between the adsorbed molecule and plasmonic
substrate causes structural changes in the molecule and scattering cross-section (0).
As such, the SERS Gcpen is defined by a change in the scattering cross-section of
molecules asdsorbed onto the plasmonic substrate (0 u45) and free molecules (O fre ).

1.5.3 Chemical enhancement

Whilst the EM enhancement is a bigger contributor to the overall SERS en-
hancement, the chemical enhancement provides in-depth information on the
spectral features such as Raman shifts and band intensity ratios. The extent of
this interaction will determine the magnitude of the CE component. Molecules
can adsorb weakly to the plasmonic substrate via Van der Waals forces or
strongly through formation of chemical bonds. Regardless, the interaction

between molecule and plasmonic substrate will change the electronic and
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geometrical properties of the molecule. This will subsequently alter the Raman
cross-section of certain modes compared with the free molecule.

As such, the CE component describes a number of effects which occur
between the molecule and metal. These include: ground state interactions,
resonance Raman effects in the molecule arising from a suitable excitation
wavelength and charge transfer (CT) effects between molecule-metal and
metal-molecule [22]-[24]. Of these contributions, CT effects are most relevant
and describes the movement of charge between the Fermi energy level of
the metal and the HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) energy levels of adsorbed molecules.
The chemical enhancement is generally considered to be due to charge transfer
between analyte and metallic nanoparticles [25]-[27]. The overall CE is

defined by Equation 10 and also shown in Figure 5B.

O ads

GChem - ( 1 0)

free
O.ds 18 the scattering cross-section of molecules asdsorbed onto the plas-

monic substrate and (Ogee) Scattering cross-section of free molecules.

1.5.4 Distance dependence between SERS enhancement and metallic nano-

particles

The EM enhancement is dependent on the strength of the electric field which

in turn depends on the distance (d) between analyte and metal surface with
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radius a (Figure 6A). The SERS EM enhancement scales with d’? (Equation
11) [28]-[30]:

Geuld) _ { . }12 (1)

GEM (0) a+d
By considering shells of molecules around the metal surface, the number

for which scales by (. a+d)?, the SERS enhancement then scales with d-/°

(Equation 12) [28], [29], [31].

10
a
Ji = 12
SERS LZer} (12)

Isers represents the intensity of the Raman mode. Equation 12 represents
the distance dependence which should be observed experimentally. However,
this will be affected by many factors such as the shape and size of the metallic
particles, which can affect the local electric field and hence EM enhancement
(Figure 6B). Many nanoparticle synthesis methods, in particular colloidal
synthesis, produce particles of different sizes. Interactions between metallic
nanoparticles can also result in coupled electric fields, leading to deviations
from Equation 12.

As Equation 12 shows, the SERS enhancement drops significantly as the
analyte moves a small distance from the nanoparticle surface. Therefore, it
is necessary to ensure molecules are close to the metal surface to achieve the
highest level of enhancement. Nanoparticles can be modified with surface
ligands which can immobilise analytes via either physisorption (i.e H-bonds,
and electrostatic interactions, van der Waals forces) or chemisorption (covalent
bond) interactions. These approaches have been successful in providing mo-
lecular selectivity to SERS and Figure 8 shows some examples of the different

types of surface-affinity ligands which have been used. These approaches
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can also be used to improve the CE factor as well as increasing the chance of

hotspot formation.
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Figure 6: Properties of nanoparticles which affect the SERS enhancement: A) Simula-
tion of the electric field distribution of an AuNP using finite difference time domain
(FDTD). Graph (b) shows the dependence of SERS enhancement on the distance from
Au surfaces. Reproduced with permission from [31], B) Density dependence of the
SERS performance in nanoparticle monolayers. (a) shows SERS enhancements for
planar monolayers of particles with different morphology and (b) shows a sketch of
increasing density of nanoparticles in the monolayers. Reproduced with permission
from [32].

1.5.5 SERS hotspot

The highest SERS enhancement occurs when analyte molecules are located
at nanogap junctions called ‘hotspots’, which occur when two or more nano-
particles are in close proximity. At the gaps between nanoparticles, or aggreg-
ates, electric fields can be greatly enhanced, with SERS enhancements of 1010
[33] possible, as well as single-molecule sensitivity [23].

Figure 7 illustrates the SERS hotspot. An external electric field applied to
a nanoparticle will cause polarisation and distribution of positive and negative
charges at opposite sides of the particle. When nanoparticles are close together,
the polarising effect of one will be experienced by the other. In addition, each
particle will also experience the effect of the external electric field of the other.
Together, these effects increase the electric fields between the particles and

hence the SERS signal [28]. The size of the nanogap influences the level of
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enhancement and it is generally considered that gaps around 10 nm provide

the highest levels of enhancement [34]-[36].

Enhancement
Factors

Figure 7: SERS hotspot: A) Schematic showing a dimer formed by two nanoparticles,
separated by a gap (g) and containing a molecule. Polarisation occurs through the
action of an external electric field (Ey). Figure drawn with inspiration from [31] and
[28], B) Illustration of a SERS hotspot consisting of a nanoparticle dimer, showing
the change in SERS enhancement factor with respect to relative position. Reproduced
with permission from [35].

The design and control of hotspots is an important factor when developing
SERS substrates. In addition, the distance dependence relationship of SERS
means an important criteria for a SERS substrate is ensuring the analyte of
interest is within a few nanometers of the nanostructured surface. As such,
the ideal SERS substrate is one designed whereby hotspots are selective for
the analyte of interest. Whilst, hotspots can be generated through simply
evaporating metal nanoparticles from a substrate, difficulties lie in controlling
the distribution, geometry and density of the hotspots. Lithography-based
techniques enable fabrication of substrates with precise control of nanoparticle
shape, size and interparticle distance. Highly uniform and reproducible sub-
strates can be prepared using a range of matrices. Examples include laser
etching, Metal Film over Nanosphere (MFON) and E-beam lithography [37].

The functionalisation of nanoparticles can improve the binding of target
molecules, enable selectivity in SERS enhancement and generate hotspots.
Figure 8 shows examples of approaches used. Assembly-generated hotspots

are typically carried out in solution and involve inducing aggregation of nano-
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particles in the presence of the target molecule. Nanoparticles can be coated
with a small bridging molecule to produce a self-assembled monolayer (SAM)
which has a high affinity for the target molecule. Ideal bridging molecules
contain thiol, amine carboxyl functional groups which enable strong affinity for
the nanoparticle surface and examples include: mercaptobenzoic acid (MBA),
p-aminothiophenol (p-ATP) and (3-Aminopropyl)triethoxysilane (APTES).
Aptamers, polymers and peptide linkages have specific recognition sites which
can be used to achieve high selectivity and sensitivites [38]. Macrocycles
such as cucurbit[n]uril, are molecules with a cylindrical-like structure with a
hydrophobic cavity, have received a lot of interest in recent years. These struc-
tures can induce aggregation of nanoparticles and their hydrophobic centre
can ‘filter’ out solvent molecules whilst bringing target molecules close to
plasmonic hotspots [39]. As such these structures can be used to capture a
range of guest molecules and they have been used as molecular-recognition
assays for the trace detection of biomarkers [40], explosives [41] and metal

ions [42].

Electrostatic Polymer Aptamer
ligand H

M |
MOFs acrocycle

Figure 8: Schematic showing a range of surface-affinity ligands used to immobilise
analytes onto SERS substrates. Reproduced with permission from [43].
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1.6 SERS USING SEMICONDUCTORS

Semiconductors can be used as standalone SERS substrates or combined with
plasmonic materials. There are many advantages to using semiconductor
nanostructures including: better stability and resistance to degradation, bet-
ter control over properties such as the band structure, geometry, crystallinity,
exciton Bohr radius and dopant [44]. The tunable chemical and optical prop-
erties of semiconductors also make them suitable for a wide range of SERS
applications which include chemical sensing and recyclable SERS substrates.

However, the enhancement factors from semiconductor substrates are much
lower than noble metals, typically in the range 10°-10° [45]. One reason is
due to the low electron density in semiconductors. The availability of surface
plasmons on metallic nanoparticles allows for LSPR in the visible spectrum,
whereas in semiconductors, the highest electron density is found in the valence
band with oscillation frequencies in the UV region [45]. Effective chemical
enhancement from SERS semiconductors comes from resonance effects at
the molecule and semiconductor interface. Charge-transfer (CT) in the semi-
conductor—molecule system can occur through numerous pathways and is
determined by the vibronic coupling, the HOMO/LUMO of the molecular
excited state and ground states and the semiconductor valence (VB) and con-
duction (CB) bands. One approach to improve the SERS enhancement of
semiconductors is through tuning the VB and CB to better align with the
HOMO/LUMO of analyte molecules to result in more optimal charge transfer
routes. This can be achieved through doping [46], oxygen incorporation [47],

optimising morphology [48] and introducing surface defects [49].

21



INTRODUCTION

1.6.1 SERS using metal-semiconductor systems

Combining semiconductors with plasmonic materials can improve the inter-
facial CT processes and lead to greater optimization of SERS substrates. In
these heterostructure systems, the enhancement depends on the nature of metal
(size, shape etc...), analyte molecule (resonance, HOMO/LUMO gap etc...)
and semiconductor (bandgap, morphology etc...), which will affect the CT
direction and consequently the additional EM field. A number of CT pathways

can exist and some examples are shown in Figure 9.

Cu ZnO  Molecule Ag MBA Tio,
c SERS
cT cT
Az
E
TiO, Ag

Figure 9: Examples of CT mechanisms in metal and semiconductor SERS systems: A)
Energy-level diagram showing the CT from a metal-semiconductor-molecule system
consisting of Cu sheets, ZnO nanorods and p-ATP molecules. Reproduced with
permission from [50], B) Energy-level diagram showing the CT from a metal-molecule-
semiconductor system. Reproduced with permission from [51], C) CT of a SERS
sandwich-structure assembly consisting of Ag(Au)/MBA/TiO,). Reproduced with
permission from [52].

Mao et al. showed the irradiation of Cu—ZnO—p-ATP films using UV,

visible and infra-red excitation wavelengths resulted in photoinduced interfacial
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CT. Using a UV excitation source resulted in multiphonon resonant Raman
scattering processes and additional enhancements of specific Raman transitions
[50] (Figure 9A). CT can also occur from metal-to-molecule-to-semiconductor
and from semiconductor-to-molecule-to-metal, shown by examples in Figures

9B and 9C, respectively.

23



REVIEW OF EXPLOSIVE TRACE
DETECTION TECHNOLOGIES

.S

| W |
I @
I

e

24



LITERATURE REVIEW

2.1 INTRODUCTION

The aim of this review is to report on the latest developments in several key
technologies used for ETD. Explosive detection remains a dynamic research
area, as evidenced by the number of new publications each year. Animal
olfaction has been included as it remains the benchmark which emerging
technologies are compared with. Ion mobility spectrometry (IMS), colorimetry
and Raman are traditional methods used in many areas of contraband detection.
However recent developments in portable sensors, nanomaterials and multi-
modal sensors have shown potential for selective, sensitive and faster screening.
Each section will cover the characteristics, advantages and limitations of each
technology. In-field devices are also described, in order to provide insight into

current detection requirements and capabilities.

2.1.1 Properties of explosives

An explosive is any material which contains a high amount of energy which,
when released can be dissipated in the form of blast waves, radiation (thermal
or ionising) or propulsion of debris [53]. The materials generally used to cause
destruction are chemical explosives, which can be classified into two types, (1)

high, or (2) low explosives. High explosives dissipate energy through detona-
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tion, releasing a blast wave which propagates through the material at speeds
greater than the speed of sound, typically 1500 - 9000 m/s [53]. Low explos-
ives on the other hand, dissipate energy through deflagration, or rapid burning.
Chemical explosives typically contain a fuel and an oxidizer combined in
a single molecule or compound. Most explosives undergo enthalpy-driven
reactions upon initiation, marked by a high heat of formation and with typical
by-products being CO,, H,O and N,. One exception is TATP, where simula-
tions have shown undergoes an entropic explosion, whereby each molecule of
TATP produces three molecules of acetone and one of ozone [54].

Explosives can also be categorised into military, commercial, HME’s, or by
chemical group, as shown in Figure 10. Nitroaromatic explosives such as TNT
and TNP are used in munitions and are an environmental concern as they can
contaminate soil and groundwater [55]. Dinitrotoluenes have high vapour pres-
sures and are present in compositions of blasting gelatine as well as impurities
in TNT manufacture [56]. Many nitrate esters are liquids and military applica-
tions include: propellants, detonators and plastic explosives [57]. Brisance is
used to describe the shattering ability of an explosive. This is determined by
the detonation pressure, in which a high detonation pressure results in greater
detonation velocity and more powerful shockwave propagating through the
explosive, culminating in greater fragmentation. RDX and HMX are examples
of highly brisant explosives used for military applications. Heat, shock and
friction sensitive organic peroxides are commonly used in HMEs. Ammonium
nitrate/fuel oil (ANFO) is used as a blasting explosive but is also commonly
used as a fertiliser. Along with urea nitrate (UN), both have also been used
in improvised explosive devices (IEDs). Due to the different chemical and
physical properties of explosives, many types of ETD technologies exist with

sampling accomplished through particulates, vapours and liquids.
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Figure 10: Classification of explosives by chemical groups. 2,4,6-trinitrotoluene
(TNT), 2,4,6-trinitrophenol (TNP), 2,4,6-trinitrophenylmethylnitramine (tetryl), tri-
acetone triperoxide (TATP), hexamethylene triperoxide diamine (HMTD), ethylene
glycol dinitrate (EGDN), nitroglycerine (NG), pentaerythritol tetranitrate (PETN),
1,3,5-trinitroperhydro-1,3,5-triazine (RDX) and Octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX).

Explosive trace detection is a challenging task. The majority of particulate
sampling is achieved through use of sampling wands so direction, pressure and
technique are important factors for successful collection of material. Sampling
also requires intuition from the security agent to select areas most likely to
contain explosive trace. Vapour sampling is even more challenging since
many explosives have very low vapour pressures [58]. Sampling liquids raises
practical issues and through-barrier screening is limited to a small number of
technologies. Many explosives are also considered "sticky" and will adhere to
a range of surfaces [59], [60]. For materials with high surface energies, this
could result in accumulation of explosive particles, thus limiting the number
of analyte molecules per volume of sample.

The operational environment also presents challenges. Passenger screen-
ing requires technologies with fast analysis times, low false alarm rates and

minimal disruption. Cargo is usually wrapped in protective materials which

may restrict efficient sampling. Screening baggage poses logistical issues.
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In all cases, there will be interference from benign materials which could
cause false positive alarms, so technologies need to be selective. As such,
deployment of new detection technologies requires careful consideration of the
regulatory (threats, sensitivity, selectivity), operational, civilian and financial

requirements.

2.1.2  Types of detection methods
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Figure 11: Examples of spectroscopic phenomena used for explosive trace detection.
Diagram representing phenomena shown in addition to Jablonski diagram comparing
energy transitions.

As the name suggests, ‘trace’ refers to quantities of materials difficult to see
with the naked eye. In ETD, this quantity can be considered to be < 1 mg. ETD
technologies differ from bulk detection methods, which screen for anomalies
in composition. Examples include: X-ray detection, where materials are
identified by their density and effective nuclear charge (Z.g) [61] and nuclear-
based techniques which compares nitrogen content [62]. Many spectroscopic
techniques are used in ETD to identify explosives from their unique molecular
signatures (Figure 11). The various properties of explosives has led to different
approaches to enhance detection capability. For example, the taggant 2,3-
dimethyl-2,3-dinitrobutane (DMNB) is added to plastic explosives [56] due to

its high vapour pressure, permeability through clothing and limited commercial
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use. The vapour pressures of explosives vary widely across the different
classes, from high vapour pressure materials in the parts-per-billion to parts-
per-million (ppb-ppm) range such as DNT, EGDN and TATP, to low vapour
pressure materials in the parts-per-trillion (ppt) region, such as HMX and
nitroguanidine. TNT and TNP, which have been extensively studied as target
molecules in gas sensors, have equilibrium vapour concentrations in air at ppb
quantities [58]. A comparison of the different vapour pressures for various
explosives at room temperature can be found in a papers by Ostmark and Ewing
[58], [63]. Heating can increase the vapour pressure of non-volatile explosives
and improve detection. Pre-concentration by whole-air collection and sorbent
enrichment are additional techniques which can be used [64], [65]. To achieve
selectivity, many techniques incorporate the use of chemical modification
to facilitate binding of specific explosives/explosive groups. For example,
to exploit the electron deficient nature of many nitro-explosives, chemically
modified silanes containing electron donating groups are frequently used [66],
[67]. Charge-transfer complexes are formed and exploited as transducing
elements in sensors. Example functional moieties include: amines, thiols and
pyrroles [68]-[71]. Computational and experimental studies have found a
number of ions to form strong complexes with TATP, including Co?*, Zn?*,
In3* [72]-[74] and these properties have been utilised into a range of sensors
[75]-[77]. Standoff technologies involve non-contact detection at distance
and generally involve optical methods and imaging linked to identification
software. These technologies have recently been covered by other authors [78],

[79].
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2.2 ANIMAL OLFACTORY SYSTEMS

The detection capabilities of animals far exceeds many of the current tech-
nologies in use today and as such, there is a continuing need for animals
in explosives detection. One of the key advantages of biological systems is
concurrent detection of multiple analytes of interest in real-time which is a
challenging task and difficult to achieve even with integrated sensing technolo-
gies. Examples of animal systems used in explosives detection include: dogs,
rats, honeybees and pigs.

Sniffer dogs are the most common animals which are trained for contraband
detection and are widely used for their ability to achieve fast, real-time and
directional screening. However, a limitation of sniffer dogs is the amount of
training required before deployment. Training takes several months, which is
time-consuming and costly. The dog-handler interface also affects performance
[80], as can screening conditions, with indications that increased panting, as
result of overheating, can reduce the ability of dogs to detect explosives [81].

Rats have also been trained to detect explosives and have the benefit of
low training and maintenance costs and being lightweight, which makes them
ideal for landmine detection [82]. Honey bees have been trained to detect
TNT, C4 and TATP explosives at parts-per-trillion levels. The Inscentinel
Vasor (Volatile Analysis by Specific Odour Recognition) 136 is portable sensor
which uses honey bees. Initially developed in the UK, the systems exploits
the Proboscis Extension Reflex (PER) [83], whereby honey bees extend their
tongues when their anntenae touch a sugar/honey solution. With pavolovian
conditioning, honey bees were trained to respond to TNT, Semtex, PE-4 and
C-4 down to detection limits of 78 ppt [84] (Figure 12). The EU-funded

‘Biological Method (Bees) for Explosive Detection’ project utilises trained
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bee colonies to identify landmines [85]. This is realised through active and
passive methods, integrating artificial intelligence, drone technology and a

semiconducting polymer as a pre-concentrator [86], [87].

Figure 12: Inscentinel Vasor 136 system. Rothamsted Research Ltd.

2.3 SENSORS

Efforts to mimic mammalian olfactory systems has led to the development of
electronic noses (E-noses). First proposed in 1982, E-noses broadly describe
systems consisting of a sensor combined with pattern matching software to
achieve vapour detection [88]. Single sensors, for individual analyte detection
or sensor arrays, for simultaneous detection of multiple targets can be used.
Many sensor technologies have since been used to develop E-noses and ex-
amples include: field effect transistors (FET), chemoresistors, quartz crystal
microbalance (QCM) and electrochemical sensors [89]. However, even the
most advanced systems have yet to reach the capability of their mammalian
counterparts. The following subsections will describe some of the sensing

technologies used in E-noses.
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2.3.1 Colorimetric sensor arrays

Colorimetric sensor arrays contain different reagent dyes which can change
colour on interaction with solid, liquid and vapour analytes. Chromophores
and fluorophores are common reagents and the colour change is measured
as a result of the change in absorbance or fluorescence. Advances in image
capture technologies have led to the development of sensor arrays which carry
out analysis by perturbing the red, green and blue (RGB) intensities of digital
images [90]. RGB analysis has already been demonstrated on conventional
colorimetric kits using iphone cameras [91]-[93]. The combination of a sensor
array with digital image analysis provides a much greater discriminatory power.
As such, a range of molecular interactions can be identified through use of
combinations of reagents which produce patterns of colour, thus allowing
‘optical fingerprinting’ to be achieved [94]. Examples of such colorimetric
agents exploited for sensing include: pH and redox indicators [95], [96] and
derivatives of xanthene dyes, the latter of which is used in the DETECHIP®
sensor [97]. The CRIM-TRACK system uses 26 chemoselective dyes spotted
onto a chip to form a colorimetric sensor array. Detection of HMTD, TATP
and drug molecules are reported, with initial testing in mixed air conditions
showing detection limits in the ppt range [98], [99]. In addition, machine learn-
ing was successfully used to detect target analytes in contaminated samples. A
fluorescence quenching sensor prepared using aerosol-jet printing was reported
by Bolse et. al. Detection of nitrobenzene, 1,3-dinitrobenzene and DNT was
achieved at ppb levels with high classification rates, using an array of six

fluorescent spiro and homo-polymers [100], [101].
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2.3.2 Nanomaterials

Nanotechnology is a rapidly expanding area and the tunable nature of nanoma-
terials makes them desirable for use as sensor arrays. Nanostructured materials
provide high surface areas for detection and selectivity can be achieved by
utilising their unique electrical, optical, catalytic, magnetic and mechanical
properties. Nanomaterials can be classified in many different ways and Table
1 lists some examples according to chemical composition. The rest of this
section will focus on inorganic semiconductor materials used as sensors for

ETD.
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Table 1: Different classes of nanomaterial sensors used for the detection of explosives

Type Detection method Materials detected LOD Reference
Au nanoparticles functionalised PETN 0.15 mg L! [102]
with 4- Aminothiophenol and N-(1-
Plasmonic Naphthyl)-ethylenediamine dichlor-
ide (NED)
Electrochemical sensor consisting TATP, HMTD 200 ppb (TATP), 03]
of Ag nanoparticles on carbon fibre 250 ppb (HMTD)
electrodes
Cu nanoparticle-incorporated poly- TNT 41.6 ppb [104]
furfural film electrochemical sensor
TiO, sensor contained within a NG 1-10 ppm [105]
quartz crystal microbalance
Semicondnctors Optoelectronic ~ sensor  using TATP 50 ppb [106]
polyoxometalate-doped TiO,
In, O3 amperometric sensor TATP 29ppb-28ppm (107
WOj3 and chromium titanium oxide =~ Ammonia, nitromethane, NO,  Ppm [108]
gas sensor
Fluorescent silicon nanodots TNP 0.92 nM [109]
Quantum Fluorescent graphene oxide dots TNP 92 nM [110]
dots L-cysteine-coated CdS quantum TNP 39 ng mL"! [
dots
Electrochemical sensor using MIP RDX 20 pmol L! [12]
Carbon- cast on multi-walled carbon nan-
based otube (MWCNT)
SWCNT TNT 772 ppb [113]
Electrochemical sensor using boron- TNT and 2,4,6-trinitroanisol (TNA) 73 ppb (TNT), (114
doped diamond/graphene nanowall 270 ppb (TNA)
electrodes
Chemically modified polypyrrole-  TNT, PETN, RDX and HMX 500 ppt (TNT), 711
Composite bromophenol blue QCM sensor 800 ppt (PETN), 1
ppb (RDX) and 2
ppb (HMX)
Functionalised SU-8 polymer nano- TNT, RDX and PETN 1.30 pg (TNT), (15
composite microcantilevers 0.07 fg (RDX),
0.23 fg (PETN)
MoS,/reduced graphene oxide com- TATP (precursors) 0.65 ppm 116
posite

2.3.3 Inorganic semiconductors

Metal oxide (MOy) semiconductors are promising materials for sensing applic-
ations due to their low production costs, ease of use, high thermal, chemical
and electrical stability [117]. These properties have led to a range of applica-
tions, including: monitoring of volatile organic compounds, environmental and
toxic gases [118], [119]. MOy semiconductors have characteristic wide band
gaps (> 2 eV) and electron transition energies in the UV/visible wavelengths

of light. Not only is this favourable for optoelectronic and electronic sensors,
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but a wide tunable spectral range can also be exploited to improve sensitivity
and selectivity. Resistive gas sensors are the most common and the sensing
mechanism is based on measuring the change in conductance on adsorption
of a target molecule [120]. In ambient conditions, adsorption of O, onto the
surface of the MOy leads to the formation of oxygen ions. The conductivity
of the MOy sensor is determined by both 1) the nature of the charge carrier,
either electrons or holes in n and p-type semiconductors, respectively and 2)

the oxidative/reductive nature of the target gas (Figure 13).
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Figure 13: Mechanisms of metal oxide (MO,) semiconductor gas sensors for a
reducing gas target analyte. When the sensor is exposed to air, adsorption of O,
onto the surface leads to uptake of electrons from the conduction band (Cg), creating
oxygen ions (03°). A) In n-type semiconductors, a redox reaction occurs between
the Oy and target analyte, leading to injection of electrons into the Cp. As a result,
conductance increases and resistance decreases. B) In p-type semiconductors, holes
are the dominant charge carriers. However, since the concentration of hole carriers
has increased, there is an increase in conductivity. In the presence of a reducing target
analyte, reaction between the O, and analyte will lead to injection of electrons into
the MO, and the filling of holes. This results in decrease in the concentration of hole
charge carriers, a decrease in conductivity and increase in resistance.
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Many n- and p-type semiconductor materials have been used for explosives
detection and examples include: TiO, [73], [121], ZnO [77], [122], Sn,O
[123], [124] and Cu,O [125]. Efforts to improve the selectivity of MOy
semiconductors towards specific explosives include: changing the operating
temperature, using sensor arrays and composite materials. Temperature modu-
lation affects the charge and rate of oxygen adsorbed onto the MOy surface.
As such, sensor response can be used to profile specific gases. Further selectiv-
ity can be achieved by combining information from a several sensors with
different operating temperatures [117], [126]. Composite MOy structures can
be designed whereby each material is chosen with selectivity to a specific gas
analyte [127]. Warmer et. al used SnO, and WO3 to detect TATP and DADP.
The authors note the oxidising and reducing properties of organic peroxides is
temperature dependent and utilise this feature for selectivity towards TATP by
temperature cycling of WOj3 films. An LOD in the ppb range is reported [128].
An E-nose using silicon nanowire-field effect transistors (SiNW-FETs) has
been developed by Tracense Systems. Chemically modified silicon nanowire
arrays provide selective binding of nitro-containing and peroxide-based explos-
ives, with detection achieved through measuring the change in conductance
on adsorption of explosives. Parts-per-quadrillion (ppq)-ppt detection was
achieved for TNT and peroxides explosives TATP and HMTD, respectively
[129], [130].

Quantum dots (QDs) are nanocrystalline semiconductor materials with ex-
cellent fluorescent properties due to their quantum confinement effects (Figure
14), which increases their tunability with emission wavelengths achievable
from UV to near-IR [131]. QDs also have high quantum yield, broad excitation
spectra, narrow emission spectra and high stability, making them favourable

for use as colorimetric probes.
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Figure 14: Properties of semiconductor quantum dots A) Comparison of the band gap
energy (E;) between metals, bulk semiconductors and semiconductor quantum dots,
B) Relationship between the size of semiconductor quantum dots and Eg, resulting in
different emission energies.

The electron-rich nature of QDs are suitable for the detection of nitroaro-
matic explosives as the electron-withdrawing nitro groups can act as fluores-
cence quenchers. Two mechanisms widely used to achieve such sensing are

fluorescence resonance energy transfer (FRET) [132], [133] and photo-induced

electron transfer (PET) (Figure 15) [134], [135].
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Figure 15: Energy level diagrams showing generalised FRET and PET processes.
A) FRET involves transfer of non-radiative energy from an excited donor moiety to
an acceptor. The interaction between donor and acceptor is distance dependent. B)
PET involves electron transfer between a donor and acceptor moiety. Fluorescence is
quenched in the PET-ON system (i.e. the system is in an ‘off” state). Fluorescence
emission is observed on disruption of the donor-acceptor system, whereby the system
is in an ‘on’ state (not shown in diagram).

2.4 10N MOBILITY SPECTROMETRY

IMS remains one of the most popular techniques used in security and is the
preferred analytical method for explosives detection worldwide [136]. IMS
is also used in the detection of illicit drugs [137], chemical warfare agents
[138] and in many areas outside of the security sector. Systems can exist as
hand-held or desktop variants and can sample both particulates and vapours.
In-field devices are portable, have low detection limits and are easy to use.
Another major advantage of IMS when compared with other techniques is
the ability to screen samples in seconds. This is particularly beneficial in
operational environments such as airports, where fast screening methodologies
are needed to process large passenger numbers and minimise delays. Examples
of some commercial systems currently in use are shown in Table 2.

IMS functions by analysing ions from vaporised samples and the setup

of most commercial systems consists of four main components: a sample

38



LITERATURE REVIEW

Table 2: Examples of IMS ETD devices currently in use

Manufacturer Model Sample Swab Type Ionisation Method Reference
Type

Bruker Daltonik GmbH DE-tector Particulate Teflon®-coated  (PTFE) HEPI [139]
fiberglass

L3 Technologies QS-B220 Particulate Teflon®-coated  (PTFE) Photo ionisation [140]
fiberglass

Smiths Detection IONSCAN Particulate Nomex® Corona discharge [141]

600
Thermo Fisher Sci- EGIS De- Particulate, Teflon®-coated (PTFE) 63Ni [142]
entific fender vapour fiberglass

collection and introduction methodology, an ionisation chamber, a drift tube
and detector (Figure 16). Particulate or vapour samples are thermally de-
sorbed into the ionisation chamber, where high energy electrons collide with
atmospheric or inert gas to generate reactant ions which collide with sample
molecules to form product ions. Explosives with nitro or nitrate functional
groups are strongly electronegative and favour the formation of negative ions
[143], whereas peroxide explosives and drugs are generally electropositive.
Product ions are injected into a drift tube via an ion shutter and migrate towards
the detector, under the presence of an electric field and an inert carrier gas
counterflow to the product ions. A ‘reduced mobility’ value, Ko, is calculated
for each compound, which is compared with reference values and used to set

alarm windows [138].

39



LITERATURE REVIEW

Detector (faraday

Gas outlet o o plate and
J | Direction of electric field aperture grid)
Sample
D »> O~
Gas inlet
1
L . | f L . |
lonisation | Drift region
region |
lon shutter

@ Pe
Reactant Sample Product Direction
ions  molecules ions of carrier
gas flow

Figure 16: Typical set-up of an ion mobility spectrometer.

Many aspects of the IMS system have been extensively studied to improve
the speed, sensitivity and selectivity. Recent developments include: chemically
modifying swabs [144], [145] and integrating IMS with separation technologies
such as mass spectrometry [146], [147] and electrospray ionisation (ESI) [148],

[149]. Table 3 shows recent advances in IMS for ETD.

Table 3: Recent developments involving IMS detection of explosives

Ionisation source Carrier Dopant Materials detected LOD Reference
gas

266 nm Nd3*:YAG laser Air None TNT, RDX 2ppt (TNT), Sppt  [150]
(RDX)

Secondary electrospray ionisa- Ny KCl1 TNT 1ugL! [151]

tion (SESI)

Thermal ionisation Air CCly TNT, RDX , PETN 0.15 ng (TNT re- [152]
ported)

Ni%3 Air CCly NG, RDX, TNT, PETN Not reported [153]

X-ray with Rhodium target ~ Air - Ammonia 30-7500 ppt [154]

SESI N, - RDX, PETN, NG, EGDN, Ppq [155]

TNT

A limitation of IMS is selectivity. False positive responses can occur from
samples containing chemical interferents such as perfumes and hand creams.
Another issue is that K values can drift as a result of temperature and pressure
changes within the drift tube. Collisions between product ions, carrier gas and

water molecules in the drift tube can also lead to clustering reactions which can
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shift the value of Kq [156], [157]. False negative responses are also an issue
and can arise from ineffective ionisation of analytes of interest in a competitive

ionization environment.

2.5 COLORIMETRIC KITS

Colorimetry describes techniques which use colour change to determine the
presence of analytes in solution, usually through indicating the presence of
specific functional groups. A wide range of applications exists for colorimet-
ric kits [158]-[160] and examples of commercially available kits for ETD
are listed in Table 4. Such kits are easy to use, exists in different forms i.e.
sprays, swabs and pens and provides results in seconds. Thus, colorimetric
kits are very useful as a diagnostic tool. As with colorimetric arrays discussed
previously, technological advances have seen the integration of colorimetric
kits with digital sensors for better colour discrimination. Many commercial
systems exist as electronic portable devices which benefit from data storage,
automated detection and ruggedness capability. Recent reviews covering lu-
minescent approaches, design and deployment of colorimetric kits for security,
are provided by Kangas [94] and Meaney [161].

Table 4: Examples of commercially available colorimetric kits

Manufacturer Product name Explosives detected Test time Detection mode Reference

Morphix® TraceX® Nitroaromatics, nitram- < 3 minutes  Naked eye [162]
ines/nitrate esters, inorganic
nitrates, chlorates/bromates,
peroxides, acids and bases

DetectaChem SEEKERe Nitroaromatics, nitram-  Seconds Digital [163]
ines/nitrate esters, in-
organic  nitrates, chlor-

ates/perchlorates, peroxides

BBI Detection Liquid  Explosive Nitromethane, hydrazine, 1-2 minutes  Naked eye [164]
Test Kit (LETK) nitro-glycerine, fuels, and
precursor solvents, peroxides,
acids and bases
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2.5.1 Recent developments

Colorimetric kits exploit luminescence, absorbance and fluorescence phenom-
ena to elicit colour changes. Fluorescence quenching methods remain the most
popular technique and an in-depth review can be found by Sun et. al [165].
Such methods can be achieved through a variety of materials including: small
molecules, metal organic frameworks (MOFs) and polymers and functionalised
nanoparticles.

MOFs have received a lot of interest due to their many tunable properties
such as: porosity, structure, topology and the variety of mechanisms with
which to elicit responses. Several authors report the development of MOF
materials capable of multi-target detection [166]-[168]. Conjugated polymers
are effective candidates for the detection of nitroaromatic explosives because
they are excellent electron donors. One mechanism exploited for ETD is the
‘molecular wire’ effect, which allows for the conductive quenching of connec-
ted polymer molecules on adsorption of a target analyte [169]. Significant
enhancement over molecule-based fluorophores can be achieved [170] and
this effect has been used to develop ‘amplifying fluorescent polymers (AFP)’,
as seen in the commercially available Fido explosives detectors which have
detection limits down to ppt levels [171]-[173].

Due to their unique optical, catalytic and electronic properties, there is
continuing interest in the use of nanoparticles to improve the speed, sensitivity
and selectivity of colorimetric approaches. Au-Ag nanoparticles functionalised
with f—cysteamine were developed by Arshad et. al and incorporated onto a
paper sensor for the detection of TNT [174]. Tawfik et. al used polythiophene
coated CdTe QDs to detect TNP. The amphiphilic sensors were coupled with a

smartphone to facilitate on—site detection with LOD being 0.56 x 10° M [175].
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2.6 RAMAN SPECTROSCOPY

Raman spectroscopy involves the collection and analysis of scattered light
from a material which can then be used to provide information on molecular
vibrations and hence sample identification and quantitation. Raman has been
widely used in the counter-terrorism community, with a number of reviews
covering Raman [176], [177] and its most common variants; spatially offset
Raman spectroscopy (SORS) [178], [179] and surface enhanced Raman spec-
troscopy (SERS) [180]-[182]. Examples of commercially available Raman
systems are listed in Table 5. SORS allows through—barrier analysis of opaque
or semi—transparent materials leaving samples intact. This makes the techno-
logy desirable for liquid screening and has been realised in the commercially
available Agilent Insight and RESOLVE systems, widely used in UK airports.
The rest of this section will focus on SERS.

SERS overcomes the low sensitivity of conventional Raman through ad-
sorption of analyte molecules onto a roughened metal surface, resulting in
strong enhancement of the analyte’s Raman signals. Significant enhancement
factors and the capability for single-molecule detection using noble—metal
nanostructures [23], [29] makes SERS a promising approach for explosives
detection.

Table 5: Examples of commercially available ETD Raman systems

Manufacturer Model Laser Excitation wavelength Technology Reference
Smiths Detection Inc. ACE-ID Diode 785 nm Raman [183]
Nuctech RT1003 series Diode 830 nm Raman [184]
Thermo Fisher Scientific Inc. Gemini Analyzer Diode 785 nm IR and Raman  [185]
Agilent (formerly Cobalt Insight 100M and Diode 830 nm SORS [186]
Light Systems) 200M

Hamamatsu C13560 spectro- Diode 785 nm SERS [187]

scopic module
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2.6.1 Recent developments

LSPR can be tuned by changing the size, morphology and spatial positioning
and identity of nanostructures [188], [189]. As such, a range of nanostructures
have been developed for explosives detection, including: rods [190], tubes
[191], wires [192], prisms [193], [194] and octahedra [195]. Additional

examples of SERS substrates can be found in Table 6.
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Table 6: SERS substrates for ETD - recent developments

Substrate Nanostructure Laser A (nm) Material detected LOD Reference

Borosilicate glass  Au nanocubes 633 DNT, RDX 105 M (DNT), [196]
10° M (RDX)

Klarite - 785 TATP, TNT - [197]

Chemically modified Au nanoparticles 785 TNT 3.0 uM [198]

Klarite® containing

MIPs

Polystyrene Au nanoparticles 785 TNT 10°M [199]

Silicon wafer Ag  nanoparticles 632 Ammonium Perchlorate 10 uM [192]

decorated with Si
nanowires

Aluminium Ag nanoflowers 785 TNT S5ug [200]
Reduced graphene Ag nanoparticles 532 DNT Nanomolar [201]
oxide
Silicon Ag/Cu nanoparticles 632 Ammonium nitrate, TNP 5 uM  (am- [202]
monium  nitrate
and TNP)
Graphene - 514 TNT 5.0x101°M [203]
nanosheets with
Ag nanoparticles
Microscope slide Cucurbit[7]uril and 633 DNT 1 uM [41]

Au nanoparticles

Work towards exploiting the chemical enhancement to improve explosives
detection has led to the development of functionalised nanoparticles, with
common linking agents being: APTES (3—aminopropyltriethoxysilane) [204]
DACH (trans—1,2-Diaminocyclohexane) [205] and PATP (p—aminothiophenol
(PATP) [206]. As with IMS devices, there is a need for convenient sample
delivery and separation/pre—concentration of complex sample matrices for
Raman—based techniques. Piorek et al. developed a microfluidic system with
a SERS sensor and showed detection of 2,4—dinitrotoluene (DNT) down to 1
ppb of gaseous phase [207]. The system provides continuous, real-time sample
analysis. A large surface-to-volume is achieved using shallow channels of 4-40

um, enabling pre-concentration of the sample and trace-level detection.
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Figure 17: SERS ‘plasmonic patch’ for the collection and analysis of explosives as
described in ref [208]. A) Schematic representing vapour detection of TNT via peptide-
conjugated gold nanorods. B) Characterisation of bare and peptide conjugated gold
nanorods using UV-Vis spectroscopy. C) Raman data showing vapor-phase detection
of TNT.

Shi et al. report the development of a chemically modified SERS sub-
strate for the detection of inorganic and organic explosives. Silver nanowires
were manufactured with diethyl-dithiocarbamate (DDTC) ligands to produce
a positively charged system. SERS detection was achieved using an excita-
tion wavelength of 785 nm. The detection of perchlorates (C104"), chlorates
(Cl0O3"), nitrates (NO3") and 2,4—dinitrophenol were reported to be 2, 1.7, 0.1,
45.8, and 36.6 ng, respectively [209]. The flexible substrate can be used as
a swab and this is a promising advancement of SERS for operational ETD
screening. Other flexible substrates have also been reported. Liyange et. al
fabricated gold triangular nanoprisms onto an APTES functionalised glass
coverslip followed by transfer onto a flexible adhesive tape. The resulting
sensor showed detection of TNT down to 900 parts per quadrillion (ppq) and

56 ppq for RDX and PETN, using a commercial off the shelf Raman system

[194]. The ‘plasmonic patch’ developed by Gupta et. al. is a transparent
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flexible PDMS film decorated with gold nanorods which can be added to
different SERS substrates, leading to enhanced sensitivity [208] (Figure 17).
Liu et. al also report development of a flexible substrate, by immobilising
silver nanoparticles onto a composite sponge surface consisting of polyureth-
ane and polydopamine. Perchlorates, chlorates and nitrates were detected at
sub-nanogram quantities [210].

Non-plasmonic substrates including graphene and semiconductor materials
generally have low enhancement capabilities, however, their strong charge
transfer properties [211], [212] have been used effectively with noble nan-
oparticles for detection of many explosives. Examples include ZnO [213],
graphene oxide [214], [215] and TiO; [216]. The introduction of oxygen
vacancies can improve Raman enhancement of semiconductors and this can
be achieved through surface and atomic defects [217]. Ben—Jaber et al. report
the use of photo-induced SERS (PIERS) for the detection of TNT, DNT, RDX
and PETN at concentrations of 7 ug/L, 0.1 ug/L, 2.2 mg/L and 3.2 mg/L,
respectively [218] (Figure 18). PIERS signals showed enhancement compared
with SERS for all explosives studied, with a 20-fold increase achieved for

RDX. Substrate regeneration was achieved using UV-light.
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Figure 18: Proposed PIERS mechanism. UV light is used to increase the availability
of electrons in the conduction band of the SERS substrate through the creation of
vacancy defects. This results in elevated levels of electron migration from substrate to
nanoparticles upon Raman laser illumination. (A) Creation of oxygen vacancies (Vo)
in the TiO, below the conduction band using ultraviolet C light (UVC).(B) Sample
deposition (DNT shown) followed by irradiation with 633 nm Raman laser. This
leads to photoexcitation of TiO, and increase in charge on the nanoparticles. (C)
Charged nano particles lead to PIERS signal enhancement. V¢ are replenished upon
exposure to air. (D) The PIERS effect gradually disappears as the Vo are completely
replenished over time. The substrate can then be cleaned and recharged through
exposure to more UVC light absorption [218]. Reproduced from ref [218]. Copyright
2016 Nature.

Glass et. al studied the surface oxygen vacancy states of different metal ox-
ide substrates. Differences in the rates of vacancy formation and healing were
correlated to the duration of the PIERS enhancement [219]. Table 7 shows the
majority of PIERS studies to date have focused on metal oxides, with particular
emphasis on TiO,. This is due to the similarity in the mechanisms responsible
for metal oxide photocatalysis and the PIERS effect. As such, inspiration for
new substrates can be drawn from materials with effective photocatalytic prop-
erties. Given the UV pre-irradiation step is sample-independent and the proven
versatility of SERS in detecting a range of organic and inorganic explosives
[220]-[222], development of a reusable multi-target sensor is a possibility and
would greatly benefit routine screening in civilian and military environments.
These studies indicate potential further applications of established metal oxide

SERS materials as PIERS substrates.
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Table 7: Summary of recent developments in PIERS.

Substrate Tllumination source Laser A (nm) Analytes detected SERS/PIERS Ref.
. . EF (max.)
(A, irradiation time)
AuNPs on TiO; (rutile) 254 nm, 4 hours 633 R6G, DNT, PETN, 34.79 [218]
RDX, glucose
AuNP on ZnO 254 nm, 30 mins 633 Thiophenol 7.52 [223]
AgNPs on LiNbO3 254 nm, 6 mins - 4-Aminothiophenol 2 [224]
AuNP on TiO,, WO3, 254 nm, 5 mins 633 MBA 2.6 [219]
ZnO thin films
Tyrosine functionalised Visible light (xenon 785 Tyrosine dimerization 2.1 [225]
AuNPs, TiO; ozone-free arc lamp
through a cut-off fil-
ter A > 400 nm) 10
mins
AuNPs on WS, 254 nm 633 MBA 4 [226]
ssDNA functionalised 365 nm, 30 mins 780 ATP, thrombin, cocaine 4 [227]
AuNP, AgNPs, TiO,
Ag-doped TiO, Near-IR source, 100 785 MBA 2.3 [228]
seconds
AuNPs on SnO, 254 nm, 4 hours 785 BPE (trans-1,2-bis-(4- 9.3 [229]
pyridyl) ethylene) and
R6G
AgNPs, WOj3, TiO,, 254 nm, 1 hour 532 Meso-tetra(N- methyl- 2.5 [230]
Zn0, NiO 4-pyridyl)porphine tet-
rachloride, methylene
blue and nitrophenol
AuNPs, TiO; (anatase) 254 nm, 1 hour 633 MBA 21.6 [231]
AgNPs, diphenylalan- 254 nm, 5-45 mins 532 meso-tetra porphine tet- 4.5 [232]
ine peptide nanotubes rachloride, rhodamine
B, aminothiophenol
AgNPs, TiO, (anatase) 254 nm, 21 mins 785 Crystal violet, carbaryl, 8-fold [233]
phoxim and thiram
AgNPs, TiO, (ru- UPB mercury lamp, 785 Malachite green, crystal 27.8 [234]

tile/anatase heterostruc-
ture)

24 min

violet, R6G, thiram and
acephate

A limitation of SERS is signal reproducibility, which is affected by the
shape and size, as well as the separation, of the nanoparticles used in the
substrate. Efforts to overcome these problems have resulted in some commer-
cially available substrates which include: QSERS, RAM-SERS, Klarite™ and
SERStrate, which have recently been tested using commercial Raman systems

for contraband detection [235]—[238].
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2.7 CONCLUSIONS

Table 8 and Figure 19 provide a comparison of each technology, with in-
sight into their analytical performances. Note, a holistic approach has been
taken with consideration from literature reviewed here in addition to subject-
ive assessments. Animals remain a benchmark for emerging technologies
with key attributes being high selectivity, sensitivity, concurrent detection of
multiple analytes and fast screening times. The majority of in-field systems
have sampling times within minutes and this has also been observed in many
emerging technologies reviewed here. IMS remains a key technology in the
field of ETD due to having good overall sensitivity, selectivity and analysis
times in seconds.
sampling time i
High High

High
=Animals

—Raman

—Sensors Cost Sensitivity
IMS

—=Colorimetric kits

Selectivity

Figure 19: Visual comparison of ETD technologies based on sampling time, sensitivity,
molecular selectivity and cost.

However, current IMS systems lack molecular selectivity compared with
spectroscopic approaches such as Raman and absorption/emission spectro-
scopy which can provide molecular fingerprinting and functional group in-
formation. Ions generated from benign materials with similar mobilities to

explosive ions can trigger false positive responses and such interferences in-
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Table 8: Advantages and limitations of ETD technologies

Techniques Advantages Limitations
Animals concurrent sampling in real-time, wide range high training and maintenance costs, incon-
of threat materials sistencies, affected by the environment and
surroundings, not always practical in civilian
environments
IMS easy to use, dual vapour and particulate detec- expensive, radioactive ionisation source, af-
tion in some systems, can be integrated with fected by humidity, temperature and sample
mass spectrometry, library composition, destructive, requires rigorous
sampling to maximise analyte collection
Raman portability, non-destructive  analysis, interference from fluorescent or strongly ab-
sampling through packaging, stand-off sorbing materials, small scan area, cannot be
detection capability, sampling of solid, liquid used for metals or alloys
and gasses
Colorimetric  easy to use, portability, inexpensive, integ- stability/shelf life, may require multiple tests,
kits ration with smart phone technology, small destructive
footprint and power requirements
Sensors portability, customisable, multi-modal capab- largely untested in operational environments

ility

clude oils, creams, perfumes and medication. Efforts to improve the selectivity
of IMS include: use of dopants, development of chemically modified swabs,
understanding the ion chemistry of analytes and integration of IMS with mass
spectrometry techniques. Traditional colorimetric reagents are limited by spe-
cificity, sensitivity and toxicity of some materials. Development of sensor
arrays and use of ratiometric fluorescence approaches overcomes these prob-
lems as they probe the chemical properties of analytes, leading to greater
selectivity and sensitivity. The use of multiple sensor elements to give a com-
bined response further improves analyte differentiation and selectivity. This
has been largely possible through the use of tunable nanomaterials such as
MOFs, nanoparticles, quantum dots and conjugated polymers.

SERS is a promising approach with high sensitivity and selectivity and
can be used with current desktop and portable Raman systems. However the
technique has yet to be adopted in operational environments. As the number of
SERS substrates continue to expand, the need to develop standardised tests for

assessing detection capability and reproducibility is required. Work towards
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reproducible substrates at low cost for commercial use is also important for

SERS to be a viable option for operational screening.

2.8 CONCLUDING REMARKS AND PREMISE FOR WORK IN THESIS

It is likely that nanomaterials will play an important role in the development
of future ETD technologies. We have seen significant developments made in
gas sensing such as graphene and quantum dots, with some systems able to
detect multiple classes of explosives at low concentrations. Whilst sensitivity
and selectivity remain important goals for ETD systems, consideration of
the operational environment is also important for design of future systems as
deployment is a balancing act of many considerations. These include, cost,
sampling throughput, sampling time, portability and ease of operation.

The potential for SERS and its variants to meet these requirements has
prompted the investigations described in this thesis. PIERS has been identified
as a promising avenue of research, due to the simplicity of the method and
infancy of the research. Whilst many applications have been reported, the range
of PIERS substrates is limited to mostly TiO, based materials. The duration of
the PIERS enhancement can range from minutes to hours, even in substrates
of the same material. This limits the use of PIERS as a reliable sensor. In
addition, different fabrication methods can alter the properties of materials,
making it difficult to compare similar substrates. Another gap identified in
current PIERS research is improving selectivity towards analytes of interest.

These observations have been used as the focus of the research described in
Chapters 3 and 4. Chapter 3 will first characterise PIERS using commercially
available TiO, before investigating the effect of a low oxygen environment on

the duration of the PIERS enhancement. The properties of semiconductors can
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be tuned through introduction of dopants and this approach is used in Chapter
4 to fabricate Ag and Cu doped ZnO. The substrates will be characterised and
the PIERS enhancements compared using a common Raman probe molecule.

As seen previously, an abundance of research exists involving colorimetric
detection of explosives, with one promising new development being the use
of plasmonic nanoparticles with colorimetric agents to produce a SERS assay.
This dual detection approach is explored in Chapter 5, using gold nanoparticles
functionalised with different molecules. The effectiveness of the assay will
be further explored by using the functionalised nanoparticles in PIERS. To
explore the practicality of the assay, the use of machine learning and digital

colorimetric detection is also explored.
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STUDYING PIERS USING PILKINGTON ACTIV™

3.1 INTRODUCTION

The SERS effect arises when an analyte molecule adsorbs onto a rough metallic
surface, leading to enhancement of the analyte’s Raman signal. In practice, this
is achieved using nanofabricated surfaces or nanoparticles. Plasmonic metals
such as silver and gold have been extensively used as SERS substrates, due to
their stability, biocompatibility [11] and ease of control of optical properties
[12].

Two main effects contribute to the SERS enhancement and these are the
chemical (CE) and electromagnetic (EM) components. The EM enhancement
provides the largest contribution [13]-[15] and arises from the electromagnetic
interaction of light with the nanomaterial. This leads to collective oscillations
of surface conduction electrons on the nanoparticle, called localised surface
plasmon resonance (LSPR) [10]. This phenomenon enhances the local electric
fields near the metal surface, leading to enhancements of both the incident and
Raman-scattered fields. The CE component can be used to describe a number
of effects which occur between the molecule and metal, which is dependent on
the interactions involved. These include: ground state interactions, resonance
Raman effects in the molecule arising from a suitable excitation wavelength
and charge transfer (CT) effects between molecule-metal and metal-molecule

[22]-[24]. Of these contributions, CT effects are most relevant and describes

55



STUDYING PIERS USING PILKINGTON ACTIV™

the movement of charge between the Fermi energy level of the metal and the
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) energy levels of adsorbed molecules.

Semiconductor materials have also been used as non-plasmonic SERS
substrates and examples include: TiO; [239], ZrO, [240], ZnO [241], [242]
and Cu,0 [243]. Nonplasmonic substrates generally have low enhancement
capabilities; however, their strong charge-transfer properties [211], [212] have
been used effectively with noble nanoparticles for SERS.

The introduction of oxygen vacancies can improve Raman enhancement of
semiconductors, and this can be achieved through surface and atomic defects
[217]. The PIERS approach combines metallic nanoparticles with photoactive
semiconductors to produce strong Raman enhancement beyond the normal
SERS effect. Band-gap activation of semiconductor materials can induce
formation of surface oxygen vacancy defects which enable transfer of photo-
excited charge carriers to plasmonic metal nanoparticles, leading to ‘photo-
induced SERS’.

The formative PIERS study by Ben-Jaber et. al used TiO, rutile, prepared
through atmospheric pressure chemical vapour deposition (APCVD) [218].
Since then, a range of substrates have been reported. Zhang et. al prepared
TiO, anatase through electrochemical anodization of titanium foil. The crys-
talline films containing arrays of nanopore structures were used with silver
nanoparticles (AgNPs) to detect environmental contaminants, including the
pesticides carbaryl, phoxim and thiram, achieving detection limits of 10> M
[233]. Man et. al constructed a biomolecular recognition platform using TiO,
and AgNPs, for the detection of adenosine triphosphate, thrombim and cocaine.
TiO, anatase was prepared using hydrothermal synthesis, resulting in nano-

foil and nanorod structures. Detection was achieved by functionalising TiO;
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nanostructures with a sandwich structure consisting of aptamers to achieve
specific analyte recognition [227]. Ke et. al synthesised composite structures
containing TiO; rutile and AuNPs [225] to detect tyrosine dimerization, an
indicator for oxidative reactivity in inflammatory cells. As such, a wide range
of different preparation methods have been used in literature, resulting in differ-
ent morphologies, size and crystal phases of semiconductor materials. Whilst
many applications have also been found, one area of study which has received
less attention is improving the current limitations of PIERS. One example is
the exponential-like decay of the PIERS enhancement reported in many studies
[219], [227] which can vary from 20 minutes to a few hours. The enhancement
lifetime is linked to the recombination of photoexcited charge carriers and
is a complex process dependent on a number of factors such as: substrate,
chemical environment and laser parameters. The time-limited enhancement is
not ideal for sensing applications, given there is already variability inherent
in SERS. Another limitation is the photo-induced-superhydrophilic effect in
semiconductor materials. Whilst favourable in self-cleaning applications, this
property can affect the distribution of AulNPs, leading to variability in SERS
enhancement.

This chapter describes work to improve the current PIERS method and
begins through characterising the PIERS effect using a commercially avail-
able TiO, material, Pilkington ActivT™. A custom-chamber was fabricated to
conduct measurements in a low oxygen environment. Two new variants of
PIERS were developed with improved enhancements over normal PIERS. To
demonstrate the new PIERS techniques, detection studies were carried out
using Raman probe molecules MBA and R6G, as well as the pesticide thiram
and explosives triacetone triperoxide (TATP), hexamethylene triperoxide diam-

ine(HMTD) and trinitrotoluene (TNT).

57



STUDYING PIERS USING PILKINGTON ACTIV™

3.2 METHODS

Unlike other analytes used in this research, which were used as purchased,
the TATP described in this thesis was synthesised as part of a separate project
for the Defence Science and Technology Laboratory [244]. Synthesis was
carried out using methods adapted from Oxley [245], Pachman [246] and
Tomlinson-Philips [247]

Due to the shock, heat and friction sensitive nature of TATP, synthesis
should be carried out on a small scale. A thorough risk assessment was carried
out and independently reviewed prior to the synthesis. Lab work was carried
out with appropriate personal protective equipment (PPE) which included: ni-
trile gloves (SHIELDskin CHEM™NEOQO NITRILE™300), chemical resistant
splash-proof goggles and labcoat. All laboratory work was carried out in a
fumehood. Solid TATP samples was handled using plastic spatulas to mitigate
spark ignition. Samples were stored in a fridge, in threadless vials to mitigate
ignition events due to heat and friction. Fridge storage also mitigates TATP
decomposition, suppresses sublimination and conversion of TATP to DADP.
Solutions of TATP were stored in organic solvents such as acetonitrile or meth-
anol to reduce the compound’s sensitivity. Prior to disposal, solutions of TATP
were diluted with methanol. All unwanted TATP solutions and reagents were
stored in separate containers marked for incineration.

Methanol (CAS 67-56-1, HPLC grade, > 99.8 %) and HPLC-grade water
(CAS 7732-18-5, HPLC grade) were purchased from Sigma-Aldrich. Accus-
tandard explosives reference solutions (TNT, HMTD and TNT) were purchased
from Kinesis and diluted as required. 50 nm tris-capped AuNPs were synthes-
ised as described in Chapter 5 which also contains the characterisation data.

Pilkington Activi™ was used as supplied by NSG Pilkington. Activ’™ consists
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of TiO; (approx.15 nm in thickness) coated onto 4 mm float glass. Prepara-
tion of Activ™ glass involves depositing a precursor gas mixture containing
titanium dioxide onto float glass using APCVD [248].

X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo K
alpha spectrometer with monochromated Al Ko radiation, a dual beam charge
compensation system at a pass energy of 50 eV. Survey scans were performed
between 0 and 1200 eV. XPS data was fitted using CasaXPS software with
the calibration of C 1s at 284.5 eV. UV-Vis was carried out on a Shimadzu
UV-2550 instrument, in absorbance mode and scan range 200-800 nm. Room
temperature photoluminescence spectroscopy was carried out using a Renishaw
1000 system, equipped with a He—Cd laser, using a wavelength of 325 nm.

For SERS and PIERS, mixtures of tris-capped AuNP and analytes of
interest were mixed (by volume), vortexed for 1 minute before depositing
(10-30 uL) onto a substrate (uncoated Pilkington glass or microscope slides).
For PIERS, samples were irradiated under UV-C light (254 nm, 2 x 8W
bulbs positioned 13 cm above the substrate) for a minimum of 60 minutes.
Both SERS and PIERS analysis were carried out on a Renishaw Raman inVia
microscope with a 633 nm He—Ne excitation laser (1.9 mW when operated
at 25 % power, spot size approx. 4.4 mm?). All the spectra were acquired
using an exposure time of 10 seconds with 1 accumulation. A minimum of
5 positions were measured for each sample to ensure consistency between
locations. The spectra were averaged and baseline correction was carried out

using the adjacent-averaging plug-in in Origin.
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3.3 RESULTS

3.3.1 Characterisation of Pilkington Activt™

Activt™™ is the world’s first self-cleaning glass and widely used to benchmark
the activities of emerging photocatalytic thin film materials [249]. ActivT™ was
selected to minimise the batch-batch variations which can be apparent in films
prepared in-house. Figure 20 shows a typical SEM image of Activ™ which
comprises of rounded particles ca. 30 nm diameter. The UV-Vis spectrum
of Pilkington Activ™ is shown in Figure 21. Activ™ is slightly coloured
compared with plain (uncoated) barrier glass, which can be evident when
placed against a white background. The UV-Vis spectrum of barrier glass has
an absorption around 310 nm, which is attributed to soda-lime—silicate. In the
UV-Vis spectrum of Activ™, a weak absorption around 380 nm is observed,
which corresponds to the bandgap energy (E;) of nanocrystalline titania. The
band gap energy of a semiconductor describes the energy needed to excite
an electron from the valence band (VB) the conduction band (CB) and can
be estimated using absorption spectra and the Tauc method [250]. TiO, is
an indirect semiconductor and Figure 21 shows the Tauc plot and calculated

bandgap of 3.20 eV which agrees with literature [249].
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Figure 20: SEM of Pilkington ActivT™,
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Figure 21: Determination of bandgap of TiO; in Pilkington Activt™.
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To further confirm the identity of TiO,, surface characterisation methods
were carried out using Raman and X-ray photoelectron spectroscopy (XPS).
Titanium dioxide occurs as three polymorphs: rutile, anatase and brookite.
Activ™ consists of anatase, which is tetragonal, with the space group Dy;,'°
(I4{/amd). Raman spectra was collected at room temperature and Figure 22
shows peaks at frequencies of 144, 396, 514 and 641 cm’!, which correspond to

the Raman active modes of Eg, By, A1y, and Eg modes of anatase, respectively

[251], [252].
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Figure 22: Raman spectrum of Pilkington Activ™,

XPS examination (Figure 23) of the Ti 2p core level showed two charac-
teristic peaks due to spin-orbit splitting. The symmetric Ti 2p3/, and Ti 2py/,
components, have binding energies (BE) of 458.3 eV and 464.0 eV, respect-
ively. The Ti 2py/; - 2p32 splitting value is 5.7 eV, which is consistent with

Ti** in the TiO, lattice [253], [254]. The Ols core level spectrum consisted
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of three peaks. The peak with BE value of 529.5 eV corresponds to lattice
oxygen in Ti-O bonds [253]. The peak with BE of 532.4 eV corresponds to
hydroxyl groups chemisorbed on the surface as Ti-OH bonds [255].

The peaks between 531-532 eV is a source of debate within the literature,
with some authors assigning the peak oxygen vacancies (V,) [256]. Other
sources attribute the peak to surface adsorption of hydroxyl groups from water
[255], [257]. Evidence for the latter was shown by Yamamoto et al., using
near-ambient pressure XPS to study the Ols region of TiO, films subjected to
water and monitored under different temperatures [258]. The authors attrib-
uted changes in the Ols peak to surface hydroxyls from the dissociation of
adsorbed H>O molecules. There is also the consideration that it may be more
thermodynamically favourable for surface oxygen vacancies to heal under
ambient conditions. As such, it is likely the peak observed at 531.3 eV is due

to adventitious adsorption of hydroxyls or oxygen onto the TiO, surface.
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Figure 23: XPS of Pilkington Activ™,
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3.3.2 SERS and PIERS measurements of MBA on Activt™

Figure 24 shows the typical procedure for conducting SERS and PIERS meas-
urements in this study. In SERS, a mixture containing AuNPs and analyte is
prepared and thoroughly mixed before depositing onto a substrate. The droplet
is allowed to dry before analysis is carried out. PIERS measurements involve
the use of a photoactive semiconductor substrate which is pre-irradiated for
one hour before immediate deposition of the analyte and AuNP mixture. Since
TiO; is a photocatalyst, deposition is carried out after irradiation in order to
mitigate against analyte degradation from TiO; and photodegradation from the

UV source.
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Figure 24: SERS and PIERS method

Since the samples are deposited through drop-casting, the ‘coffee-ring’
effect is evident, whereby differing rates of evaporation between the solvent
components can lead to a heterogeneous distribution of analyte and AuNPs.
The coffee ring pattern forms due to capillary action and Marangoni flow of
the evaporating components [259]-[261]. As such, the effect can impact on the

sensitivity and reproducibility of SERS measurements, as nanoparticle clusters
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can form, leading to plasmonic hotspots and areas of high SERS enhancement.
In order to ascertain an overall level of enhancement, spectra was averaged
from from 5-10 different positions.

Figure 25 shows that MBA adsorbed onto AuNPs was strongly enhanced
compared to the conventional Raman spectrum for powdered MBA. The char-
acteristic peak at 1075 cm’! can be assigned to the in-plane ring breathing
mode coupled with v(C-S). The peak at 1587 cm™! is attributed to the aromatic
ring V(C-C). The SERS spectrum indicates MBA molecules are orientated
at an angle towards the AuNP surface. This is inferred from the presence of
the benzene ring out-of-plane bending and ring bending modes at 522 cm’!
and 1480 cm’!, respectively [262]. The weak band observed at 1710 cm™! is
attributed to the C=0 stretching mode and indicates the presence of neutral
carboxylic acid groups [263]. Additional peaks for MBA are listed in Table
9. In the SERS spectrum, frequency shifts were observed with respect to
the Raman spectrum. This is due to a combination of factors, including the
structural deformation of the MBA molecule and change in polarizability of

MBA upon formation of the Au-thiolate-bond [264], [265]
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Figure 25: Raman of MBA powder and SERS collected from a I uM MBA solution
deposited onto a microscope slide.

Table 9: Vibrational modes for MBA. From Michota [263], Ma [262] and Wang [266)].

Raman mode (cm ') SERS and PIERS modes (cm ') Assignment
274 340 Au-S
1098 1075 in-plane ring breathing mode, C-O stretching, v(C-O)
1180 1174 C-H bending
1480 1457 Ring bending
1590 1585 ring breathing axial deformation modes
1617 1707 C-O stretching, v(C=0)
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The enhancement factor for SERS can be calculated using equation 13
[21], [267]. Irs and Iggrs refer to selected peaks in the Raman and SERS
spectra, respectively. Ngyx and Nggrs are the average number of molecules in

the scattering area in the Raman and SERS measurements, respectively.

ISERS/N
EF — SERS
IRS/Npyik

(13)

The way in which Nggrs and Npgyik is calculated can vary across the
literature, depending on the experimental set-up. In this study, these values
were calculated as per equations 14 and 15, where C is the concentration of
the analyte, V is the deposition volume, N4 is Avogadro’s constant, Agyp 18
the area of the substrate (9 mm?). The volume of the solid sample can be
calculated from the laser spot area, Araman (351.76 nmz) and h, the confocal
depth (21 um). M and p, are the molecular weights and densities, of the

analyte, respectively. The EF factor in PIERS measurements, is compared

against SERS.

CVN AARaman

N = (14)
SERS ASub
hN A A
Npulk = ”A% (15)

For MBA with concentration of 10°° M, SERS enhancements of 3.37x 10°
and 5.81x10° were observed for the 1075 and 1584 cm™! peaks, respectively,
which is within the range reported in literature [262], [263], [266].

The comparison between SERS and PIERS of MBA on Pilkington ActivT™
is shown in Figure 26. From the SERS spectrum, Raman peaks attributing to
MBA can be seen and the spectral profile is similar to the Raman spectrum

collected from powder. From the PIERS spectrum with 1 hr UV irradiation
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at 254 nm, an enhancement of the characteristic peaks of MBA is observed
(Figure 26A). Taking the 1585 cm™! peak as an example, an enhancement
factor of 3.51x 107 is observed. When compared to the SERS, the increase in
enhancement is ~6 times. Post-PIERS measurements were made by keeping
the samples in the dark for over one hour and subsequently collecting spectra
from the same region. A decrease in the Raman signal is seen indicating a
loss in the PIERS enhancement. This can be attributed to healing of oxygen
vacancies on the surface of TiO, as the film is exposed to air. To better support
the above observations, reference SERS spectra was collected on a piece of
Activi™ which had been kept in the dark and without irradiation (Figure 26B).
Weak SERS intensities are seen, which indicates a weak EM enhancement. In
addition, the SERS spectra collected from samples deposited onto float glass
(without TiO,) also shows a weak enhancement, comparable to Figure 26A.
As a further confirmation, Raman spectra collected from MBA deposited onto
irradiated Activ’™ in the absence of AuNPs does not show any observable
peaks (Figure 26C). These observations confirm the additional enhancement

originates from a photo-induced effect.
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Figure 26: SERS and PIERS enhancement of MBA (10°° M) solution. A) Comparison
between SERS, PIERS and post-PIERS measurements, B) Reference spectrum of MBA
deposited onto uncoated float glass and C) Reference spectrum of MBA deposited onto
irradiated Activ™,

The observed additional enhancement can be attributed to the PIERS effect.
When semiconductors are exposed to photons with energy above their bandgap,
electrons are excited from the valence band (VB) to the conduction band (CB),
leaving a hole in the VB. TiO; is an n-type semiconductor, which means
the charge carriers are electrons. Both the excited electrons and holes can
participate in a redox processes and subsequently utilised, for example in pho-
tocatalysis or superhydrophilic surfaces. The nature in which photogenerated
electron-hole pairs (e-h*) migrate towards the surface of TiO,, will impact

on the subsequent redox processes and properties of TiO,. Oxygen vacancies
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(Vo) are point defects which can be induced in a number of ways. Under UV
irradiation, reduction of Ti(IV) cations to Ti(II) by electrons and trapping
of holes at lattice sites occurs simultaneously, which result in weakening of
Ti-O-Ti bonds within the lattice. As oxygen is liberated, Vg are formed. The
two electrons formerly bound to the oxygen ion remain in the oxide and popu-
late defect states, typically located inside the bandgap (in-gap states). When
these electron donor states lie close to the CB, electrons can delocalize into
the CB. The AuNPs acts as a bridge between the semiconductor and molecule,
allowing electrons to be injected into the Fermi level (Er) of AuNPs, under
laser excitation. This results in shifting of the AuNP Ep to more negative
values, broadening the resonance conditions between the Er and molecular
orbitals of adsobed molecules. As such, more charge-transfer pathways can
exist and greater enhancement is observed. In the current system, an excitation
laser of 633 nm (1.96 eV) is used. The band gap of TiO; anatase is 3.20 eV,
the Vo donor states for anatase is reported to be 0.35-1.27 eV below the CB
[268], the energy gap of MBA is 4.57 eV [269] and the Fermi level of gold
1s 5.0 eV (vs. vacuum) [270]. The drop in signal intensity in the post-PIERS
measurement is due to healing of the surface oxygen vacancies in the TiO;
film when exposed to air. The charge-transfer scheme for PIERS is shown in

Figure 27.
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Figure 27: Stages in the mechanism of charge transfer in PIERS, where Eg is the
bandgap, Oy, is the defect level, Er is the Fermi level, CT denotes charge-transfer
processes, LUMO is the lowest occupied molecular orbital and HOMO is the highest
occupied molecular orbital. 1) Above-bandgap excitation of TiO» using 254 nm UV
light, 2) Generation of defect state, 3) Injection of electrons into the Fermi level of
AuNPs, 4) Laser irradiation using 633 nm laser, 5) CT between AuNPs and LUMO of
MBA molecules, 6) Relaxation of electrons back to VB of TiO,.

3.3.3 Studying the charge-transfer in PIERS using UV-Vis

To provide evidence of charge injection process in PIERS, UV-Vis was used
to monitor changes in the LSPR of AuNPs deposited onto irradiated Activi™.
The LSPR of noble metal nanoparticles arises from the coherent oscillation of
free electrons on the surface of AuNPs with the incident light. The LSPR is
strongly affected by electron density and shifts in the LSPR of nanoparticles
can be used to study photogenerated charge carriers at metal-semiconductor
interfaces. Whilst resonance shifts can also be attributed to changes in the
size, shape and dielectric environment of the AuNPs, a number of studies have
used this approach to study charge-transfer (CT) [271]-[273]. Figure 28 shows
the absorption spectra of AuNPs deposited onto Activ™ before irradiation

and after 1 hrs UV irradiation, with consecutive timepoint measurements over
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10 minutes. After irradiation, the LSPR peak blue-shifted by about 7 nm.
Consecutive measurements show the change is partially reversible and a 4 nm
red-shift is observed after 10 minutes. UV-induced plasmon changes were
also observed by Parente et al. [272] from TiO,-AuNP heterostructures and

Mulvaney [273].
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Figure 28: AuNP LSPR blue-shift on Activ™.

The injected electron density (AWN) on the AuNPs due to pre-irradiation
of TiO, can be estimated using Equation 16 [273]. AA is the measured
wavelength shift (7 nm) and A is the initial AuNP plasmon peak position on
the TiO, substrate (562 nm). From Equation 16, the electron density is 2.5 %

upon irradiation.

—=_== (16)
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3.3.4 Studying the charge-transfer in PIERS using photoluminescence

The previous section showed one approach to support the charge-transfer effect
in PIERS through monitoring the shifts in the AuNP LSPR. In this section,
we study the charge transfer behaviour through changes in the fluorescence
emission of Rhodamine 6G (R6G). R6G is widely used as a marker and
laser dye for its stability, high fluorescence and quantum efficiency. The
plasmonic resonance exhibited by metallic nanoparticles can be used to tailor
the properties of organic molecules and interactions between dye molecules
and noble nanoparticles can be used to study charge transfer effects [274],
[275]. Furthermore, the addition of a semiconductor to metallic nanoparticles
can create a potential energy barrier for electron migration. The result is the
modification of AuNP and/or semiconductor properties.

Mixtures of AuNP and R6G were deposited onto Activ™ and Pilkington
glass. Initially, SERS and PIERS measurements for R6G were collected and
these are shown for a solution of R6G at 1 uM, in Figure 29, along with the
powder Raman spectrum. A list of characteristic peaks for R6G is shown
in Table 10. Using the peak at 1357 cm !, the enhancements for SERS and
PIERS were 1.10x 10 and 4.46 x 103, respectively, giving an overall 4 times

PIERS enhancement compared to SERS.
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Figure 29: SERS and PIERS of R6G A) Raman spectrum of R6G powder, B) Com-
parison between SERS and PIERS of R6G (peak at 1357 cm *! marked with asterisk
used in EF calculation). Note, Raman spectrum in A) was collected with higher laser
power to ensure clarity of peaks.

Table 10: Calculation of SERS and PIERS enhancement factors (EF) for R6G at 1
uM.

Raman peak

(cm 1) Assignment SERS peak EF: SERS EF: PIERS
C-C—Cring

621 in-plane 618 1.10x10° 3.20x10°
vibration [276]
N-H in-plane 3 3

1360 bending [276] 1357 1.10x10 4.46x10
aromatic C-C

1646 stretching 1648 1.71x103 4.07x10°

[276]

For the photoluminescence (PL) studies, samples were kept in the dark
overnight before analysis to prevent unwanted photo-activation of the substrate.
A 514.5 nm excitation source was used which is below the band gap excitation
energy for TiO,, eliminating PL. emission from TiO;. Figure 30A shows
the UV-Vis spectrum of R6G in methanol for reference, with an absorption
maximum at 550 nm. There is an overlap between the absorption maximum
of the AuNPs at 540-550 nm (as shown in Chapter 5) and the emission of

R6G molecules which shows that non-radiative energy transfer between dye
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molecules and AuNPs is possible. Figure 30B shows the emission of R6G on
each substrate with and without UV irradiation. The fluorescence emission
peak for R6G on Pilkington glass is at 576 nm and on Activ™, at 573 nm.
These values fall within literature ranges of 550-570 nm and variations can be
due to a combination of the dye concentration and the solvent environment,
which can affect the dispersion of R6G molecules into its monomer and dimer
forms [277]. In the presence of AuNPs, the emission peak is enhanced in
both cases and peak position is red-shifted. To observe the effect of photo-
active substrates on the fluorescence of R6G, samples containing AuNP and
R6G deposited onto Pilkington glass were subjected to 5 minutes of UV-C
irradiation followed by PL analysis under 514.5 nm. On Pilkington glass, a
small reduction in emission intensity is observed. On Activ™, the intensity is

enhanced compared with the sample in the absence of UV irradiation.
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Figure 30: Photoluminescence (PL) studies to observe charge transfer in PIERS A)
Absorption spectrum of R6G in methanol B) PL of R6G and AuNPs on Pilkington
glass and Activi™ with and without UV irradiation, C) PL of bare Pilkington glass
and Activi™ and with deposition of AuNPs. PL spectra were collected using a 325 nm
excitation source.

Upon excitation, a fluorophore can return to ground state by emitting a
photon at a longer wavelength (radiative decay) or without emitting a photon
(non-radiative decay). In the vicinity of a metallic structure, both the radiative
and non-radiative decay rates can be changed due to interactions with the
surface plasmons from the metallic surface. As such, the local field effects can
result in fluorescence enhancement or quenching [278]. The distance between
nanoparticle-fluorophore can affect fluorescence enhancement or quenching.

Studies using AuNPs have shown that at small distances (AuNP radius <30

nm), surface plasmon-induced resonance energy transfer occurs which results
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in quenching of radiative transitions and fluorescence quenching [279]-[281].
Smaller nanoparticles can have a stronger plasmon field which can result in
increased dissipation of nonradiative energy transfer between dye molecules
and nanoparticles, resulting in a greater fluorescence quenching [282].

However, at longer distances, localised fluorophores can be excited by
the nanoparticles, which can enhance the radiative decay rate and lead to
fluorescence enhancement [278], [283]. This can be mediated by changing the
shape and size of the nanoparticle [284], distance between nanoparticle and
dye [285] and the solvent medium [286], with a number of reported examples
using different metallic nanoparticles. The enhancement of R6G fluorescence
observed in the presence of AuNPs could be due to the large, 50 nm AuNPs
used in comparison to the aforementioned literature [279]-[281], resulting
in a higher quantum yield [282]. The tris-base capping agent on the surface
of AuNPs can also act as a separation layer reducing the nonradiative energy
transfer between R6G molecules and AuNPs [285]. Furthermore, samples were
analysed as evaporated from a substrate, as opposed to in-solution analysis,
where a greater proximity between AuNP and R6G dye molecules can be
achieved, as well as greater dimensionality [287]. Similar results were also
observed in literature [288]-[290].

The enhancement of the R6G emission under UV light can be explained
by the transfer of photogenerated electrons at the Au-TiO; interface, where
an interfacial charge equilibrium is established. When the TiO; is excited by
UV light with photon energy greater than its band gap, excitation of electrons
from the valence band (VB) to the CB occurs, with simultaneous generation of
holes in the VB. At the AuNP-TiO; interface, photogenerated electrons are
distributed, with some transferred into the Au nanoparticle, resulting in a new

interfacial charge equilibrium. The ability of metallic nanoparticles to ‘capture’
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photogenerated electrons occurs when the work function of the metal is at a
lower energy than the conduction band edge of the semiconductor [271], [291].
The Fermi level of gold is 0.5 V [292] and the conduction band energy of TiO,
anatase is -0.8 V [293], (versus Normal Hydrogen Electrode, NHE). Upon UV
irradiation, electron accumulation increases the Fermi level (Ef) of Au to more
negative potentials (Ef*), bringing this closer to the conduction band of TiO,.

As a control, PL spectra of the substrates with and without AuNP is
shown in Figure 30C. Broad peaks can be seen in both Pilkington glass and
Activi™, which is likely due to a combination of surface contaminants and
slight absorption in the UV-Vis region (Figure 21), which can give rise to weak
emission bands in the blue-green spectral area. In the presence of AuNPs, a
peak at approximately 530 nm is observed which is likely due to absorption
from the tris-capping agent. PL emission arising from the 50 nm AuNPs used
in this study is unlikely as this phenomena usually comes from smaller, metal
nanoclusters (< 2 nm), which are considered to have discontinuous energy
levels, enabling the interaction with light through electronic transitions[294],
[295]. As such, the graphs in Figure 30C supports the observed emission peaks

arising from R6G.

3.3.5 Studying the oxygen vacancies of Activ™ using photoluminescence

This section focuses on studying the influence of deposited AuNP on the
PL of TiO,. The aim of the work is to establish a link between formation
of oxygen vacancies and PIERS enhancement. Spectroscopic techniques
can be used to study the nature of photogenerated excitons and their role in
photocatalysis which subsequently affects the efficacy of applications such as

self-cleaning surfaces, gas sensing and PIERS. Photoluminescence can be used
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to differentiate between surface and bulk processes, study the separation and
recombination of photoinduced charge carriers and contributions of surface
oxygen vacancies and defects.

PL has been used to differentiate between anatase and rutile phases of TiO;.
However, the PL processes in TiO, are complex, with many mechanisms still
under debate. For example, Tang et. al. attributed the green PL emission band
of anatase to localised distortions in the lattice, resulting in self-trapping of the
exciton [296]. On the other hand, Wang et al. attributed the green emission
band to donor-acceptor recombination, realised through oxygen vacancies and
surface hydroxyl groups, respectively [297]. Work by Pallotti et al. reported
the main contributions to the PL of TiO, anatase being due to two characteristic
bands. The green emission band (at approximately 495-540 nm) is assigned to
surface oxygen vacancies, whereas the red emission band (at approximately

600-650 nm) is due to subsurface oxygen vacancies [298], [299].
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Figure 31: Studying the PL emission of TiO, Activ™ in air and argon. A) Bare TiO;
without prior UV irradiation B) Bare TiO, after 1 hr UV (254 nm) irradiation, C)
TiO; with AuNP deposited, followed by 1 hr UV (254 nm) irradiation D) Timepoint
analysis of Bare TiO, samples with deposited AuNPs carried out by observing the PL
intensity of the green emission band in air and argon. PL spectra were collected using
a 325 nm excitation source.

Figure 31 shows the PL spectra of TiO; Activ™ analysed under air and
argon. PL studies were carried out in the custom chamber described in the next
section (Figure 32), at room temperature using a 325 nm excitation source.
Firstly, the PL of TiO, Activi™™ was collected in the absence of AuNPs and
without additional UV pre-treatment (Figure 31A). The characteristic PL peaks
for TiO, anatase can be seen. The peak in the UV region, around 390-410
nm, is attributed to the band edge emission and corresponds to the bandgap
estimated from the Tauc Plot in Figure 21. The green and red band emisson
(henceforth named GBE and RBE, respectively), are positioned around 550
nm and 670 nm, respectively. Samples analysed under argon were placed

in the custom chamber under argon flow for one hour before PL collection.

Both the GBE and RBE are enhanced under argon flow, with the GBE show-
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ing greater enhancement. Figure 31B shows the PL of TiO, Activi™ which
has been pre-treated by irradiating under UV-C (254 nm) for 1 hour before
immediate analysis. Both the GBE and RBE are enhanced compared with
samples without UV pre-treatment. Under argon, the GBE is more enhanced
compared with the sample in air but the RBE is suppressed. This suggests
there are different excitation mechanisms associated with the GBE and RBE.
These results correspond to results by Pallotti ef al., who observed a higher
dominance of the GBE in above-bandgap excitation, and RBE dominance in
below-bandgap excitation [298].

There is general agreement in literature that a number of electron and hole
traps exist for TiO, and various depths have been reported. A number of
studies have revealed the GBE is attributed to hole traps arising from oxygen
vacancy (V) defects, where the recombination of electrons with holes in
defect states results in the GBE. This would explain the sensitivity of the
GBE towards UV pre-irradiation which increases the concentration of oxygen
vacancies, resulting in faster recombination and higher GBE. The adsorption of
chemical species on the surface of semiconductors can also affect charge carrier
recombination dynamics. Vg can be healed by exposing TiO, to O, which
can decrease the number of luminescent traps and scavenge electrons from
the conduction band and shallow traps [300]. Furthermore, photogenerated
charge carriers can react with adsorbed O, to form superoxide species. As
such, at bandgap excitation, photogenerated electrons will react with adsorbed
species whilst others will follow a radiative pathway. In a low O, environment
(as represented when samples are analysed in argon), a greater proportion of
photogenerated electrons will be available for radiative decay, resulting in

greater GBE.
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Figure 31C shows the PL of TiO, Activi™ with AuNPs after 1 hr UV-
treatment. Both the GBE and RBE are suppressed compared with samples in
31B. It has been reported that AuNPs can capture photoexcited electrons at
metal-semiconductor interfaces. This process provides an alternative recom-
bination route for photogenerated electrons, which does not result in PL. As
such, the number of electrons which radiatively recombine with holes in TiO,
are diminished, resulting in a lower emission [301], [302].

A timepoint analysis was carried out using samples with AuNP deposited
onto Activi™ (Figure 31D). Both analyses were carried out after 1 hr UV
irradiation. The GBE was then measured over a period of 30 minutes, under
air and argon. In air, the emission shows an exponential-like decay with time.
However, in argon, we observe an increase in emission followed by a plateau,
akin to a logistic growth curve. The change in the GBE emission in air further
supports the healing of Vq.

It must be noted that in this study samples were irradiated in air before
transferring to the chamber under argon flow. Ideally, the chamber would be
designed in such a way to include vacuum sealing as well as simultaneous
irradiation and filling of the chamber with inert gas. To negate the effect of
residual O,, the chamber was purged with argon at a flowrate of 0.5 L/min for at
least 30 minutes. However, the internal atmospheric composition could contain
low concentrations of oxygen and could affect the charge carrier recombination
dynamics.

This section has studied the PL behaviour of the GBE in TiO, which is
attributed to the formation of Vg defects. Samples were analysed in a low
oxygen environment, with AuNPs and under prolonged UV-C irradiation. The
changes in the GBE can be attributed to changes in the pathway of photo-

generated charge carriers. These observations correlate with similar studies
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carried out in literature. The above results, in addition to the CT experiments
discussed earlier, further supports the PIERS mechanism of defect-induced

charge transfer.

3.3.6 PIERS in a low oxygen environment

This section describes the study into PIERS carried out in low oxygen environ-
ments. All experiments were carried out in a custom-built chamber connected
to an argon gas flow. A number of iterations were trialled through prototype
chambers (to meet size, movement and hermetic requirements) before fab-
rication of the final design using a 3D printer. The chamber consists of an
annulus connected to a stage which is tightened using screws. Gas flow is
achieved through syringe needles inserted into the chamber and connected
to a gas cylinder. A rubber baffle connects the microscope objective to the
chamber and the entire unit can be moved simultaneously with the microscope
stage. ! Figure 32 shows the experimental setup used in this section, along
with photographs of the chamber. Note that for experiments described in this
section, measurements were carried out using a 785 nm Raman laser due to
having to accommodate the chamber with the microscope stage. Measurements
were collected from a 50x objective and with a laser power of 4.508 mW (at 25
%), which is higher than that used in previous sections. Due to the difference
in laser wavelength and power, SERS and PIERS experiments were repeated

to provide appropriate controls.

The author would like to thank the MAPS workshop in the Chemistry Department for advice,
design refinement and building of the chamber.
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Figure 32: Custom chamber used to conduct Raman measurements under argon flow.

Figure 33 shows the PIERS carried out in argon, compared against PIERS
carried out in air and normal SERS. When PIERS was carried out in air, a 4.43
x 10% enhancement was observed. When PIERS was carried out under argon
flow, a 7.46 x 10° enhancement was observed, giving approximately 2-fold

improvement compared with normal SERS (Table 11).
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Figure 33: PIERS carried out in argon and air

Table 11: SERS and PIERS enhancement factors under different conditions

Condition MBA peak (cm’!)  EF:SERS/Raman EF:PIERS/Raman Overall EF
A 1071 1.91x10° 4.43x10° 2.31
1r
1585 2.58x 100 2.86x 100 1.11
1071 1.91x10° 7.46x10° 3.90
Argon
1585 2.58x 100 5.71x 100 2.22

Additional studies were conducted to monitor the changes in the MBA
spectra under argon flow. (Figure 34). In Figure 34A, the spectral profile of
MBA was monitored through changes in the intensity of the 1075 cm™ peak
over time. As a control, SERS was collected under argon, from a glass substrate
for the same time period. When PIERS is observed in air, the enhancement
follows a logarithmic-like decay curve. However, when PIERS is carried out
under argon flow, a small decay in enhancement is observed initially, after
which the enhancement increases over the course of around 40 minutes. Whilst

the SERS under argon showed fluctuations in the enhancement, the level of
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enhancement remained low and did not reach the levels observed in the PIERS

measurements.
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Figure 34: Studying PIERS under argon. A) Timepoint measurements plotted using
the 1075 cm™ peak between SERS and PIERS in air and argon (Ar) carried out over
a period of 50 minutes, B) Intensity of the 1075 ! peak monitored when PIERS was
carried over 4 hours under argon, C) Waterfall diagram of MBA spectra collected
at time points in B), D) Selected spectra from C), at 1 min, 76 min and every 2
minutes thereafter to show the change in the spectral profile. Peaks labelled with an
asterisk denote enhanced vibrational modes reported in literature, E) Enlarged view
of spectrum at 76 minutes showing additional enhanced modes.
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Figure 34B shows a timepoint measurement carried out over 3 hours,
showing a similar trend in which the peak intensity increases over time and
reaching a plateau after approximately 75 minutes. The PIERS enhancement
remained constant until the argon was switched off and air introduced into the
system. The peak intensity can be seen to decrease to levels comparable to
those observed in SERS. The corresponding spectra of the extended timepoint
measurement is shown in Figure 34C and 34D, which shows an increase
in the intensity of MBA peaks and subsequent drop on introduction of air.
These observations indicate the chemical environment can affect the resultant
PIERS enhancement. Interestingly, the spectrum at the point with the greatest
enhancement shows a number of additional peaks not normally observed in
SERS or PIERS spectra of MBA (Figure 34E). These peaks can be selectively
enhanced vibrational modes of MBA as some match those calculated by Li et

al. [303].

3.4 MECHANISM OF PIERS IN A LOW-OXYGEN ENVIRONMENT

As seen above, when PIERS is carried out in argon, there is a notable difference
in the enhancement and lifetime of the PIERS effect. These results, along
with the CT and PL experiments described previously can be explained as
due to changes in the interfacial charge-transfer pathways in the TiO,-AuNP
system. The factors affecting PIERS enhancement are closely linked to those
affecting the photocatalytic process in metal oxide semiconductors. In n-type
semiconductors, photocatalysis is initiated when a material is subjected to
photon energy equal to or above its bandgap. Photogenerated excitons in the
VB and CB can then migrate to the surface from which redox processes occur.

High recombination rates between photogenerated electrons and holes can limit
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the effectiveness of a photocatalyst. Excited charge carriers can also become
trapped as surface defects, creating oxygen vacancies, which can trap electrons
and slow down the recombination rate of photogenerated charge carriers. In
the PL experiments, the emission peak attributed to TiO, oxygen vacancies
Oyac was found to be enhanced under prolonged irradiation and when the
sample was kept in argon, suggesting these conditions can favour an increase
in mobile electrons within the system. This also suggests a link between the
PIERS enhancement to the rate of oxygen vacancy healing. Furthermore, this
is supported by a recent study linking oxygen vacancies with longer lifetimes
to higher photocatalytic activity and greater PIERS enhancement [304].

The presence of AuNPs in the system can provide an alternative pathway
for migration of photogenerated electrons. At the TiO,-AuNP interface, a
Schottky barrier is formed due to the overlap between the Fermi level of the
metal (Au) and the conduction band of the TiO,. This allows the transfer of
photogenerated electrons across the barrier, and injection onto the AuNP sur-
face. The UV-Vis measurement showed the LSPR of AuNPs was temporarily
shifted by 7 nm when subjected to UV irradiation on TiO,, which indicates a
charge-transfer process in place. These observations are supported by similar
shifts in AuNP LSPR observed in PIERS studies reported [218], [224], [233].
Charge injection onto AuNPs can increase the lifetimes of the photogenerated
carriers. Another outcome is improved resonance conditions between the
Fermi level and molecular orbitals of adsorbed species, increasing the number
of charge transfer pathways with the adsorbates. This was shown through the
PIERS enhancement of R6G as well as an enhanced fluorescence emission in
the presence of AuNPs and after a brief exposure to UV irradiation.

As such, factors which affect the properties of semiconductors can also

influence normal PIERS (in air). The routes that photogenerated charge carriers
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can undertake in the current TiO,-AuNP system is shown in Figure 35 and it

can be seen that numerous pathways exist towards recombination.
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Figure 35: Processes occurring during PIERS carried out in air.

In all reported studies to date, PIERS measurements have been carried
out in air and an exponential-like decay of the enhancement is observed, after
which there is a return to SERS enhancement. When PIERS is carried out in
argon, there is a disruption to the aforementioned pathways and a number of
events can take place. Firstly, the low-oxygen environment created, disrupts the
redox processes, namely suppression of the O, reduction pathway. A greater
number of electrons become available for the TiO, to AuNP pathway, leading
to higher electron density on AuNPs, greater charge-transfer contribution
enhancement. Secondly, the low-oxygen environment can slow down the rate
of oxygen-vacancy healing and so photogenerated electrons remain trapped at
defect sites for longer. This further slows down the recombination of charge
carriers, possibly allowing for a prolonged transfer of high electron density

from TiO,-AuNP and the longer PIERS lifetime. Evidence of this can be seen
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in the time-points analysis plots of the PIERS and the TiO, PL spectra (Figures
34A and 31D, respectively). In both cases, an exponential-like decay was
observed for measurements in air, whereas in argon, a logistic growth effect
was seen. The re-introduction of air into the system restores the reductive
pathway and promotes healing of the film, resulting in a drop in the PIERS

enhancement to levels similar to SERS.

3.5 OVERCOMING SURFACE WETTING LIMITATIONS OF ACTIVT™M

FOR USE IN PIERS

This section focuses on practical improvements to using Pilkington Activ™ for
PIERS. The ‘coffee-ring’ effect is widely exploited in SERS measurements and
is observed upon deposition of liquid mixtures onto a solid support, forming a
droplet. The phenomena occurs due to a combination of evaporation, capillary
action and Maragoni flow effects from the solvent, leaving a higher concen-
tration of particles at the periphery of the coffee ring [259], [261]. In SERS
(and by extension, PIERS), the enhancement of the local electric field is much
stronger in nanogap junctions, which is why AuNPs clustered together (i.e.
at the edge of the coffee ring) will give higher EF compared compared with
isolated particles. One of the properties which makes Activ’™ an attractive
material for self-cleaning surfaces is its photo-induced superhydrophillicity.
The effect occurs upon formation of surface oxygen vacancies which causes
dissociation of adsorbed H,O molecules and hydroxylation of the TiO; surface.
Improved surface interactions with H;O molecules (through H-bonds and Van
der waals forces), lowers the contact angle of droplets, increasing wettability.

However, when samples are dropcasted onto UV-irradiated TiO;, the en-

hanced hydrophilic surface results in uncontrolled spreading of the droplet,
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which largely eliminates the coffee-ring effect, affecting the distribution of
AuNPs. This study aimed to improve the enhancement observed in normal
PIERS, by controlling the spread of the deposited droplet.

A simple solution was developed whereby a mask was placed over the
Activ™ during the irradiation step to create two different areas of wettability.
A schematic of the approach is shown in Figure 36A. To confirm there were
two areas with different wetting properties, contact angle measurements were
carried out using H>O (Figure 36B). On the masked part of the sample, the
contact angle is 55.16° which shows the area is hydrophilic. In the unmasked
area, the contact angle is reduced to 21.97°. This shows the surface turned
highly hydrophilic after UV irradiation. The result confirms there the two areas
with different wetting properties. The effect of the different wetting properties
on AuNP distribution was studied using SEM. Figure 36C shows a sample of
Activ™ irradiated without the mask. The AuNPs are spread out across the
film, dispersed into isolated particles and small clusters. In the masked sample
(Figure 36D), the AuNPs form much larger clusters and the boundary between
the hydrophilic and highly hydrophilic areas can be seen, as marked by the
high density AuNP layer.
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Figure 36: Characterisation of masked Activt™. A) Schematic of mask outline used. B)
Photo showing contact angle measurements taken on a piece of Activi™ with mask and
subjected to irradiation. Two areas of different wetting properties are observed. C)
SEM image of irradiated unmasked Activi™ and D) SEM image of irradiated masked
ActiviM, showing the distribution of AuNPs.

MBA solutions were prepared in methanol at different concentrations (UM
- nM) and PIERS was carried out using the masked substrate (henceforth
named m-PIERS). The enhancement of characteristic Raman peaks (1098
cm’! and 1595 cm™!) were compared with normal SERS and PIERS (without
mask). PIERS was also carried out in argon and the enhancement factors for
all conditions can be seen in Table 12. For MBA at 1 nM, all of the PIERS
variants showed an improved enhancement compared with SERS. The EF’s
show there is an increasing level of enhancement which follows the trend: m-
PIERS > PIERS (Ar) > PIERS > SERS. Comparing the 1595 cm™! peak, there
is approximately 3 times enhancement when PIERS was carried out in argon,
compared with SERS. When a mask was used, a 12 times enhancement is seen.

This trend is also observed when MBA was tested at different concentrations as
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Table 12: Calculation of SERS and PIERS enhancement factors (EF) for MBA at 1
nM.

EF: PIERS

Peak (cm ')  EF: SERS EF: PIERS (AD EF: m-PIERS
1098 3.45% 107 4.12x107 8.63x 107 3.67x 108
1595 1.64x 107 2.15x107 4.52x10’ 1.89x 108

seen in Figure 37A, which shows the logarithmic plot of MBA concentration
compared with intensity of the 1075 cm™! peak. There is a good correlation

between intensity and concentration (R% = 0.92-0.98).
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Figure 37: Comparing m-PIERS with SERS and PIERS using MBA at 1 uM. A)
Plot of MBA prepared at concentrations (uM-nM) and intensity of the 1075 cm™' B)
Comparing the variation in intensity of 10 random positions. All spectra collected
using a 633 nm laser.

The spectral variability was compared by assessing the intensity of the
1585 cm™! peak across 10 positions (Figure 37B). The fluctuations in intensity
is typical of SERS-based measurements where samples are drop-casted onto
substrates. The variation can be attributed to a combination of effects in play,
which include the Brownian motion of AuNPs in the deposited droplet, Mar-
agoni flow effects from the solvent, solubility of the analyte and interactions
between analyte and AuNPs [259], [261], [305]. These factors affect the num-

ber of hotspots formed and levels of enhancement observed. Normal PIERS
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Table 13: Relative standard deviation (RSD %) reported in studies for which the
reproducibility of the SERS substrate was evaluated.

Substrate Analyte % RSD Reference
Oxine 720 and
AgNPs Nile Blue A 19 % [306]
AuNPs R6G 20 % [307]
AgNPs R6G dye 25 % [308]

showed the highest variation (% RSD = 34 %), and this could be reflected in
the time-dependent changes in the hydrophilicity of the film upon irradiation.
As observed in the SEM images above, a lower contact angle was observed
in the irradiated film, resulting in a smaller droplet with less concentrated
AuNPs per unit area. In comparison, using a masked substrate (m-PIERS)
showed less variation (% RSD = 22 %). Even though larger clusters of AuNPs
are observed, the improvement in % RSD value could be due to a maximum
threshold enhancement being reached. These values are comparable to studies
with similar deposition methods (Table 13).

This section has shown one way to overcome the issue of photo-induced
hydrophilicity when using metal oxide surfaces for PIERS. By applying a
mask during photo-irradiation, it was possible to influence the distribution of
AuNPs, resulting in greater AuNP clustering compared with normal PIERS.
Comparisons between normal SERS, PIERS and m-PIERS using MBA showed
the latter to have the greatest enhancement. This can be attributed to two main
effects. Firstly, AuNP clusters can harbour more plasmonic junctions and
so a greater number of hotspots exist for optimal enhancement. Secondly,
the large clusters of AuNPs can cause red-shifting of the LSPR band, and a
longer wavelength would result in better alignment with the laser excitation

wavelength used. Whilst further studies are required to support this statement,
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tentative evidence can be inferred by examining Figures 28 and 36. The
extinction spectra, which represents a PIERS experiment, shows the main
AuNP LSPR peak to be around 560 nm. The presence of additional peaks
at longer wavelengths also suggest there are a range of particle sizes and
aggregates. From the SEM image of the m-PIERS sample, AuNP clusters of
different sizes can be seen and in greater quantity compared with the PIERS
sample and so it can be reasoned that a range of resonances exist which span a
broad range of wavelengths, and which mostly likely includes the wavelength
of the laser. m-PIERS has been shown to be a simple solution to overcoming
weak PIERS signals using Activ™. In principle, the technique can be applied

to any surface exhibiting photo-induced hydrophilicity.

3.6 APPLYING PIERS TO THE DETECTION OF OTHER MOLECULES

In this section, the various forms of PIERS described above (PIERS in argon
and m-PIERS) is applied to the detection of different molecules of interest in
the detection space. Analytes tested include: the fungicide Thiram, peroxide

explosives (TATP and HMTD) and a nitroexplosive (TNT).

3.6.1 Detection of Thiram

Pesticide residues from agricultural products can cause environmental damage
and negatively impact local ecosystems. As such, there is a need to develop
effective environmental monitoring processes. Thiram (tetramethylthiram
disulfide) is a common fungicide used to preserve crops, fruits and vegetables

during storage. One issue with the use of thiram is the ease in which the

96



STUDYING PIERS USING PILKINGTON ACTIV™

material can enter soils, contaminate groundwater and waterways. Due to the
risk posed to consumers and workers handling thiram for foliar spraying, as
well to wildlife, the EU has recently banned the use and sale of seeds treated
with plant protection products containing thiram [309].

Many approaches have been successfully applied to the detection of Thiram.
Examples include: colorimetry, mass spectrometry and high-performance li-
quid chromatography (HPLC) [310]. SERS detection of thiram remains an
active area due to the high sensitivity, fast detection time and non-destructive
nature of the technique [311] and has been demonstrated using various plas-
monic or hybrid (metal/semiconductor) nanostructures [312]-[314]. Here,
PIERS has been used to show detection of thiram. Solutions of thiram were
prepared at different concentrations (5.03 x 1074-5.03 x 10" M) and mixed with
AulNPs. PIERS measurements were then carried out using Pilkington Activi™
as described previously.

The powdered spectrum of thiram is shown in Figure 38A, along with the
SERS, PIERS (air) and PIERS (Ar) spectra at different concentrations (38B-D,
respectively). In both the SERS and PIERS, spectra, there are small shifts
in the wavenumbers compared with the solid sample. Thiram has a disulfide
bond which spontaneously breaks upon exposure to AuNPs and binds to the
nanoparticles through the Au-S bond, gold thiolate bond. This is confirmed
in the change observed in the 557 cm™! peak, which is the dominant peak in
the Raman spectra and attributed to the S-S stretch. The decrease in intensity
of the 557 cm™ band in observed in the SERS and PIERS spectra can be
attributed to molecular cleavage of the disulphide bond upon adsorption on the
metal surface [315]. The strongest peak in the SERS and PIERS spectra is seen
at 1382 cm’!, attributed to C-N stretching and symmetric CH3; deformation.

This peak was selected for the subsequent quantitative analysis. Figure 38E
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shows the logarithmic plot of thiram concentration compared with intensity
of the 1382 cm™! peak. There is a good correlation between intensity and

concentration in both SERS and PIERS measurements (R? = 0.91-0.99)
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Figure 38: SERS and PIERS detection of Thiram using Activt™. A) Raman spectrum
of powdered Thiram (the 1382 cm™! peak marked with an asterisk is the main peak
used for plot E) and in EF calculations mentioned in-text), B) SERS, C) PIERS (in
air) and D) PIERS (in argon) spectra of Thiram at different concentrations (averaged
across a minimum of 3 positions), E) Plot of SERS and PIERS intensity of the main
Thiram peak against concentration in the range 102 M - 108 M. Logarithmic fittings
were performed to reveal correlation between SERS and PIERS intensity and Thiram
concentration. Spectra have been baseline-corrected and offset for clarity.
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Other peaks attributable to thiram are listed in Table 14, along with their
respective EF’s. The different EF’s observed can be the result of different
orientations from each vibrational mode with respect to the AuNP surface.
This, along with the small shifts in wavenumber are characteristic of the
chemical enhancement in SERS [27], [316]. It was possible to detect thiram at
a concentration of 10"® M using normal PIERS and PIERS in argon. PIERS
showed a 2-fold enhancement and for PIERS in argon, a 3-fold enhancement
was observed, with respect to conventional SERS. The greatest enhancement
is observed for PIERS (Ar), followed by normal PIERS and then SERS, which

correlates with earlier observations using MBA.

Table 14: Calculation of SERS and PIERS enhancement factors (EF) for Thiram at a
concentration of 5.03x 107 M.

Raman peak (cm ™) Assignment SERS peak EF: SERS EF: PIERS EF: PIERS (Ar)

557 S-S stretching 550 3.47x10% 9.58x 107 1.10x103
N-CHj3
1154 stretching, 1142 7.75%103 1.39x10* 1.83x10%
CH3 rocking
CH3, CN
stretching,
CH;
symmetric and
asymmetric
deformation

1398 1382 1.78x10* 3.02x10* 4.64x10%

1451 1443 4.55%103 8.52x 103 1.98x10*

3.6.2 Detection of triacetone triperoxide (TATP)

The TATP described in this thesis was synthesised as part of a separate project
for the Defence Science and Technology Laboratory [244]. Details of this
project are not covered in this thesis, and the following paragraphs have been
included mainly to show the identity of the product. Synthesis was carried

out using methods adapted from Oxley [245], Pachman [246] and Tomlinson-

100



STUDYING PIERS USING PILKINGTON ACTIV™

Philips [247] to lower the theoretical yield but maintain high recovery. Figure

39 shows different stages of the synthesis process.
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Figure 39: Characterisation of TATP: A) Synthesis steps showing formation in solu-
tion and after crystallisation, B) IR analysis of recrystallised product. Inset image
shows close-up of slab-like crystals under microscope, C) Long scan Raman analysis
of recrystallised product and D) Powder XRD pattern.

IR and Raman spectroscopy was used to to identify functional groups spe-
cific to TATP. As seen in Fig 39B, the majority of peaks lie in the ‘fingerprint’
region of 500-1500 cm™!. The O-O peroxide bond, being symmetrical, does
not induce great changes in dipole moment and would normally be expected to
have low intensity peaks, but interference from the polar C-O vibration modes
means these groups of peaks dominate in vibrational spectra. These vibrations

appear between 800-1100 cm™ in the Raman spectra. The C-C stretch ap-
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pears at 1400 cm™!. Microscopy analysis of the recrystallised product showed
opaque crystals which appeared as needles or slabs and with dimensions of
approximately 4 mm x 1 mm (Figure 39B (inset)). The melting point of TATP
was determined over 4 replicates and showed a temperature range between
87-92 °C, which is in agreement with literature [245], [317], and indicated the
presence of more than one compound in the mixture.

XRD can be used to identify an individual polymorphic form or a mixture
of polymorphs. As different polymorphs produce unique diffraction patterns,
the atomic spacing can be determined using Bragg’s Law, as a function of 26.
Samples of product were carefully ground and analysed using XRD (Figure
39D). Comparisons were made with the calculated and experimental patterns
by Reany ef al. who predicted the existence of 6 polymorphs [318]. Similarities
were observed for peaks at 11.5°, 12.5°, 14° and 16.4°, with the latter being
the most intense peak. A slight shift in the peaks was observed, which, in
part, can be explained by the fact that the single crystal XRD data reported by
Reany was collected at 180-200 K, whereas the XRD data was collected at
298 K. Furthermore, shouldering can be seen for peaks at 11.5°, 12.5° and 14°.
Taken in consideration with the wide range of melting points observed, this

further suggests there is a mixture of different polymorphs present.

3.6.3 PIERS detection of TATP

Figure 40 shows the SERS and PIERS detection of TATP. As mentioned above,
the most important bands appear in the region between 800-1100 cm™ and
these correspond to the O-O and C-O stretching modes in the peroxide ring.
The observed peaks at 998 cm™! (0-O symmetric stretching) and 1022 cm!

(C-O symmetric stretching) are in reasonable agreement with literature [220],
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[245]. TATP is highly volatile and can sublime at room temperature which
made prolonged measurements from the same sample difficult. Although a 1.4
times PIERS enhancement was observed in TATP compared with conventional
SERS, detection of TATP was challenging and it was not possible to detect

TATP at concentrations lower than 1 mM.
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Figure 40: Comparing the SERS and PIERS detection of TATP at 1 mM. The peak at
555 em™, marked with an asterisk, denotes the peak used to calculate the enhancement
factor.

3.6.4 Detection of trinitrotoluene (TNT)

The Raman spectrum of powdered TNT is shown in Figure 41A, along with
stacked plots showing the SERS, PIERS and m-PIERS spectra (Figure 41B).
In all plots, the dominant peak is at 1350 cm™!, which is attributed to the
NO, symmetric stretch. The peak observed at 1540 cm™ is attributed to
the NO, asymmetric stretch and the peak at 1218 cm’! is attributed to the

ring breathing/bending vibrational mode. Using the 1350 cm™' peak, the
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enhancements observed for SERS, PIERS and m-PIERS were, 2.04x 107,

2.18x103 and 9.54x 103, respectively.
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Figure 41: SERS and PIERS detection of TNT. A) Raman spectra of powdered TNT, B)
SERS, PIERS (air) and m-PIERS using 1.1 mM TNT. The peak at 1350 cm™, marked
with an asterisk, denotes the peak used to calculate the enhancement factor.

3.6.5 Detection of hexamethylene triperoxide diamine (HMTD)

Similar to TATP, the main Raman features in hexamethylene triperoxide diam-
ine (HMTD) are attributed to vibrations in the peroxide ring, with the main
peaks in the Raman spectrum (Figure 42A) being the O-O stretch at approx-
imately 750 cm’! and the C-O band at 950 cm™! [245], [319]. Both peaks are
observed in the SERS and PIERS spectra, with the former (marked with an
asterisk) being more dominant (Figure 42B). A cluster of peaks between 1200-
1400 cm™! can also be seen to dominate in all SERS and PIERS spectra, with
the most intense positioned at 1354 cm -!. These peaks have been attributed to
breakdown products by Chang and Ko [320], [321]. This could be particularly
pertinent in the current system, given the fragility of peroxide compounds

and with the use of a photocatalytic substrate. Cleavage points at the weak
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0-0 and C-N bonds could give rise to a series of fragmented products such
as NHCO and HCN which have positions in the observed range [320]. Table
15 shows the assignment and EF’s of the other identified HMTD peaks. The
SERS (Figure 42C) and PIERS (Figure 42D) detection of HMTD at different
concentrations (10-10"® M) shows good consistency of the spectral profile
and Figure 42E shows the equivalent logarithmic plot of HMTD concentration
compared with intensity, using the 1382 cm™! peak. There is a good correlation
between intensity and concentration in both SERS and PIERS measurements
(R? =0.98).

The known HMTD peak at 747 cm ! was used for quantitative analysis. For
a concentration of 2.4x 1077 M, 1.5 and 5 times enhancements were observed
for PIERS and m-PIERS, respectively, when compared to conventional SERS.
For the 1341 c¢cm’! peak, 5 and 11 times enhancements were observed for

PIERS and m-PIERS, respectively (Table 15).
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Figure 42: Detection of HMTD using SERS and PIERS. B) SERS, PIERS and m-PIERS
of HMTD at 2.4 x 107 M, C) SERS and D) m-PIERS spectra of HMTD detection
at different concentrations (10°-10% M). Peak marked with an asterisk denote main
HMTD peak E) Plot of SERS and m-PIERS intensity of the main HMTD peak against
HMTD concentration in the range 10°-10"% M. Logarithmic fittings were performed
to reveal correlation between SERS and m-PIERS intensity and HMTD concentration.
Spectra has been baseline-corrected and offset for clarity.
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Table 15: Calculation of SERS and PIERS enhancement factors (EF) for HMTD at
2.40x107 M.

Raman peak (cm ) Assignment SERS peak EF: SERS EF: PIERS EF: m-PIERS

C-O and O-O 5 5 6
748 e [320] 748 237%10 3.48x10 121x10
1303 CH, twist 1290 8.94x10° 2,98 10 7.23%10
[322]
1341 C-N stretching 1333 5.23x10° 2.75%106 5.70x 106
[320]
CHj; scissor 5 6 6
1451 P 1465 6.53% 10 1.39% 10 3.33%10

3.7 CONCLUSIONS

This chapter has demonstrated the PIERS effect using a commercially available
TiO, substrate, Pilkington Activi™. A PIERS lifetime of approximately 15
minutes was determined and detection was carried out on Raman probe mo-
lecules MBA, and R6G as well as the pesticide thiram and explosives: TATP,
HMTD and TNT.

The PIERS effect was also characterised through studying the charge-
transfer in the system and changes in oxygen vacancy formation. A custom-
chamber was built to enable measurements to be made in a low-oxygen en-
vironment. These studies are the first to be performed for a PIERS substrate.
Charge-transfer studies involved looking at changes in the AuNP LSPR and
fluorescence enhancement in the TiO,-AuNP system. LSPR blue to red shifts
were attributed to changes in the electron density on AuNPs. This was suppor-
ted by the enhancement in the fluorescence of R6G. Furthermore, PL studies
using the oxygen vacancy peak for TiO, showed enhancement of the Oy,
peak when TiO, was exposed to UV irradiation and argon, suggesting these

factors can increase the mobile electrons within the system. These observa-
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tions also suggest the PIERS effect is linked to the lifetime of the induced
Oyac and healing of Oy, can reduce the PIERS enhancement. Building on
these observations, PIERS studies were carried out in argon. An increased
PIERS enhancement was observed as well as increased enhancement lifetime
compared with studies in air. These results suggests a possible way to over-
come the exponential-like decay of the PIERS effect. To demonstrate the
applicability of this approach, PIERS (Ar) was carried out on thiram and an
2 times improvement was observed for PIERS (Ar) compared with normal
PIERS.

A simple solution was developed to overcome the UV-induced superhy-
drophilic effect observed in Activi™ by employing a mask during sample
irradiation. Termed ‘m-PIERS’, this approach has the benefit of facilitating
the formation of AuNP clusters and generating more plasmonic hotspots. The
result is greater enhancement than normal PIERS and this has been shown
using MBA, TNT and HMTD. In summary, this chapter has introduced two
new variants of PIERS which show improvements to SERS and conventional
PIERS. This has been evidenced through the Raman probe MBA as well
as explosives and pesticide molecules. Further understanding of the PIERS
mechanism has also been achieved through PL and CT studies.

One area of future work could involve examining the plasmonic hotspots
formed in the SERS and PIERS experiments to improve the signal intensity
and reproducibility. This can be achieved through examining the widths of
the nanogaps, mass of the nanoclusters, as well as morphology and optical
extinction properties which could inform more optimal selection of the laser
excitation wavelength to align with the LSPR band. Whilst the drop-cast
method used in this study is facile and widely used, the approach does not

allow precise control of plasmonic hotspot formation. Template-based ap-
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proaches can be used to engineer hotspots with defined geometric and optical
properties. Examples reported using metal-semiconductor systems could be
investigated for PIERS [323]. Alternatively, colloidal SERS approaches can
provide homogenous sample analysis whilst enabling monitoring of aggrega-
tion kinetics and control of AuNP cluster formation. Furthermore, the use of
metal-semiconductor core-shell nanoparticles would be one approach to carry

out colloidal PIERS [324].
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4.1 INTRODUCTION

In recent years, there has been an growing interest in developing facile and low-
cost SERS substrates with high enhancement factors for sensing applications.
In addition to traditional metallic substrates, metal oxide semiconductors have
also been explored, due to their biocompatibility, tunable properties and ease
in which they can be scaled up for manufacture. A wide range of fabrication
methods exist for the synthesis of semiconductors and some examples include
chemical vapour deposition (CVD), spin coating, dip coating, and sol-gel.
Chemical bath deposition (CBD) is a traditional aqueous deposition method
which remains popular for its simplicity and effectiveness in producing films
with controllable properties. Advantages of CBD include: facile synthesis,
low-cost, versatility over a range of substrates and reactions can be carried
out at low temperatures (< 100 °C). A large number of CBD methods exist
for the fabrication of semiconductors for SERS applications, including; CdS
[325], MoOs3 [326] and ZnO, the latter for which methods exist for tunable
morphologies, such as; nanotubes [327], nanosheets [328], nanorods [329]
exist.

SERS enhancement from semiconductors arises from a number of effects,

including light absorption and trapping, photo-induced charge transfer and
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optical resonance between the semiconductor and analyte molecule [330].
However, the enhancements seen in semiconductors are generally quite low
and typically in the range 103-10° [45]. One strategy to overcome this problem
is the introduction of defects, such as vacancies, atom substitutions, and
interstitial atoms into the crystal lattice [331], [332]. This can be achieved
during synthesis, through post-treatment methods such as annealing [47], [49],
or photo-induced defect formation. The latter approach is used in Photo-
induced enhanced Raman spectroscopy (PIERS), which is carried out in the
presence of metallic nanoparticles. Doping is another method used to introduce
defects in semiconductors and to change the bandgap energy. The result is
usually the creation of more efficient charge transfer pathways and this has
been exploited in SERS for chemical sensing [333], [334].

7Zn0 is a known n-type semiconductor with a wide band-gap (3.20-3.30 eV)
[335], [336] and is a promising material for a range of applications including
electronics, optoelectronics and sensors [242]. The large exciton binding
energy in ZnO (60 meV) makes ZnO an efficient light emitter. Other favourable
properties include high conductivity and transparency, which has driven many
studies into tuning optical and electronic properties for various applications.
For photocatalysis, ZnO is widely considered to be a suitable alternative for
TiO,, due the similarity in bandgap energy. Currently, only three studies have
reported the use of ZnO for PIERS. Work by Fularz, showed that annealing
ZnO samples in O, improved SERS enhancement, and when combined with
PIERS, a 2.5-fold enhancement was observed compared to normal PIERS
[230]. The effectiveness of this combinatorial is likely due to the introduction
of different defects such as oxygen interstitials and oxygen vacancies which
manifests in creation of acceptor levels in the band gap, and reduction in the

bandgap energy, improving the transfer of photoexcited charge carriers in the
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system. The formation and healing rates of oxygen vacancies were studied by
Glass and Barbillon, and in both studies, ZnO was prepared through vapour
deposition methods [312], [337]. The effect of doped ZnO on PIERS has not
been studied, but is worth investigating given the improvements seen in many
SERS studies.

The previous chapter introduced the PIERS technique and demonstrated
the use of PIERS to detect a range of explosives and relevant molecules at trace
concentrations. This chapter reports the design, synthesis, and comparison of
PIERS substrates decorated with Au nanoparticles. A facile method employing
CBD was used to prepare ZnO thin films in addition to Ag and Cu doped
ZnO films. The chapter begins with characterisation of the crystalline ZnO
samples in order to confirm identity and morphology of the nanostructures.
The PIERS activity was compared using MBA and it was found that doped
ZnO provided greater enhancement than the undoped samples. The relative
PIERS enhancement for ZnO was compared with similar studies in literature
using highly crystalline ZnO films. Mechanisms for the SERS and PIERS
behaviour are proposed to explain the differences in enhancement, with the
main factors due to high defect density, photo-induced charged transfer and

LSPR charge injection.

4.2 METHODS

4.2.1 General methods and chemicals

Zinc nitrate hexahydrate 98 % (Zn(NOj3),.6H,0, CAS 10196-18-6), hexa-
methylenetetramine (HMTA, CAS 100-97-0), copper(Il) nitrate trihydrate
(Cu(NO3),.3H,0, CAS 13778-31-9) and water (CAS 7732-18-5, HPLC grade)
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were purchased from Sigma-Aldrich. Silver nitrate 99.9 % (AgNO3;, CAS
7761-88-8) was purchased from Fisher Scientific.

Diffuse reflectance spectroscopy was carried out using a Shimadzu system
with an integrating sphere (Labsphere) and illuminated using a white light
source (KI-120 Koehler Illuminator, Labsphere). Reflection measurements
were taken at 8°off normal incidence. Light levels were measured using a
fiber-coupled spectrometer (QEPro, Ocean Optics) and calibrated against a
diffuse reflectance standard, barium sulphate. The morphology and thickness
of the ZnO samples were studied through top- and side-view analysis using
a JEOL 6301 scanning electron microscope (SEM), using a beam current of
10 kV. Energy dispersive X-ray spectroscopy (EDX) was carried out using an
Oxford Instruments Energy Dispersive Spectroscopy (EDS) detector. Room
temperature photoluminescence spectroscopy was carried out using a Renishaw
1000 system, equipped with a He—Cd laser, using a wavelength of 325 nm.
X-ray diffraction (XRD) analysis was performed using a Bruker-Axs D8
(GADDS) diffractometer. The instrument operated with a monochromated
Cu X-ray source with Cu Kol (A = 1.54056 A) and Cu Ka2 radiation (A
= 1.54439 A) emitted with an intensity ratio of 2:1 and a 2D area X-ray
detector with a resolution of 0.01°. Films were analyzed with a glancing
incident angle (0) of 1°. The diffraction patterns obtained were compared
with standard patterns from the Inorganic Crystal Structure Database (ICSD).
X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo K
alpha spectrometer with monochromated Al Ko radiation, a dual beam charge
compensation system at a pass energy of 50 eV. Survey scans were performed
between 0 and 1200 eV. XPS data was fitted using CasaXPS software with
the calibration of C 1s at 284.5 eV. UV-Vis was carried out on a Shimadzu

UV-2550 instrument, in absorbance mode and scan range 200-800 nm.
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SERS and PIERS measurements were carried out using a Renishaw Ra-
man inVia microscope with a 633 nm He—Ne excitation laser (1.9 mW when
operated at 25 % power). A fresh batch of AuNPs were synthesised for this
study using the method described in Chapter 5, which also shows the optical
and morphological characterisation of the AuNPs. Mixtures of tris-capped
AuNP and analytes of interest were mixed (by volume), vortexed for 1 minute
before depositing (10-30 uL) onto a substrate. For PIERS, the ZnO samples
were irradiated under UV-C light (254 nm) for 30 minutes before deposition of
the AuNP and analyte mixture. Spectra was collected from at least 5 positions

to provide a representative level of enhancement for each sample.

4.2.2  Synthesis of ZnO nanorods

ZnO seeds were prepared on silicon substrates using ALD. Diethyl zinc and
water were cycled alternately at 150 °C. ZnO nanorod growth was carried out
through immersion of ZnO seed substrates in Zn(NO3),.6H,0 and HMTA at
90 °C for 4.5 hours. The films were subsequently rinsed with distilled water
and air dried at room temperature.

The mole quantity of copper and silver precusor were kept the same for
the synthesis of the doped samples. For the Cu-ZnO sample, 46.7 mg of
Cu(NO3);,.3H,0 was dissolved in HPLC-grade H,O to produce a 38.60 mM
stock solution. 64.77 puL of stock solution was then added to the reaction
mixture, which gives 2.5 X 10® moles of Cu(NO3),. For the Ag-doped
samples, a stock solution of 32.83 mM AgNOs3 was prepared and 76.15 pL.
of solution added to the reaction mixture to give 2.5 x 10°® moles of AgNO3.

Stock solutions were prepared fresh for each new synthesis.
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4.3 RESULTS

4.3.1 Synthesis and characterisation of ZnO nanorods

Chemical bath deposition is a popular method which uses a precursor aqueous
solution to produce thin films. Here, the technique was used to fabricate
vertically aligned ZnO nanorods from a silicon substrate containing ZnO seeds.
The approach involves two main steps, nucleation on a substrate followed by
growth to form a solid phase from a solution. [338] To better control the lattice
properties of the nanorods, a seed layer was deposited onto the substrate before
inducing the growth phase. ZnO seeds were prepared onto a silicon substrate
using ALD and each piece measured (1 cm x 1 cm x 0.1 cm) !. The substrates
were then immersed vertically in aqueous solutions of zinc nitrate and HMTA
to induce growth of the nanorods. The synthesis can be represented by the

following chemical reactions below.

CeH1oN, + 6 H,0 4NH; + 6HCHO (1)

NH; + H,O === NH; + OH (2)
Zn2?* + 4NH; === [Zn(NH,),]** (3)
Zn?* + 20H =———= Zn(OH) (4)

Zn(OH,) =—=—== Zn0 nanorods + H,0 (3)

Figure 43: Synthesis of ZnO nanorods using Zn(NO3z);.6H,0 and CsH 2Ny (HMTA).

Zn(NO3), and HMTA were used as the source of zinc and OH", respect-

ively. Upon mixing Zn(NO3), and HMTA (C¢H,N,4) and with an increase in

! The author would like to thank Dr. John Chapman-Fortune for preparing the ALD substrates.
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temperature, HMTA was decomposed into ammonia, resulting in the forma-
tion of Zinc hydroxide. Dehydration of Zinc hydroxide enables Zn>* to form.
The seed layer can act as nucleation sites for the formation of ZnO nanorods.
Bottom-up approaches, such as CBD, can generally provide better control of
morphology during synthesis and uniform deposition can be easily achieved
since the process occurs through ion-by-ion growth. Zn(NO3), and HMTA
precursors are also commonly used in a 1:1 ratio [242], [339]. A schematic of

the nanorod synthesis process is shown in Figure 44.

————————

>
= 7

ZnO seed layer

Chemical bath
synthesis

AuNP depostion

Nanorod formation

Figure 44: Scheme showing the fabrication process for AuNP decorated ZnO nanor-
ods.

4.3.2 XRD analysis

The growth of the ZnO seeds to rods can be seen in the XRD patterns shown in
Figure 45A. A number of small peaks showing reflections at (010), (002) and
(101) indicate the seeds have low crystallinity and multi-directional growth.
The XRD of the synthesised nanorods all show diffraction peaks which corres-
pond to the presence of ZnO wurtzite phase (with reference to ICSD: 26170).
In all samples, the dominant peak is in the (002) plane, indicating the pref-

erential growth of the ZnO nanorods was oriented along the c-axis, which is
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attributed to the ZnO polar surface, and is more energetically favoured due to
having low internal stress and minimum surface free energy. In the Ag-ZnO
sample, an additional reflection angle was observed at 38.15°(20) which was
indexed to the (111) peak associated with the face-centred-cubic (fcc) phase of

metallic Ag (ICSD: 22434).
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Figure 45: XRD and Raman analysis of ZnO films: A) XRD diffraction patterns com-
pared with reference pattern acquired from the Inorganic Crystal Structure Database
(ICSD), B) Room temperature Raman spectra.

The crystallite size was estimated using the Scherrer formula (Equation
17) [340], where A is the wave length of the X-ray beam, K is the Scherrer

constant, f3 is the Full width at half maximum (FWHM) of the peak in radians
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and 0 is the Bragg angle. The (002) diffraction peak was used to calculate the

crystallite size for each sample and is shown in Table 16.

AK
D=
B cos 6

(7)

The results showed a decrease in the FWHM after annealing at 300 °C,
which suggests higher crystallinity in the annealed sample. The crystallite size
was also found to increase from 21.4 nm to 32.3 nm after annealing, suggesting
high temperature treatment resulted in better coalescence of ZnO grains to

form larger particles.

Table 16: Calculation of the crystallite, lattice parameters and unit cell volume for
Zn0, Cu-ZnO and Ag-ZnO samples.

Crystallite parameters Lattice parameters
Sample ~ FWHM Csfzystgﬁ)e a (A) ¢ (A) VO%‘E:;Z’ES)
ZnO 0.386 214 3.2513 5.2085 47.68
ZnO (annealed) 0.257 323 3.2579 5.2163 47.95
Cu-ZnO 0.285 20.1 3.2534 5.2139 47.79
Ag-ZnO 0.301 27.5 3.2560 5.2073 47.81

The lattice parameters and unit cell volume for hexagonal ZnO was cal-
culated for all samples and is reported in Table 16. The increase in lattice
parameter between as-synthesised and annealed ZnO indicates a change in the
crystal morphology, which is expected from the annealing process inducing
thermal expansion of the unit cell. The lattice parameter and unit cell volume
for the Ag-ZnO sample increased with respect to the as-synthesised ZnO. Ag
has been previously reported to exhibit amphoteric dopant behaviour, in which
Ag* can occupy in the lattice and at interstitial sites [341]. Furthermore, the
radius of Ag* (1.15 A) is larger than Zn** (0.74 A), and so the increase in unit

cell volume seen in the Ag-ZnO sample further supports the substitution of Ag
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into the lattice of ZnO. The presence of metallic silver in the XRD pattern also
suggests the formation of Ag clusters which can reside on the surface of the
ZnO or through out diffusion of substitutional Ag ions [342]. This is due to
the radius of Ag* (115 pm) or Ag®* (97 pm) being larger than that of Zn>*(74
pm) [343], and thus some lattice defects and the distortion of the crystal lattice
can be induced when Ag atoms substitute Zn atoms in the ZnO lattice, which
inhibits the c-axis preferred orientation of the ZnO film. A similar observation
is made for the radius of Cu2* (0.73 A) with corresponding increase in the
unit cell volume, however, no peaks were observed in the XRD patterns for

metallic or oxides of Cu metal.

4.3.3 Raman analysis

Room temperature Raman spectra was collected from the substrate before
synthesis, annealed ZnO, Cu-ZnO and Ag-ZnO (Figure 45B). The dominant
peak observed at 301 cm™! is attributed to scattering from the silicon substrate
[344]. ZnO (wurtzite) belongs to the C4 6v (P63mc) space group. According
to the group theory analysis, only Ay, E, and E; vibrational modes are Raman
active phonons [345]. The presence of ZnO in the ZnO Ag-ZnO and Cu-
ZnO samples is evidenced by the dominant peaks located at 99 cm™! and 438
cm’!, which correspond to the Ej;, and Ery fundamental phonon modes of
hexagonal ZnO, respectively and are an indicator of the crystallinity of the ZnO
nanorods. The peak at 380 cm’! can be attributed to the A;(TO) mode. There
is negligible difference between the Cu-ZnO and ZnO samples. The intensity
of the E; high and low phonon modes (E;y and Ejy; , respectively) decreased
in the Ag-ZnO sample compared to the ZnO sample. These observations could

be due to the incorporation of Ag into the ZnO lattice, which would induce
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changes in the translational symmetry of the crystal [346], [347]. This could
arise from lattice defects such as vacancies and interstitials and such changes
in the crystal structure could manifest in changes to the local vibrational modes.
The 301 cm™! peak in Ag-ZnO is also significantly reduced in intensity, which

could be due to the formation of a thicker film.

4.3.4  Diffuse reflectance spectroscopy

Diffuse reflectance spectra was carried out on ZnO, Cu-ZnO and Ag-ZnO.
All samples revealed a characteristic absorption edge near 380 nm, which
corresponds to the optical bandgap of ZnO. A slight red-shift was observed in
the Ag and Cu incorporated samples in addition to a reduction in the reflectance.
This could be due to changes in the surface morphology of Cu-ZnO and Ag-
ZnO samples. As observed in the XRD and Raman data, incorporation of Ag
into ZnO was found to result in changes to the ZnO lattice, leading to larger
crystallite sizes compared with normal ZnO. The lower diffuse reflectance
could result from a more textured surface and greater light scattering. Figure
46 shows the Kubelka—Munk plots used to estimate the band gap energy for
each sample. The bandgap for ZnO, Cu-ZnO and Ag-ZnO were found to be
3.30 ¢V, 3.24 ev and 3.28 eV, respectively. The change in bandgap observed in
the Ag-ZnO and Cu-ZnO samples further supports the successful incorporation
of dopants into the ZnO lattice. Similar observations have been made using
Co [348], Ag [349] and Cu-doped ZnO [350]. One reason for this could be the

change in the band structure resulting from substitution at the Zn>* sites.
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Figure 46: Determination of bandgap of ZnO and doped ZnO films using diffuse
reflectance spectroscopy: A) Diffuse reflectance spectra of each film. Inset image
shows typical ZnO film. The black region shows bare silicon substrate (ZnO seed
layer) whilst the silver region contains the ZnO nanorods, B) Bandgap determination
using Kubelka-Munk function.

4.3.5 SEM

Figure 47A-C shows the SEM of the ZnO, Cu-ZnO and Ag-ZnO samples.
From the images, nanorods can be clearly seen and no obvious change was
observed in the morphology or size of the nanorods in each of the samples.
Each sample consisted of vertically oriented nanorods. ImageJ was used to
measure the average diameter from 70 rods, which was found to be 95 nm,
86 nm and 146 nm for ZnO, Ag-ZnO and Cu-ZnO, respectively. The films
were also visualised using SEM before and after annealing, with no obvious
changes in topology (images not shown). Elemental analysis was carried out
using EDX (Figures 47D-F) and identified Zn, O and Si in all three samples.
Ag was detected in the Ag-ZnO sample, however, Cu was not detected. The

atomic weight % of Ag was determined to be 1.15 % from elemental analysis.
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Figure 47: SEM and corresponding elemental analysis of ZnO films: A) and D) ZnO,
B) and E) Ag-ZnO, C) and F) Cu-ZnO. The side-on SEM for sample ZnO is shown at
magnification of 30,000 in G).

4.3.6 XPS analysis

The chemical composition of the ZnO samples was further studied using X-ray
photoelectron spectroscopy (XPS). The core-shell level XPS spectra of ZnO
is shown in Figure 48. Symmetrical doublet peaks were observed in the Zn
2p spectra (Figure 48A), due to spin-orbit coupling. The position of the peaks
are located at 1045.1 eV and 1022.0 eV, which correspond to the Zn 2p;/,; and
Zn 2p3p lines, respectively. The 23.1 eV energy difference observed between
the two doublet peaks corresponds to Zn being in the Zn?>* oxidation state. A

similar trend was also observed in the Cu-ZnO and Ag-ZnO samples (Figure
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49A and D). Furthermore, the position of the Zn 2p;,, and Zn 2p3/, peaks in
both the Cu-ZnO and Ag-ZnO samples shifted to lower binding energy.

The peak deconvolution of the XPS O 1s region (Figure 48B) shows three
components contributing to the spectral shape as a function of photon energy,
suggesting the O exists in three chemical environments. The three components
are located at 530.5 eV, 531.9 eV and 532.9 eV. The low binding component
at 530.5 eV is attributed to the O?~ ions in wurtzite structure of a hexagonal
Zn>* ion array. The peak at 531.9 eV is usually attributed to O in the oxygen
deficient regions with the matrix of ZnO [351]. A number of sources also report
the intensity of this peak is connected to the variations in the concentration of
oxygen vacancies [352], [353]. The high binding component at 532.9 eV is

usually attributed to the presence of loosely bound oxygen on the surface of

Zn0.
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Figure 48: X-ray photoelectron spectroscopy of ZnO films.
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Figure 49: X-ray photoelectron spectroscopy of copper (A-C) and silver (D-F) doped
ZnO films.

Determination of the Cu species using XPS was difficult due to the low
intensities observed. Figure 49C shows the Cu 2p core-level region. Weak
doublet peaks were observed at 932.7 eV and 952.4 eV and can tentatively be
assigned to the Cu 2p3,; and 2py», respectively. The positions of these two
peaks agree with literature references for Cu [354]. Cu surface oxidation can
occur resulting in the formation of copper oxide, which can exist in two phases,
cupric oxide (CuO) and cuprous oxide (Cu,O). Identifying the Cu valence
state is normally achieved through identifying characteristic satellite peaks,
typically located at 943 eV and 945 eV, which are difficult to identify from the
current XPS spectra.

Figure 49F shows the XPS of Ag 3d spectra. The doublet bands repres-
enting Ag 3ds,; and Ag 3ds), are located at 367.8 eV and 373.8, respectively.
An energy difference of 6.0 eV indicates the presence if metallic Ag [355].
Satellite regions identified at higher binding energy with respect to the Ag

3ds» and Ag 3ds), lines suggest the possible existence of silver oxide species.
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From the XRD and XPS, it can be inferred the majority component of Ag in
the Ag-ZnO sample is likely to be metallic silver. The energy values of the Zn,

Cu and Ag peaks mentioned are summarised in Table 17.

Table 17: XPS peak positions for the Zn, Cu and Ag orbitals. Binding energy values
are reported in eV.

Zn parameters Ag parameters Cu parameters

Sample  Zn2pip Zn2p3p Ag3dsp Ag3dsp  Cu2pipn Culpsp

Zn0O 1045.1 1022.0 - - - -
Cu-ZnO  1044.7 1021.6 - - 9524 9327
Ag-ZnO 10448 1021.8 373.8 367.8 - -

4.3.7 Photoluminescence

The typical photoluminescence spectra of ZnO is characterised by two emission
bands. The first is located around 380-400 nm and is referred to as the near-
band edge (NBE). The second, is a broad emission band in the visible region
located between 500-680 nm [356]. The visible emission band usually consists
of a number of overlapping peaks, pertaining to multicomponent emissions
from various defect states in ZnO which include: substitutions, interstitials
and vacancies. The emission band can be broadly subdivided into three main
regions; the green band (spanning the spectral region 510-570 nm), yellow
(590 nm) and red-orange (640-680 nm) [356], [357].

Room temperature PL spectra of the ZnO samples are presented in Figure
50. An excitation wavelength of 325 nm was used. This is higher than the
bandgap energy of ZnO and allows for the promotion of electrons from the
VB to the CB. In the PL spectrum of the ZnO seed layer (Figure 50A), the

dominant UV emission band is clearly seen around 390 nm. A low intensity
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peak in the visible region with a centre around 570 nm can be seen which

indicates the ZnO seed layer has low defect density.
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Figure 50: Characterisation of ZnO samples using photoluminescence spectroscopy:
A) PL of ZnO seeded layer, B) Close-up view of the NBE, C) Normalised PL spectra
(with respect to the UV emission band) of ZnO, Ag and Cu-ZnO samples with and
without prior UV irradiation, D) Plot showing the intensity ratio between UV and
emission bands for each sample before and after UV irradiation. PL spectra were
collected using a 325 nm excitation source.

The normalised PL spectra of ZnO, Ag-ZnO and Cu-ZnO is shown in Fig-
ure 50C. The PL of each sample was measured before and after UV irradiation.
In all samples, a small UV emission band was observed between 380-390
nm which is in agreement with the bandgap calculations reported previously
(Figure 46). A close-up of the NBE is shown in Figure 50B. In the Ag-ZnO

sample, a slightly enhanced peak was observed compared with the ZnO sample.
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This suggests that a higher density of electrons were detected in the Ag-ZnO
sample. As inferred from the XRD analysis, metallic Ag was detected which
suggests the presence of AgNPs in the sample. As such, the enhanced NBE
peak could be due to resonance interaction between the localized SPR on the
AgNPs and the NBE in ZnO, resulting in the injection of electrons from the
AgNPs into the conduction band of ZnO. In the Cu-ZnO sample, a decrease
in the NBE was observed in addition to a red shift. The incorporation of Cu
ions into the ZnO lattice can introduce additional defects which can act as
electron traps. Cu substitution into Zn sites exhibit an energy level 0.45 eV
above the VB [358] which can result in narrowing of the ZnO bandgap. In
both the Ag-ZnO and Cu-ZnO samples, there is asymmetry in the NBE peaks,
which implies the dopants exhibit an energy level within the ZnO bandgap
which can affect the peak position and asymmetry.

Figure 50C shows the full range PL spectra of each sample. The ZnO
and Ag-ZnO samples share a similar spectral profile with a dominant peak
residing in the visible region with centre around 625 nm. In comparison, the
Cu-ZnO sample showed a much broader visible emission peak, with centre
around 550 nm and overlapping the ZnO and Ag-ZnO samples. Shifts in the
emission spectra of ZnO can be due to different types and concentrations of
defects, as well as nanostructure morphology, and these in turn are determined
by fabrication conditions [359]. With reference to the SEM images shown in
Figure 47, a qualitative analysis shows the nanorods in the ZnO and Ag-ZnO
samples are thinner and more needle-like compared with the Cu-ZnO samples
which could explain the dominance of the red emission in the PL spectra [356].

Samples were subjected to UV irradiation to observe changes in the elec-
tronic properties of the ZnO samples. This consisted of 0.25 hrs of illumination

under a 254 nm light source, followed by immediate analysis. In all samples,
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a higher intensity was observed after UV irradiation. The intensity ratio of
UV to visible emission fl\;—l\i is commonly used as an indicator of crystal qual-
ity and estimate the concentration of oxygen vacancies [360]-[362]. Figure
50D shows the intensity ratio of the UV and visible emission peaks between
each sample. The graph shows the Ag and Cu incorporated ZnO samples
have a higher concentration of defects compared with the normal ZnO sample.
Samples subjected to UV irradiation showed a higher defect concentration
compared with non-irradiated samples. This is in agreement with the rationale

that above-bandgap irradiation of metal oxide semiconductors can induce

oxygen vacancy formation.

4.3.8 SERS and PIERS of ZnO samples

The enhancement of the ZnO samples were tested using MBA. To show
the contribution of ZnO to the SERS enhancement, spectra was collected
from a mixture of AuNPs and MBA deposited onto glass. Figure 51A-C
shows the typical spectra for each ZnO sample, averaged across ten positions
and normalised to the Si peak of the substrate, at 520 cm™!. Figure 51E
shows the conventional SERS spectrum collected on glass. All ZnO samples
showed a greater SERS enhancement compared with samples on glass, which
suggest the presence of ZnO improves upon conventional SERS. For the PIERS
measurements, each sample was irradiated under a 254 nm UV-C lamp for 15
minutes before depositing a mixture of AuNP and MBA at a concentration of

1 uM.
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Figure 51: PIERS analysis of ZnO samples using MBA (1 uM): A) ZnO, B) Ag-ZnO,
C) Cu-ZnO, D) Analysis of the 1075 cm ! peak in sample ZnO over 40 minutes, E)
Typical SERS spectrum of MBA on glass.
Figure 51D shows a time-point analysis carried out using the ZnO sample,

in which the PIERS intensity of 1075 peak was monitored over approximately

40 minutes. As a control, the SERS spectra was collected on a separate
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sample which had been kept in the dark prior to analysis. Each plot has been
normalised to the highest peak. The results show a similar trend in both plots,
whereby the intensity of the 1075 cm™! peak increased in the first 5 minutes,
after which an a gradual decrease was observed. The PIERS graph shows a
higher initial intensity and a broader peak indicating the level of enhancement
was more prolonged compared with the SERS, where only a shallow peak was
observed. From the timepoint analysis, the PIERS lifetime of the ZnO sample
is roughly 25 minutes.

Enhancement factors were calculated for three characteristic peaks of MBA
and these are shown in Table 18. For all of the peaks shown, similar trends can
be seen for SERS and PIERS, with enhancements generally being higher for

the doped samples compared with ZnO and glass.

Table 18: SERS and PIERS enhancement factors for MBA at 1 uM for ZnO, Ag-ZnO
and Cu-ZnO samples.

Sample Peak (cm!)  EF: SERS/Raman EF: PIERS/Raman SERS/PIERS
1071 3.17x10° - -
Glass 1490 8.40x 10° - -
1585 6.27x10° - -
1071 1.09x107 4.42x107 4.06
ZnO 1490 4.03x107 2.10x108 5.22
1585 2.01x107 7.97x10% 3.96
1071 1.19x107 1.08x 108 9.09
Ag-ZnO 1490 7.99x107 5.36x10% 6.70
1585 2.99x107 2.38x10% 7.95
1071 5.15%x10° 8.50%107 16.51
Cu-ZnO 1490 2.12x107 4.09%108 19.32
1585 1.11x10° 2.01x107 18.07
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4.3.9 Degree of charge transfer in ZnO samples

The use of metallic nanoparticles and a metal oxide substrate can provide
greater SERS enhancement compared with the individual components alone.
This effect arises due to the creation of an interfacial charge transfer system
which increases the number of pathways and density of charge carriers leading
to enhanced Raman signals. One way to show this is by comparing the b,
(non-totally symmetric) and a; (totally symmetric) vibrational modes of a
probe molecule such as MBA. This approach can provide an indication of new
CT processes in the semiconductor-metal-analyte system. According to the
CT model proposed by Lombardi, the Franck—Condon principle is responsible
for enhancement of solely the totally symmetric vibrational modes of a probe
molecule, while the Herzberg—Teller effect can enhance both totally and non-
totally symmetric vibrational modes [363]. The degree of charge transfer (pcr)

can be calculated using Equation 18, shown below.

I¥(CT) — I*(SPR)

IX(CT) + IO(SPR) (18)

pct =

Here, k is an index for identifying individual Raman bands. I¥(CT) is the
intensity of the Raman bands affected by the CT resonance. IX(SPR) is the
intensity of the localised SPR. Equation 18 can be simplified by taking the

intensities of selected a; and b, lines using the equation below.

Iy,

Ial

pcr = (19)

Iy
14—

ap
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Previous studies have assigned the MBA bands at 998 cm™! and 1178 cm™!
as non-totally symmetrical and totally symmetrical bands, respectively [269],
[364], [365]. These bands were used to qualitatively evaluate the pcrt for each
sample. The samples were compared with AuNP-MBA deposited onto glass
and the values for the the pct can be found in Table 19. In the sample where
AuNP-MBA was deposited onto glass, the pcr is low. On introduction of ZnO,
Ag-7Zn0 and Cu-ZnO samples, the pcr is increased. This indicates the presence
of ZnO provides a new CT path in which the excited electrons generated at the
Fermi level of Au transfers to the CB level of ZnO. As such, the results here
can be tentatively used to show the introduction of ZnO improves the SERS

enhancement of MBA.

Table 19: Degree of charge transfer for ZnO, Ag-ZnO and Cu-ZnO samples.

Sample Peak (cm™)) Intensity R PCT
(a.u)
8 (b 185
Glass 998 (by) ? 0.54 0.35
1178 (a;) 34.34
b 402.
Zn0 998 (by) 02.86 1.79 0.44
1178 (a;) 508.14
998 (b 257.98
Ag-ZnO (62) 1.84 0.46
1178 (ay) 306.19
998 (b 255.68
Cu-ZnO (b2) 1.89 0.47
1178 (a;) 286.49

4.3.10 Enhancement mechanism in ZnO samples

For SERS, metallic nanoclusters are an effective means to generate large
enhancements. Naogap junctions between particles give rise to plasmonic
‘hotspots’ within which extremely localised EM fields exist due to LSPR. The

differences in SERS enhancement between the ZnO samples can be explained
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by the structural properties described previously which suggest the samples
facilitate numerous pathways for the migration of excited charge carriers
between the AuNPs and MBA. This is possible due to the overlap between the
bandgap energy of the ZnO, fermi energy of the Au and the HOMO/LUMO of
the MBA. The band gap of the ZnO samples are between 3.18-3.30 eV. The
energy gap of MBA is 4.57 eV [269] and the Fermi level of gold is 5.0 eV
(vs. vacuum) [270]. As shown in the PL analysis, numerous defect states exist
within the band gap of ZnO which reside at different levels. For example, the
energy levels of defect states originating from oxygen vacancies are located
at 1.62 eV below the conduction band [357], [366]. In the current system,
an excitation laser of 633 nm (1.96 eV) was used. Under Raman excitation,
electrons from the VB of ZnO can be excited to the defect level where they
can be trapped. A charge transfer pathway can occur whereby electrons from
the defect states can migrate to the EF of Au, leading to an increase in electron
density on the Au surface. Another pathway can be envisioned with CT from
the defect state to the molecule. As such, the defect-driven SERS enhancement
could explain the higher levels of enhancement observed in the ZnO samples
compared with glass.

XRD and XPS analysis of the Ag-ZnO sample showed lattice doping and
the presence of metallic Ag, likely in the form of nanoparticles, which would
explain the higher enhancement observed from the Ag-ZnO sample. The
LSPR level of Ag nanoparticles can induce charge injection into the NBE
of ZnO. From the PL spectra, the observed emission bands were at a similar
wavelength range to the ZnO sample. The normalised PL spectra showed a
greater concentration of defects in the Ag-ZnO sample. A higher abundance of
defect states can improve electron transition from the semiconductor along the

pathways towards the Au and MBA molecule. The enhancement of the NBE
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of Ag-ZnO under UV (as seen in Figure 50B) suggests there is charge injection
in the form of hot electrons from the LSPR of AgNPs into the conduction band
of ZnO. This implies the greater SERS enhancement observed in the Ag-ZnO
sample, compared with normal ZnO, can be attributed to a combination of
high defect and charge injection, resulting in greater overall CT in the system.
Figure 52 shows the possible mechanism for defect-driven (A) and charge

injection induced (B) SERS.
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Defect-driven SERS enhancement Charge injection SERS enhancement

PIERS

Figure 52: Photoinduced charge-transfer processes responsible for the SERS and
PIERS enhancements observed in the ZnO samples. EF is the Fermi level, CT denotes
charge-transfer processes, LUMO is the lowest occupied molecular orbital and HOMO
is the highest occupied molecular orbital. A) Charge-transfer from ZnO to AuNP
due to trapping of photoexcited electrons at defect sites within the ZnO bandgap
from Raman 633 nm laser, B) LSPR charge injection from AgNP particles into the
conduction band of ZnO, C) Excitation of ZnO using 254 nm UV light resulting in
electron and hole separation and formation of defect state. The overlap between the
CB of ZnO and Er of Au leads to injection of electrons into the Er of Au AuNPs and
CT between AuNPs and LUMO of MBA molecules.

SERS signals can be further improved through PIERS, where a semi-
conductor substrate can provide additional chemical enhancement through
photo-induced charge transfer. In the PIERS measurements, samples were
irradiated with energy greater than the bandgap of ZnO (Figure 52C), creating

electron-hole pairs which migrate to the surface of ZnO. UV irradiation can

also induce surface defect states, such as oxygen vacancies which form an
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impurity level between the CB and VB of ZnO and act as traps for electrons or
holes. Since oxygen vacancies can exist as singly, doubly or neutral states, the
trapped electrons impede the recombination of the electron-hole pairs. As such,
a greater number of electrons are made available for interfacial charge transfer
leading to higher electron density on the AuNP and greater enhancement of the
Raman signals. The incorporation of dopants resulted in higher PIERS signals
compared with undoped ZnO. The higher concentration of native defects in
the Cu-ZnO and Ag-ZnO samples can further add to the trapping of charge
carriers and delay the e”/h™ recombination process. The presence of AgNPs
can also improve charge transfer in two ways; as a source of charge injection
and as recombination centres, reducing the concentration of free excitons. A
similar explanation can be made for Cu-ZnO, where presence of Cu near the
surface, as copper oxide, lattice-embedded nanoparticles or a mixture of both,
can further contribute to charge trapping and charge transfer to the Raman

signal.

4.3.11 Comparison with other studies

This study has shown the use of Ag-doped ZnO can produce a higher PIERS
enhancement compared with undoped ZnO. A similar observation was ob-
served in a study by Zhou et al., using Ag-doped TiO, decorated with AgNPs.
With varying concentrations of dopant, the authors found the optimal dopant
concentration resulted in a 6-fold improvement in enhancement compared
with the use of AgNPs alone. A time-dependent enhancement effect was also
observed and the authors attributed these observations to a combination of
higher crystallinity of Ag/Ag-doped TiO, substrate, photo-induced charge

transfer and charge-induced molecular reorientation [228].
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Two similar studies involved the use of ZnO for PIERS. Glass et al.,
prepared films using chemical vapour deposition under a N, environment
without annealing [337]. Films prepared by Barbillon et al. used pulsed
laser deposition and were annealed under O, [223]. The microstructure and
crystallinity plays an important role in the properties of metal oxides and it
is widely acknowledged the PIERS effect is influenced by the concentration
and lifetime of induced oxygen vacancies. Comparison of the relative PIERS
enhancement showed the highly crystalline films used by Barbillon to have
greater enhancement. The highest relative PIERS enhancement reported for
undoped ZnO in this study (5.22) and those reported by Barbillon (7.52),
are both higher than values reported by Glass (3.16). One reason for the
contrasting enhancements is likely to be differences in the crystallinity of
the films. In both the current study and the one by Barbillon, crystalline
ZnO was observed, with preferential growth along the polar plane and a high
proportion of defects including oxygen vacancies. ZnO with majority polar
planes tend to contain more oxygen vacancies due to a greater ability to
remove either OH or H,O groups form the surface [367] and this property
has been utilised to produce films with higher photocatalytic activity [368].
Since oxygen vacancies can act as electron traps, and increase the electron
density in the ZnO-AuNP system through interfacial charge transfer, films
with higher crystallinity are likely to be better PIERS substrates. Annealing at
high temperatures is a common way to improve the crystallinity of metal oxide
films. However, use of high temperatures has also been shown to diminish
oxygen vacancy concentrations due to inducing formation of larger crystallite
size. This highlights the importance of tuning the synthesis conditions in
order to achieve optimal balance between crystallinity and oxygen vacancy

concentration, which is congruent to the application.
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It is also worth comparing the results described here with the PIERS studies
in Chapter 3, using Pilkington ActivT™. From the PIERS enhancement values,
it can be seen that the ZnO samples produced much greater enhancement
compared with Activi™ (2.31). This can be explained from the proposed
mechanisms whereby the superior enhancement comes from a combination
of the high defect density, photo-induced charged transfer and LSPR charge
injection. Another factor could be due to the differences in energy of the
metal-oxygen bond in ZnO and TiO,. It is widely reported the Ti-O bond has
a higher energy compared with Zn-O [369], which can result in the formation

of a higher concentration of defect states in ZnO.

4.4 CONCLUSIONS

This work demonstrates a simple approach to develop ZnO substrates decorated
with Au nanoparticles which can be used as PIERS substrates affording high
enhancement. Low temperature CBD was used to prepare Ag and Cu doped
ZnO thin films followed by annealing at low temperature. Structural and
chemical analysis was carried out using XPS, Raman and SEM and showed the
ZnO to be hexagonal wurtzite structured and in the form of nanorods between
100-150 nm in diameter. Successful incorporation of Ag and Cu dopants into
the ZnO lattice was confirmed through XRD. In the Ag-ZnO sample, metallic
Ag was also detected which indicated the presence of Ag nanoparticles. PL
analysis showed a high degree of defects in all samples. The SERS and PIERS
enhancement was studied using Raman probe molecule MBA. All samples
showed a greater enhancement compared with conventional SERS carried out

on a glass substrate. Differences in the SERS enhancement for ZnO, Ag-ZnO
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and Cu-ZnO were attributed to structural differences, which suggest different
mechanisms at play contributing to the different enhancement behaviours.

As seen in the previous chapter, drop-cast deposition results in the forma-
tion of AulNP clusters which can produce large SERS enhancements due to
proximity of nanoparticles creating nanogap junctions. However, drop-casting
also results in nanoclusters of different sizes which can cause shifting of the
LSPR band and spectral misalignment with the wavelength of Raman laser.
Improvements to the current SERS and PIERS protocol could involve studying
the size of the nanoclusters, widths of the nanogaps and relating this to absorb-
ance measurements in order to guide selection of the laser wavelength. These
measurements are also important to characterise the LSPR contributions from
additional plasmonic nanostructures such as CuNPs and AgNPs. In order to
fully utilise the highest SERS enhancements, control of the nanogap junction
is required. This can be achieved through physical means such as lithography
and sputter deposition, or through chemical-mediated aggregation methods

[323], [370].
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5.1 INTRODUCTION

Many nitroaromatic explosives contain an electron deficient centre and this
property is exploited in many colorimetric sensors which function by observing
a reaction between a nucleophilic reagent and explosive, giving rise to brightly
coloured complex. This behaviour within nitroaromatic compounds was first
observed by Janovsky [371] who found that acetone treated with an alkaline
medium added to dinitrobenzene derivatives gave an intense violet colour.
Similar results were also observed using aldehydes and with trinitrobenzene
derivatives. The mechanism was later determined through efforts by Meisen-
heimer, Jackson and Earle [372]. Studies by Jackon et al. using methanolic
1,3,5-trinitrobenzene (TNB) and KOH led to the proposal of a quinoid struc-
ture, later confirmed by Meisenheimer et al., through studies using trinitro
derivatives (2,4,6-trinitrophenetole and trinitrianiline) and potassium alkoxides
(potassium ethoxide and potassium methoxide). As such, the adducts of nucleo-
philes to polynitroaromatic compounds are commonly called Meisenheimer or
Jackson-Meisenheimer complexes. A subtle difference exists between Meisen-
heimer and Janovsky complexes. Whilst both proceed through the addition of
a nucleophile to an aromatic substrate, Meisenheimer complexes involve O/N-

nucleophiles and Janovsky complexes, C-nucleophiles [373], [374]. Janovsky

142



DUAL DETECTION OF NITROAROMATIC EXPLOSIVES

reactions are typically carried out in non-aqueous or partially aqueous systems
[375]. And finally, Meisenheimer complexes are typically formed by attack of
the nucleophile at a position occupied by a leaving group or hydrogen, whereas
for Janovsky reactions, the attack occurs at unsubstituted ring-positions and
adjacent to a nitro group [376].

One of the first commercial test kits for detection of TNT was developed
by the EnSys and designed for the analysis of soil samples [377]. More re-
cent kits are capable of multi-analyte detection, such as the ‘SEEKERe’ by
DetectaChem, which uses a camera to provide digital colour discrimination
[163], [164]. Many developments have focused on fluorescence quenching
sensors and such methods can be achieved through a variety of materials in-
cluding small molecules, MOFs, polymers, and functionalized nanoparticles
[378]. Qian et al. developed a two-component composite sensor using 3- mer-
captopropionic acid-capped SiO; spheres and L-cysteine-capped CdTe QDs
[379]. Choodum et al. developed several test kits for TNT by trapping differ-
ent colorimetric reagents (tetramethylammonium hydroxide, ethylenediamine,
and potassium hydroxide) in poly(vinyl alcohol) or polyvinyl chloride hydro-
gels. Quantitative data from the resultant colored Meisenheimer complexes
is provided through a conventional smartphone camera [91], [93]. Whilst
colorimetric methods provide fast analysis times, many reagents are limited
by sensitivity, suffer from false-positives and can be toxic for users and the
environment.

As mentioned previously in this thesis, Surface enhanced Raman spectro-
scopy (SERS) is a highly sensitive technique which has been widely used in
trace detection. One developing area is the use of SERS assays which combine
plasmonic nanoparticles with colorimetric agents. The coloured derivatives

indicate presence of the analyte which can be further confirmed using SERS.
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For example, Dasary et al. used cysteine-functionalised AuNPs for selective
detection of TNT, achieving detection limits of 2 picomolar (pM) and 50 pM
in aqueous solution and SERS, respectively [380]. The assay exploited the
selective Meisenheimer complex formed between TNT and cysteine, enabling
discrimination against 2,4 -dinitrotoluene and nitrophenol. A similar approach
was undertaken by Arshad et al., which involved use of -cysteamine-capped
Au@ Ag core-shell nanoparticles. The assay achieved detection limits of 0.35
pug/mL and could be coated onto a paper substrate for use as a facile sensor
[174].

The aim of this study is to develop a dual detection method for nitroaro-
matic explosives, utilising colorimetry and SERS. This chapter begins with the
synthesis and characterisation of AuNPs. A passivated Turkevich method was
used to produce monodispersed quasi-spherical 50 nm particles. SERS signals
can be enhanced when analyte molecules are in close proximity to plasmonic
hotspots. To facilitate this, AuNPs were functionalised through two differ-
ent methods: using para-aminothiphenol (p-ATP) and 3-mercapto-2-butanone
(3M2B), before being used as assays for the detection of nitroaromatic ex-
plosives, including TNT, tetryl and PA. A paper-based colorimetric assay was
developed with detection achieved using a smartphone and open-source soft-
ware. SERS spectra was also used to train a machine learning model to enable

differentiation between the nitroexplosives tested.
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5.2 METHODS

5.2.1 Chemicals and Materials

Gold (III) chloride trihydrate (HAuCly.3H,O, CAS 27988-77-8), was pur-
chased from Fisher Scientific. 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU CAS
6674-22-2), 3-mercapto-2-butanone (3M2B, CAS 40789-98-8), 4-Aminothiophenol
(p-ATP, CAS 1193-02-8), NaOH (CAS 1310-73-2), Tris base (CAS 77-86-1,
Trizma® base, > 99 %) H,O, (CAS 7722-84-1, 30 wt % in H,O, ACS reagent),
citric acid monohydrate (CAS 5949-29-1, ACS reagent grade > 99.0 %) and
water (CAS 7732-18-5, HPLC grade) were purchased from Sigma-Aldrich,
UK. Accustandard explosives reference solutions Trinitroluene (TNT), tetryl,

and picric acid (PA) (1 mg/mL in acetonitrile) were purchased from Kinesis.

5.2.2 Synthesis and characterisation of AuNPs

AuNPs were synthesised using a two-stage seed-mediated approach, adapted
from [231]. Briefly, Au seeds were prepared by adding NaOH (320 uL, 2 M)
to a solution of HAuCly (25 mM) in 570 320 pLL of HPLC-grade water, giving
a working stock solution of 8 mM. From the HAuCl, working stock solution, a
0.2 M solution was prepared by addition to pre-heated HPLC-grade water to 90
°C. The mixture was stirred for 2 minutes before addition of citric acid (72 mM,
0.2 mM), followed by a further 5 minutes of mixing before transfer to quench
on ice. The growth stage was carried out at room temperature. 0.5 mL of seed
solution was added to 8.8 mL of water, followed by addition of Tris stock

solution (250 L, 0.1 M). HAuCly (25 mM, 250 pL) was then added, followed
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by 1 minute of stirring and then addition of H,O; (30 % wt v/v, 200 puL). The
reaction mixture is allowed to mix for 30 minutes before use. Transmission
electron microscopy (TEM) was carried out using a Jeol JEM-100CX II with a
beam current of 70-100 kV. Samples were deposited onto holey carbon films

(HC300Cu, EM Resolutions), allowed to dry and subjected for analysis.

5.2.3 p-ATP and DBU-3M2B Assays

UV-Vis analysis was carried out on a Shimadzu UV-2550 instrument, in ab-
sorbance mode and scan range 200-1000 nm. Analysis was carried out using
2 mL solutions added to a quartz cuvette. Solutions of p-ATP at various con-
centrations were prepared from serial dilutions from a 2 mM stock solution
using methanol. p-ATP functionalised AuNPs were prepared by adding p-ATP
at various concentrations to stock solutions of AuNPs in a 1:1 ratio (v/v).The
mixtures were allowed to mix for a minimum of 1 hour-overnight. DBU-3M2B
assays were prepared by first mixing DBU (10 mM, acetonitrile) and 3M2B
(10 mM, acetonitrile) in a 1:1 ratio (v/v). The mixture was allowed to stir for
10 minutes before addition of explosive solutions. A colour change indicating
the formation of the Janowsky complex was observed within 1 minute with
full intensity reached within 5 minutes. For TNT the colour change progressed
from pale yellow to red/purple and finally salmon pink. For tetryl the colour

progressed from pale yellow to increasing intensity.
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5.2.4 Machine learning

The data analysis was performed using Python and the Scikit-learn library
was used for all machine learning [381]. The dataset consisted of 217 spectra
from samples containing TNT (n=135) and tetryl (n=72). All the spectra were
pre-processed as follows; first by applying linear interpolation to standardise
the wavenumber axis for all the measurements [382]. The spectra was then
truncated to contain only the regions of interest. In this study, measurements
with Raman shifts below 225 cm™! and above 1750 cm™ were removed. Fol-
lowing this, asymmetric least squares (ALS) baseline correction was applied
to remove background fluorescence [383]. Finally, standard normal variate
normalisation was performed to give each spectrum a mean intensity of 0 and
a standard deviation of 1 [384], [385]. The dataset was randomly split into
training (70 %) and test (30 %) datasets I To evaluate the performance of the
models, the subset accuracy was calculated for the predictions made from the
test dataset. The subset accuracy is defined the fraction of samples that have
all their labels correctly classified. To minimise variation due to the spectra
present in the test dataset, the accuracy of the various models was calculated
for 1000 randomly selected training and test datasets and the mean prediction

accuracy was determined.

! The author would like to thank Tabitha Jones for help with conducting the ML tests.
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5.3 RESULTS

5.3.1 Synthesis and characterisation of AuNPs

One of the most common methods for the synthesis of AuNPs is the Turkevich
method. In this one-pot process, AuNPs are formed using citrate reduction of
a gold precursor in water at temperatures between 70-100 °C [386]. Highly
monodisperse nanoparticles between 10-20 nm can be obtained, with larger
particles achieved through subsequent growth stages. The passivated Turkevich
method used in this study was initially developed for use in flow synthesis to
prevent fouling of the reactor [231]. The method has been used in this study,
with minimal changes, as a facile approach to synthesise 50 nm AuNPs with
high stability.

The synthesis proceeds through three stages, beginning with the passivation
of the HAuCly using NaOH, producing a hydroxylated precursor [387]. This
was then used in the growth of Au seeds and subsequently larger AuNPs. Tris
base was used as the capping agent which stabilises the AuNPs as well as
regulating the pH and H,O, was used to control morphology of the synthesised
particles [388]. UV-Vis analysis carried out on the seed solution shows an
absorption peak at 530 nm. During the particle growth stage, an absorption
peak at 553 nm was observed which shifts to 548 nm following overnight stir-
ring (Figure 53A). The observed peaks are attributed to the localised surface
plasmon resonance (LSPR) of spherical AuNPs [389]. As particles become
bigger, scattering events become more significant and this is shown in the
evolution and red-shift of the 530 nm peak. Upon formation of Au seeds, a
growth phase proceeds whereby the final size is obtained. Different mechan-

isms have been proposed for particle growth. One approach is where nucleated
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particles induce formation of short-lived aggregates which break apart during
the synthesis [390]. This is one rationale which could explain the gradual shift
of the 553 nm peak towards lower wavelengths which was also observed in

earlier studies [231], [387].
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Figure 53: Characterisation of AuNPs. A) Absorption spectra of seeds and particles,
B) DLS analysis of synthesised AuNPs showing size distribution. Particle size shown
in logarithmic scale for ease of comparison, C) TEM image of AuNPs, D) Stability
study of AuNPs at 12 and 51 days post-synthesis, E) SEM of AuNPs deposited onto
microscope slide, imaged at 1 um scale and 25,000 magnification.
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The symmetrical nature of the 553 nm peak and low baseline indicate
good monodispersity and size distribution, which is confirmed through particle
analysis using dynamic light scattering (DLS) (Figure 53B), TEM (Figure 53C)
and SEM (Figure 53E). The average particle diameter measured by DLS was
between 51-59 nm. The particle size was also determined through TEM images
using the commercially available software Imagel. The average particle size
was found to be 55.6 nm (RSD = 8 %), from an analysis of 126 particles. The
slightly larger size recorded in DLS could be due to differences in measurement
approach - DLS is carried out in solution and measures the hydrodynamic
radius of particles which could give an overestimation of the size. TEM and
SEM images show the AuNPs are mono-dispersed and quasi-spherical. AuNP
stability was monitored using UV-Vis after 12 and 51 days. From Figure 53D,
the absorption maximum is at 548 nm and remains constant with a minor
drop in absorbance intensity. Note the difference in magnitude of intensity
compared with Figure 53A is due to the use of a diluted sample which was
aliquoted from the completed reaction and kept for the stability study.

The concentration of the seeds (Ngeeq) can be estimated using Equation 20
[391], where Cy, is the known initial concentration of gold, M, the atomic
weight of gold (197 g mol 1), P Au 1s the density of gold (19.3 g cm™!) and dgeeg
is the average particle diameter (in nm). Assuming spherical particles and
complete conversion of the Au precursor in this study, the initial concentration
of gold is 8 mM and the average seed diameter is 12 nm, which gives a value
of 1.35x10"3 particles in 0.15 mL for Ngeeq.

6-10%1-Cpy- M

Nseed = (20)
e T PAu- ds3eed
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For seed-mediated Turkevich synthesis, the final total number of AuNPs is
determined by the number of seed particles first generated in the early stages
of the synthesis. Since no further particles are formed during the growth steps,
the final total number of AuNPs is equivalent to the number of seed particles
[392]-[394]. The number density of AuNPs (Naynp) can be calculated using
Equation 21 [391], by dividing Ngeeq the total volume of the AuNP solution
(V). For a 0.5 mL volume, this gives a value of 2.71x 10" particles which is

similar to the original seed particles.

N seed
%4

Naunp = (21)

The molar concentration of the AuNP solutions was then calculated by
dividing the number density of particles by Avogadro’s constant (6.022 x

10%3), giving a concentration of approximately 9 x 10 % M.

5.3.2 Detection of TNT using p-ATP functionalised AuNPs

The electron-withdrawing nitro groups in TNT can decrease the electron dens-
ity in the aromatic centre, conferring Lewis-acid behaviour. In the presence
of a Lewis-base such as p-ATP, the amino group on p-ATP can deprotonate
TNT at the methyl group, resulting in the formation of a TNT anion, where the
negative charge is re-distributed throughout the molecule through resonance
stabilization from the electron-withdrawing nitro groups [395], [396]. The
p-ATP cation interacts with the TNT anion, forming a cation-anion pair. This
is one way in which TNT and p-ATP can interact (Figure 54A). The electron-
rich amino group of p-ATP can also serve as a nucleophile, participating in

nucleophilic addition into the methyl group moiety of TNT and forming a
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Meisenheimer complex (Figure 54B). Such complexes are brightly coloured
and have been exploited for use as assays for detecting nitro explosives. Ex-
amples of nucleophiles used in literature include cysteine and APTES [111],
[395]. Another possible interaction is between the 7-systems in p-ATP and
TNT, which can serve as -donor and 7-acceptor species, respectively (Figure
54C) [397]. There is also the possibility of weak Hydrogen-bond formation
between the amine nitrogen in p-ATP and the nitro group oxygen in TNT
(Figure 54D). As such, p-ATP can complex with TNT through various means
and these interactions are used in the assay to capture TNT molecules for
use in SERS. The thiol moiety in p-ATP also allows covalent attachment to
the surface of AuNPs through a thiolate bond and the relatively small p-ATP
molecule facilitates close proximity between captured TNT molecules and the
AuNP surface. Overall, these factors can improve the SERS enhancement of

TNT.
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Figure 54: Different types of interactions between TNT and p-ATP: A) Anion-cation
pair, B) Meisenheimer complex, C) w-donor—acceptor interactions, D) H-bonding.

5.3.3  UV-Vis analysis of p-ATP functionalised AuNPs and TNT

To show the interaction between p-ATP and TNT, reference absorption spectra
of TNT and p-ATP were collected and compared with a solution containing
both TNT and p-ATP. As shown in Figure 55A, peaks at 470 nm and 530
nm can be seen in the mixture, which can indicate the formation of complexes
between p-ATP and TNT [398]. For development of the assay, initial work
was carried out to find concentrations of p-ATP compatible for use with the
AuNPs. This is important for two reasons; first, to avoid interference in the
SERS spectra from p-ATP molecules and secondly, to enable the formation of

a self-assembled layer on the AuNPs with capability to complex with TNT.
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Figure 55: UV-Vis absorption spectra showing A) TNT (0.44 mM), p-ATP (5.11 mM)
and mixture of TNT and p-ATP, B) AuNPs diluted in methanol.

The absorption spectrum of non-functionalised AuNPs is shown in Figure
55B for reference. Solutions of AuNPs were diluted to the same concentration
and functionalised using p-ATP at concentrations of 4.73 uM, 10.17 uM, 113
uM and 1.1 mM (henceforth named p-ATP-4.73, p-ATP-10.17, p-ATP-113 and
p-ATP-1.1m, respectively). Figure S6A shows the resultant absorption spectra.
p-ATP-4.73 and p-ATP-10.17 show an absorption peak at 530 nm, indicating
negligible changes in the absorption spectra compared with the AuNP solution.
However, p-ATP-113 showed a peak around 650 nm and further increase in
p-ATP concentration to 1.1 mM showed a more distinct and broader peak
around 700 nm. There is also a reduction in the intensity and broadening of
the 530 nm peak. Compared to the control spectra of AuNP and colourless
p-ATP (Figures 55 A and B), this suggests the higher concentrations of p-ATP
induced AuNP aggregation, and these trends are comparable to similar studies
in literature [399]. Solutions of p-ATP-4.73 and p-ATP-10.17 were further
mixed for four hours and the absorption spectra shows no aggregation (Figure

56B).
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Figure 56: Detection of TNT using p-ATP-AuNPs: A) Absorption spectra of AuNPs
functionalised using different concentrations of p-ATP, B) Absorption spectra of
Sfunctionalised AuNP solutions after 4 hours of stirring, C) Absorption spectra of
assays corresponding to the concentration of p-ATP used in A) on addition of 20.15
uM TNT.

The p-ATP functionalised AuNPs were tested by mixing an aliquot of each
solution with 20.15 uM TNT. Figure 56C shows the absorption spectra of each
assay. For p-ATP-AuNP-4.73 and p-ATP-AuNP-10.17, a new peak emerged
at 670 and 730 nm, respectively. For the assays prepared p-ATP-113 and
p-ATP-1.1m, the addition of TNT caused flattening of the second peak. From
the absorption spectra, it can be inferred that addition of TNT caused p-ATP-
AuNPs to undergo aggregation. From Figure 54, it can be seen that one TNT
molecule can interact with multiple p-ATP molecules through the 7-donor and
m-acceptor system. This would bring AuNPs closer together, changing the

scattering properties of the clustered AuNPs resulting in the additional peak
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in the absorption spectra. These results show TNT can induce changes in the
absorption spectra of p-ATP-AuNPs and an optimal concentration of p-ATP is

required.

5.3.4 SERS analysis of p-ATP functionalised AuNPs and TNT

Figure 57 shows the SERS analysis of TNT assays. For the SERS analysis,
samples were prepared by drop-casting 3 pL of assay solution onto microscope
slides followed by Raman analysis of the dried sample. Spectra was averaged
from a minimum of 5 positions to ascertain an overall level of enhancement.
For reference, the Raman spectra of TNT and p-ATP powder is shown in 57A
and B, respectively. The Raman spectrum of p-ATP shows three dominant
peaks. The peak at 380 cm’! is attributed to the C-S vibration. The peak at
1085 cm™! is attributed to the C-H bending mode and the peak at 1589 cm™! is

due to the ring stretching modes.
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Figure 57: Detection of TNT using p-ATP-AuNPs: A) Raman spectrum of TNT powder,
B) Raman spectrum of p-ATP powder, C) SERS spectra comparing a TNT assay with
controls whereby functionalised AuNPs were tested in the absence of TNT and where
non-functionalised AuNPs were tested with TNT (normal SERS). TNT and p-ATP
concentrations were 25 uM and 4.73 uM, respectively.

Figure 57C shows the SERS spectra of TNT using the p-ATP functionalised
AuNPs (Assay, green), compared with the normal SERS controls, without
p-ATP (orange) and without TNT (purple). There is a noticeable difference
between the Raman spectrum of p-ATP to that of the p-ATP functionalised
AuNP, with a number of new broad peaks around 1200 cm™! and 1350-1400
cm’!. Aromatic amines can be catalytically oxidized to their corresponding
azo-compounds in the presence of noble metal catalysts and a study by Wu et
al. showed that p-ATP molecules adsorbed onto rough nanostructured surfaces

of noble metals can undergo a coupling reaction to produce the paired structure,

p,p’-dimercaptoazobenzene (DMAB) [400]. A number of studies using both
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gold and silver nanostructures have also reported the presence of DMAB [206],
[396], [398]. The characteristic peaks for DMAB at 1142 cm’!, 1390 cm!,
and 1435 cm! are attributed to the N=N vibrational modes and these are seen
in the spectra of the p-ATP functionalised AuNPs, indicating the presence of
DMAB.

In both the normal and assay SERS spectra, 20.15 uM TNT was used. As
can be seen in the figure, the addition of TNT to the DMAB-functionalised
AuNPs resulted in a change in the spectral profile and intensity of peaks. The
assay spectrum contains features from both the functionalized AuNPs and TNT
bands, as well as additional peaks, which indicate strong spectral changes in
both species and the possible formation of a DMAB-TNT complex. A number
of TNT peaks are present. The peak around 1230 cm’! is attributed to the
ring breathing modes and the peaks at 1357 cm™ and 1544 cm™!, attributed
to the NO, symmetric and asymmetric stretching vibrations, respectively.
These peaks are in agreement with similar studies using p-ATP functionalised

nanostructures for TNT detection [380], [397].
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Figure 58: SERS assays using different concentrations of TNT- A) 25 uM, B) 40 uM,
C) 400 uM and D) 550 uM.

Figure 58 shows the assay spectra collected using the same concentration
of p-ATP (5 uM) with varying concentrations of TNT (25-550 uM). Whilst the
peaks at 1230 cm’!, 1357 cm™! and 1544 cm! are visible, there are noticeable
differences in the spectral profile. In Figure 58B, the dominant peaks are
clustered around 400 cm™! and in Figure 58C, there is a cluster of peaks
around 1600 cm™!. These differences could represent a number of competing
interactions between DMAB, p-ATP and TNT. Figure 59 shows a possible
way in which p-ATP enables chemical enhancement of TNT Raman signals
through the formation of a TNT-DMAB complex, whereby the orientation of

the p-ATP molecules are perpendicular to the AuNP surface.
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Figure 59: Possible interaction between TNT and p-ATP through a TNT-DMAB
complex.

Whilst it is possible to infer the presence of DMAB from the SERS spectra,
it was not possible to determine the extent of p-ATP catalytic coupling and
hence whether all p-ATP was converted into DMAB. As such, the assay spectra
likely represents vibrational modes arising from the interactions between
normal p-ATP and TNT as well as DMAB and TNT. Another point to consider
is the addition of TNT to functionalised AuNPs occurred in solution and
so complex formation would be subject to reaching absorption equilibrium
conditions. Furthermore, a number of other interactions can also exist between
p-ATP and TNT, as described earlier in Figure 54.

Different levels of enhancement are seen in the SERS spectra which does
not correlate with the different TNT concentrations used. One reason for the
varied enhancement could be due to the aggregation effect seen on the AuNPs
when TNT is added. As observed in the absorption spectra above (Figure
56C), the presence of TNT caused broadening of the AuNP LSPR peak. An
additional peak is also seen around 750 nm. These characteristics indicate the

formation of aggregated AuNP structures which would subsequently affect
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the SERS enhancement. This suggests the current assay may only be suitable
for TNT concentrations lower than the ones tested. The drastic changes
in the properties of the AuNPs limits the effectiveness of the colorimetric
detection. Further optimisation of the method could lead to a more effective
assay, however this was not carried out due to a more successful approach

found, which is described in the following section.

5.3.5 Detection of nitro explosives using Janovsky complex

In the previous section, the detection of TNT was demonstrated using different
gold nanostructures functionalised with p-ATP. The rationale being to exploit
the known interactions between p-ATP and TNT in order to concentrate TNT
molecules onto the surface of gold nanostructures. This section describes a
similar approach whereby nitro-explosives are detected through the formation
of Janovsky complexes, using the molecule 3-mercapto-2-butanone (3M2B).
Detection was achieved by monitoring the change in UV-Vis absorption and

SERS spectra. Figure 60 illustrates the detection principle.
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Figure 60: Diagram showing principle of DBU-3M2B assays and subsequent dual
detection of nitroexplosives using SERS (top panel) and colorimetry (bottom panel).

The nucleophilic addition of 3M2B to nitroaromatic compounds can be
achieved by deprotonation of 3M2B. 1,8-Diazabicyclo[5.4.0Jundec-7-ene
(DBU) is an amidine base widely used in organic synthesis due to its ad-
vantages of being large in size, having a low cation symmetry and strong
delocalized charge on the cation formed from the DBU [401]. DBU is a non-
nucleophilic and strong base which can react with 3M2B to produce an enolate
ion, and which can subsequently attack the electron-deficient nitroaromatic
compounds. This results in the formation of a Janovsky complex. Figure 61
shows the possible reaction scheme using TNT as an example. In addition
to its role in adduct formation, 3M2B was also selected as it contains a thiol
group which can form a thiolate bond with AuNPs. The relatively small 3M2B
molecule facilitates close proximity between captured TNT molecules and the
AuNP surface and so overall, these factors can improve the SERS enhancement

of TNT.
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Figure 61: Scheme showing the formation of Janovsky complex using DBU, 3M2B
and TNT.

5.3.6 Absorption spectra of DBU-3M2B assays with explosives

Figure 62 shows the absorption spectra of the DBU-3M2B assay with TNT.
The assay was prepared by mixing 0.01 M of DBU and 3M2B prior to the
addition of TNT. This mixture was then further mixed for 5 minutes before
analysis. As seen in Figure 62A, the UV-Vis absorption of TNT at 0.11 mM
shows a minor peak at 425 nm. DBU is a colourless solution and 3M2B is pale
yellow. When TNT is added to DBU-3M2B, the solution turned from a pale
yellow colour to salmon pink, and a peak around 515 nm was observed. This
suggests the addition of DBU to 3M2B resulted in the formation of an enolate-

carbanion derived from 3M2B to give a Janovsky adduct with TNT. A solution
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containing DBU and TNT, prepared to the equivalent assay concentrations
was tested and shows two main peaks, one at 525 nm and another at 650
nm. This suggests a possible reaction between TNT and DBU giving rise to
competing products. This rationale can be drawn from works by Ainscough
and Bernasconi, who conducted kinetic studies on the reactions of TNT with
bases [402], [403]. By conducting experiments in different solvents and with
base in excess to TNT, the authors reported that TNT and similar nitrotoluene
derivatives can undergo free-radical reactions in basic solution, with solvent
composition in the reaction mixture one factor which can affect the species
formed.

It is known that DBU is a non-nucleophilic and hindered base. In the
mixture containing DBU and TNT, DBU is in excess to TNT and in a mixed
solvent system containing methanol. Considering DBU’s strong basicity,
methoxide anions can be generated which can participate in nucleophilic
attack of the methyl group on TNT. Subsequent deprotonation of the methyl
group could lead to the formation of a benzyl carbanion, such as the 2,4,6-
trinitrobenzyl anion, as observed by the peak at 650 nm. The reaction of
the 2,4,6-trinitrobenzyl anion with a second molecule of TNT could form a
pseudo-Janovsky complex, observed from the peak at 525 nm. In the presence
of 3M2B (assay), nucleophilic attack comes from the enolate ion formed from
3M2B, which is a more favourable pathway as evidenced by the single peak in
the absorption spectra.

The assay with TNT was further studied by monitoring the absorption
profile over a period of 20 minutes (Figure 62B). Upon addition of TNT to
the DBU and 3M2B mixture (at time = O minutes), the absorbance of the 515
nm peak increased, representing the formation of the Janovsky complex. The

peak at 650 nm also increased but reached a maximum absorbance within 3
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minutes, after which the absorbance gradually decreased to its initial level. By
monitoring the evolution of the 515 nm peak, it can be seen the reaction is

complete within 5 minutes (Figure 62C).
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Figure 62: Absorption spectra of DBU-3M2B assay with TNT: A) Comparison
between controls and assay, B) Timepoint analysis of reaction over 20 minutes upon
addition of TNT to DBU and 3M2B. Arrow indicates progress of reaction from 0
minutes, C) Analysis of 514 nm peak over 20 minutes.

Figure 63 shows the absorption spectra of the DBU-3M2B assay with tetryl.
The assay was prepared as mentioned above, by pre-mixing DBU and 3M2B
before addition of tetryl. When tetryl was added to the assay, a faint pink
colour was observed which gradually turned yellow. The absorption spectra of
the assay (Figure 63A) shows a single broad peak at 475 nm. The spectrum
containing only DBU and tetryl shows two peaks, at 430 nm and 510 nm. From

the spectrum, it appears tetryl reacts in a similar way to TNT. In the absence
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of 3M2B, there appears to be formation of a pseudo-Janovsky complex. In
monosubstituted 2,4,6-trinitroaromatic compounds such as TNT and tetryl,
nucleophilic attack can occur at different positions on the aromatic ring, leading
to different Meisenheimer complexes [404]. Taking the same analogy, it is
possible there exists several pseudo-Janovsky complexes giving rise to the
doublet-peak character seen. The assay with tetryl was further studied by
monitoring the absorption profile over a period of 20 minutes (Figure 63B).
From the addition of tetryl to DBU and 3M2B (at time = 0 minutes), the 475 nm
peak gradually increased, representing the formation of the Janovsky complex.
The absorption spectra of TNT, tetryl, PA and DBU-3M2B is shown together
in Figure 64. As mentioned above, each spectral profile is different and so the

absorption spectra can be used to differentiate between the explosives.
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Figure 63: Absorption spectra of DBU-3M2B assay with Tetryl: A) Comparison
between controls and assay, B) Timepoint analysis of reaction over 20 minutes upon
addition of Tetryl to DBU and 3M2B. Arrow indicates progress of reaction from 0
minutes.
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Figure 64: UV-Vis spectra of DBU-3M2B assays with explosives.

5.3.7 Possible reaction products formed in the DBU-3M2B assays with

nitroexplosives

Figure 65 shows the possible reaction products in the DBU-3M2B assay with
TNT, tetryl and PA. Results from the UV-Vis absorption spectra shows that
different complexes are likely to be formed between each explosive and the
3M2B enolate ion. One assumption made regarding the assays is complete
conversion of 3M2B to its enolate ion prior to addition of the explosive.
Control studies carried out between DBU and each explosive showed DBU
can complex with TNT and tetryl. However, different peaks are observed
compared with reactions with the 3M2B enolate ion, suggesting different
reaction mechanisms.

The three electron-withdrawing NO, in TNT produces an electron-deficient
toluene ring which can encourage the covalent addition of nucleophiles to a ring

carbon atom. Depending on the reactants in the system, coloured complexes
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can form as TNT undergoes different mechanisms of nucleophilic attack.
Meisenheimer complexes are formed on reaction with a strong base. Janovsky
complexes are typically formed on reaction with acetone treated with a base
[405], [406]. A carbanion derived from the ketone can proceed with addition
to the polynitro compound, resulting in a Janovsky complex. In the current
study, acetone has been replaced with 3M2B and DBU is used as a strong non-
nucleophilic base. The generation of the 3M2B enolate ion forms the attacking
nucleophile. Due to the strong electron affinity of NO, groups, positions 1, 3,
and 5 on the TNT molecule would be electron deficient and be the most likely
position for electron donation and subsequent addition of the enolate ion. The
resulting complex absorbs in the visible region, as seen by the salmon pink

colour formed.
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Figure 65: Possible reaction products between between nitroaromatic explosives (TNT,
tetryl and PA) and 3M2B enolate ion, formed from reaction with DBU (not shown). 1
and II shows two possible products from the reaction with PA.
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Tetryl has a similar structure to TNT and is substituted at one of the
ortho positions by a nitramine nitro group. Tetryl is known to easily form
Meisenheimer complexes, with studies reporting the use of NaOH [407] and
methanol [404]. The strong electron withdrawing groups at the ortho and para
positions makes tetryl open to nucleophilic attack at multiple positions. Similar
to TNT, a Janovsky complex can form through addition of the enolate ion.

The reaction between PA and ketones is well documented, with one ex-
ample being the reaction between PA and creatinine which is commonly used
in the Jaffé reaction [408]. In alkaline conditions, abstraction of a proton from
the ketone results in a carbanion, which can attack the PA at electron deficient
positions, forming a Janovsky complex [408], [409]. A similar approach is
proposed here with attack coming from the enolate ion of 3M2B. A reaction
between unreacted DBU and PA is also possible, resulting in the formation of
a phenolate ion. The three NO, groups in PA can stabilise the phenolate ion by
resonance electron withdrawal, allowing the negative charge to be moved to
an electronegative oxygen atom in the NO, group. Since there are three NO,
groups, a highly acidic phenol is produced and as such, it may be possible for

an acid-base reaction to occur between the PA and enolate ion.

5.3.8 SERS spectra of DBU-3M2B assays with TNT

Figure 66 shows the SERS plots of each assay tested using TNT, tetryl and
PA, at concentrations of 23 uM, 130 uM and 15 uM, respectively. Each SERS
sample was prepared by mixing an aliquot of assay solution with AuNPs. The
mixture was then allowed to stir overnight before deposition onto a microscope
slide for SERS. The SERS spectrum of DBU (0.01 M) and 3M2B (0.01 M)

mixed with AuNP is also provided as a reference to show the differences in
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the spectral profiles are attributed to analyte peaks. SERS analysis was carried

out using a 633 nm laser and each spectra shows an average of 5-10 positions.
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Figure 66: SERS spectra of DBU-3M2B assays with explosives.

In the SERS spectrum of DBU-3M2B and AuNP, only a small number of
peaks are observed with low intensity. These are positioned at approximately
746 cm’!, 887 cm! and the region between 1317-1366 cm’!. On addition of
TNT to DBU-3M2B, a number of peaks were observed which indicate the
formation of a Janovsky complex between TNT and the enolate ion of 3M2B.
The SERS spectrum of the TNT Janovsky complex shows a dominant cluster
of peaks between 1300-1350 cm™!. The peak at 1350 cm™! can be assigned to
the NO, symmetrical stretching mode of TNT. The peak at 830 ! is attributed
to the NO, scissoring mode. The peak present at 1218 cm™! is attributed to the
ring breathing/bending vibrational mode.

Tetryl shares a similar structure to TNT, with the addition of a methylni-
tramine and nitro group. As such, there are similarities in the SERS spectrum
of the tetryl and TNT Janovsky complexes. The dominant peak in the tetryl

spectrum is at 1360 cm™! and can be assigned to the NO, symmetrical stretch,
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whereas the peak at 1541 cm™! can be assigned to the NO, asymmetric stretch.
For nitramine compounds, the peak between 760 and 767 cm™! is attributed to
the out-of-plane deformation of the nitro group [410] and for tetryl, this can be
seen with the peak positioned at 760 cm™'. All observed peaks lie very close to
SERS studies reported in literature [180], [220], [221], [411], [412].

In the assay with PA, the SERS spectrum was absent of characteristic
peaks. These results support the rationale that both TNT and tetryl formed
Janovsky complexes with the 3M2B enolate ion. For PA, the phenolic hydroxyl
group does not participate in substitution/elimination reactions and as such
no complex was formed between PA and the 3M2B enolate ion. The weak to
little affinity between PA and the AuNPs resulted in low SERS enhancement.
This would explain the lack of peaks observed in the SERS spectra for PA. The
peaks that are present, closely resemble the control SERS spectrum of DBU
and 3M2B.

The SERS assay with TNT was compared with the conventional Raman
and SERS spectra of TNT, in the absence of DBU and 3M2B (Figures 67A). In
general, the Raman and SERS spectra of molecules (collected under the same
excitation wavelength) should be quite similar, with the main characteristic
peaks identifiable in both. However, differences between the Raman and
SERS spectra can occur and be due to a number of factors, such as changes in
resonance conditions and surface selection rules [10]. Whilst Raman spectra
shows only contributions from the vibrational modes in a molecule, SERS
spectra also contains contributions from the interaction between adsorbed
molecule and substrate. The effect on spectral profile can include peak shift
and broadening, as well as emergence or disappearance of peaks [10]. These
effects are the result of the chemical enhancement effect. In the current work,

additional complexity is likely from the formation of Janovsky complexes.
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This will further contribute to differences observed in spectral profile between

the Raman and SERS spectra.
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Figure 67: Detection of TNT using DBU-3M2B assays: A) Raman spectrum of solid
TNT for reference, B) DBU-3M2B assay using TNT, compared with SERS using
AuNP and TNT (both at mM TNT concentrations), C) Plot of SERS intensity of the
main TNT peak in each assay, against concentration in the range 10° M - 107 M.
Logarithmic fittings were performed to reveal the correlation between SERS intensity
and concentration. Spectra have been baseline-corrected and offset for clarity, D)
SERS spectra of assays tested, including those shown in C).

A similar rationale can be applied for the comparison between the assay
and conventional SERS spectra (without DBU-3M2B), both collected using
mM concentration of TNT (Figure 67B). In the conventional SERS spectrum,
broad peaks can be seen around 1350 cm’!, 1550 cm™! and 1600 cm’?, regions
attributed to the NO, symmetrical and asymmetrical modes, respectively. In
comparison, the same regions for the assay spectrum shows a number of

sharp peaks, with the dominant peaks in the 1350 cm™! region. An increased
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intensity is also apparent. One explanation could be due to the ability of the
assay to ‘capture’ TNT molecules bringing them to closer to the surface of the
AuNPs. Another possibility could be due to electrostatic interaction between
the Janovsky complex AuNPs, leading to the formation of small clusters of
AuNP ‘hotspots’. In SERS, the plasmonic coupling between nanoparticles in
close proximity can result in large electromagnetic field enhancements, which
can explain why AuNPs clustered together will give higher enhancements
compared with isolated particles. The enhancement of TNT at 1.46 mM was
compared between the normal and assay SERS. Using the 1350 cm™! peak,
an enhancement factor of 2.29 x 10* was calculated for TNT under normal
SERS conditions. The enhancement in the assay SERS was 2.03 x 10°.

To show the relationship between the SERS response and TNT concentra-
tion, a range of TNT solutions prepared at different concentrations (1.1 x 107
M to 5 x 107 M) were added to assay solutions containing DBU and 3M2B.
Figure 67C shows the resultant calibration graph plotted using the NO, sym-
metrical mode. The graph shows the intensity of the 1350 cm™! peak increased
with increasing TNT concentration. A linear relationship was observed over
the concentrations tested with a correlation coefficient value of R? = 0.99. The

corresponding spectra of all concentrations tested are shown in Figure 67D.

5.3.9 SERS spectra of DBU-3M2B assays with Tetryl

The DBU-3M2B assay with tetryl was also studied in a similar fashion (Figure
68). The assay spectrum was compared with the Raman and normal SERS
(without DBU-3M2B) and this is shown in Figure 68A. The Raman spectrum
was collected from recrystallised reference solution. Due to the low quantities

of material recovered, a weak spectrum was seen. However the main peaks
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were observed at 799 cm!, 825 cm!, 1360 cm™ and 1616 cm™!. The most
intense peak is attributed to the NO, symmetrical mode at 1360 cm™'. These
peaks were also observed in the conventional SERS spectrum (without DBU-
3M2B). Overall, there is good agreement between the between the Raman and
both SERS (normal and DBU-3M2B) spectra, which supports the detection of
tetryl. The enhancement of tetryl was compared between the normal and assay
SERS and is shown in Table 20.

Table 20: Calculation of SERS enhancement factors (EF) for tetryl at 1.34 <10 M.

Raman peak (cm ') Assignment SERS peak EF: SERS EF: SERS

(normal) (assay)
1360 NO;, sym 1373 8.43%x103 1.27x10*
1616 NO;, asym 1616 6.53x103 2.38x10%

Due to the limited Raman data available for tetryl, a sample of powdered
tetryl was analysed using ATR-IR in order to provide confidence in the identity
of the peaks observed (Figure 68D). The peak at 1073 cm’! is attributed to
the C-N and ring stretching modes. The peaks at 1340 cm™' and 1540 cm’!
are attributed to the symmetric and asymmetric NO, modes, respectively. The
peak around 1611 cm™! is attributed to the aromatic conjugated system. The
peak at 3086 cm™! and adjacent shouldering could be due to a combination of
CHj3 and CH stretches. These peaks are in good agreement with those reported
by Puiu et al. [413]. Both the NO; and C=C aromatic stretches appear in
the SERS spectra which indicate these modes are IR and Raman active. The
difference in the position of symetric NO, mode between TNT and tetryl could
be to the presence of the amine group exhibiting a small electron-withdrawing
effect as well as steric effects from the methyl groups acting on the proximal

nitro groups.
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Figure 68: Detection of tetryl using DBU-3M2B assays: A) DBU-3M2B assay using
tetryl (1.30 x 10* M), compared with SERS using AuNP and tetryl (1.74 mM, without
DBU-3M2B) and the Raman of solid tetryl, B) Plot of SERS intensity of the main tetryl
peak in each assay, against concentration in the range 10% M - 10 M. Logarithmic
fittings were performed to reveal the correlation between SERS intensity and concen-
tration, C) SERS spectra of assays tested, including those shown in B), D) ATR-IR
spectrum of solid tetryl. Red lines show the main peaks attributed to tetryl. Spectra
have been baseline-corrected and offset for clarity

To show the relationship between the SERS response and tetryl concen-
tration, a range of tetryl solutions prepared at different concentrations (1.0
x 10* M to 1 x 108 M) were added to assay solutions containing DBU
and 3M2B. Figure 68B shows the resultant calibration graph plotted using
the NO, symmetrical mode. The graph shows the intensity of the 1350 cm’!
peak increases with increasing tetryl concentration. A linear relationship was

observed over the concentrations tested with a correlation coefficient value of

R? = 0.99. The corresponding spectra of all concentrations tested are shown in
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Figure 68C and it can be seen there was good spectral consistency across all
concentrations tested.

The ability of DBU to form methoxide ions from methanol can lead to
subsequent reactions with nitrocompounds. This reaction pathway is sim-
ilar to the conditions required for a Meisenheimer reaction, which involves
attack of the arene species by a nucleophile. As such, it is possible that a
competition reaction exists in the current system whereby both Janovsky and
Meisenheimer reactions are taking place resulting in a number of Janovsky
and pseudo-Janovsky/Meisenheimer complexes. However, the quantity of
methanol in the current system is small, and so it is likely the Janovsky re-
action takes precedence. Identification of Meisenheimer complexes through
Raman spectroscopy have typically reported peaks around 2900 cm™!, which
are attributed to the due to the NH,* symmetric stretching, C-H stretching
and CH, asymmetric stretching modes [380], [414], [415], however, limited
data is available for Janovsky complexes. The long scan of each assay, in the
range 2000-3000 cm™!, is shown in Figure 69. For TNT (Figure 69A), two
peaks can be seen, at 2625 cm™! and 2927 cm™!. These peaks are absent in
the normal SERS spectra of TNT (without DBU-3M2B), collected at a higher
concentration of 2.2 mM. This further indicates the formation of a complex
between TNT and 3M2B enolate ion. Peaks at the same position are observed
only weakly for the tetryl assay and in the PA assay, only the peak at 2927
cm! is observed (Figure 69B). The SERS sample containing only DBU and
3M2B does not show any peaks. These results support the above UV-Vis and
SERS data in that TNT and tetryl can form a Janovsky complex with 3M2B,

whereas PA does not.
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Figure 69: Long scan SERS spectra showing possible identification peak for TNT
Janovsky complex: A) DBU-3M2B assay SERS spectrum (red) compared with the
normal SERS spectrum containing only AuNP and TNT (black). In both cases, the
concentration of TNT was 67 uL, B) Longscan SERS of the DBU-3M2B assays for
tetryl and PA, compared with the SERS of DBU-3M2B.

5.3.10 Applying DBU-3M2B assay to PIERS

The above results have demonstrated the use of 3M2B functionalised AuNPs
for SERS detection of nitroaromatic explosives. The nanoparticles were func-
tionalised using the thiol moiety of 3M2B which can subsequently interact with
TNT and tetryl through its enolate ion, forming Janovsky complexes. An added
advantage of using functionalised nanoparticles for detection is the ability to
bring analyte molecules closer to the surface of the nanoparticle, thus enabling
greater enhancement. Comparison with non-functionalised AuNPs showed
approximately 9 times enhancement of the Raman signal for TNT. Building on
this work, the functionalised AuNPs were tested using PIERS. As previously
described in Chapter 3, PIERS can be considered as ‘photo-induced SERS’
and involves the use of a photoactivated substrate which affords enhancement
through charge-transfer effects from the substrates to AuNPs. An improved
approach to PIERS was also developed, called m-PIERS, which involves the

use of a ‘mask’, placed over the photoactive material during irradiation. This
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produces two areas with different wetting properties and has the effect of
overcoming photo-induced superhydrophilic behaviour, a property inherent
in metal oxide semiconductors under certain conditions. This is useful for
controlling the spread of the deposited droplet, ensuring a greater number of
AuNPs over a smaller area and increasing the chance of hotspots.

In this section, the DBU-3M?2B assay was carried out using TNT at uM
concentrations. m-PIERS was compared against SERS with all samples depos-
ited onto Pilkington Activ™ (TiO,) as the photoactive substrate. Following
m-PIERS, the sample was kept in the dark in air for 1 hour before re-analysis
(post-PIERS). The results are shown in Figure 70, with each spectra represent-
ing an average of five positions. A clear PIERS enhancement can be seen and
the characteristic NO, stretch at 1350 cm™! is seen in all three spectra. How-
ever the dominant peak in all three spectra is at 1320 cm™! and it appears this
peak is dominant over the 1350 cm™ peak when TNT concentrations are low.
This trend was also seen previously, in Figures 67B and D. The post-PIERS
spectra was collected from the same area after leaving the sample in air in the
dark. A reduction in the intensity of the peaks can be seen and this suggests
a loss in PIERS enhancement which is due to the TiO, healing. Using the
NO, symmetrical mode of TNT, the calculated enhancement factor for SERS
and PIERS was 5.16 x 10 and 1.43 x 107, respectively. This shows there’s

approximately 3 times enhancement achieved using the functionalised AuNPs.

180



DUAL DETECTION OF NITROAROMATIC EXPLOSIVES

12000
10000 -
Post-PIERS

8000 -

6000

Intensity (a.u)

4000 ~
PIERS

2000 ~

0 - - A N MAA-/"/\/\’\/'\_M SERS

T T T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™

Figure 70: PIERS using DBU-3M2B and TNT (67 uM) using Pilkington Activ™.,

The SERS results in this study agree with the work by Milligan et al.
[416] who used 3M2B to functionalise AgNPs. Similar spectral features were
observed for TNT, with the characteristic NO, peak at 1300 cm™'. In the
study by Milligan, the NO, peak appears asymmetric, possibly suggesting the
broadened peak harbouring a number of overlapping peaks. This is also evident
in the current study, where a number of peaks are seen between 1300-1350 cm’!
(Figure 67B and 67D). Overall, enhancement of SERS signals were observed
for TNT and tetryl. The enhancement factor varies between molecules and
between peaks within the same molecule. This trait is common in SERS and is
due to the different coexisting mechanisms leading to chemical enhancement

[22], [415], [417].

5.3.11 Detection of TNT and tetryl using machine learning

Machine learning (ML) is a branch of artificial intelligence which uses al-

gorithms to extract patterns and features within data in order to make decisions.
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ML is becoming increasingly popular due to its ability to handle large data sets.
Spectral profiles from SERS can be complex to interpret and can be further
complicated due to orientation effects of molecules with respect to the substrate.
There has been interest towards applying ML to Raman and SERS data in many
fields [418], [419]. However, in explosive trace detection, ML has mainly been
applied to: ion mobility spectrometry (IMS)[420], colorimetry [98] and mass
spectrometry [421] data. Some examples of ML approaches towards SERS
data include work by Kalasung et al., who used Principle Component Analysis
(PCA) analysis for the detection of PETN using ZnO nanorod arrays decorated
AuNP substrates, achieving an accuracy of 56 % [335]. Biittner et al. fabric-
ated SERS substrates using UV-Nanoimprint-Lithography to produce a silicon
pillar array which was subsequently coated in gold. Principal components
were identified through singular value decomposition (SVD) and shown to be
able to differentiate TNT from perfume musks [422].

In this section, the SERS spectra from the DBU-3M2B assays was used
with common ML approaches to identify explosives. Partial Least Squares-
Discriminant Analysis (PLS-DA) was used, also known as Projection of Latent
Structures-Discriminant Analysis. PLS-DA is a well-established multivariate
classification technique [423], [424] and is particularly suited to noisy data
which contains many collinear predictor variables and one or more response
variables. This has led to its popularity in chemometrics. In PLS-DA, the
dimensionality of the predictor (X) variables is reduced by finding new latent
variables which best describe the variation in the response (Y) variables. In
this way, it can be understood as a “supervised” version of PCA.

A commonly used tool to assess the performance of ML classification
model is an N x N confusion matrix. Here, ‘N’ is the number of target classes

and the matrix compares the actual target values with those predicted by the
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machine learning model. The mean prediction accuracy of the PCA-LDA
classifier is 0.965 and the confusion matrix is shown in Figure 71. In addition,
high prediction accuracies can be seen for TNT (0.972) and tetryl (0.955) with
low levels of misclassification. The initial results show a successful application

of ML to differentiate two explosives with similar SERS profiles.
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Figure 71: Confusion matrix for the PLS-DA classifier. The numbers in the cells
correspond to the fraction of spectra that were correctly classified (diagonal) or
misclassified (off-diagonal).

5.3.12  Paper sensor

One important factor when transitioning an in-house sensor into a real-world
application is the ease in which analysis can be carried out in the field where
there might be limited access to specialist equipment. To demonstrate the prac-
ticality of the colorimetric assay described in this section, a paper sensor was
developed with analysis carried out using a smart phone camera and commer-
cially available colour recognition software (Figure 72). There are a number of
reasons for this approach. Firstly, the paper substrate demonstrates the assay

can function on a lightweight medium, replacing the need for cuvettes and
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minimising volumes of liquid involved. Secondly, the widespread availability
of smartphones is utilised here to carry out colorimetric analysis. And finally,

freely available software is used to demonstrate the versatility of the approach.

»
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/

Soak paper in Deposit TNT solution
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solution

Image using smartphone

RGB analysis

Figure 72: DBU-3M2B assays using paper sensor: A) Deposition of TNT, PA and
tetryl onto filter paper pre-soaked with DBU-3M2B solution, B) Deposition of TNT
at different concentrations (0-2.2 mM) onto filter paper pre-soaked with 0.1 M DBU-
3M2B solution.

The sensor was prepared by first immersing filter paper in 0.1 M solutions
of DBU and 3M2B overnight. The filter paper was then allowed to dry in a
desiccator. To confirm the selectivity of the test as observed in the previous
section, 5 uLL of TNT, tetryl and PA at uM concentrations, were deposited on
different areas of the filter paper. The results are shown in Figure 73A. Colour
changes were observed for TNT and tetryl which agree with the observations
in the UV-Vis measurements.

A second test was carried out whereby TNT at concentrations 0.02 - 2.2
mM were deposited onto strips of filter paper pre-soaked in DBU-3M2B.
To each dried piece of filter paper, 6 uL of TNT solution was pipetted and

allowed to dry. Colour change on the paper was observed almost immediately
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and complete within 2 minutes. As can be seen in Figure 73B, the range
of concentrations studied can easily be interpreted by eye. The tests were
photographed using a smartphone and the image processed using commercially
available software, ImagelJ [425]. Imagel, a freely available Java-based image
processing program, was used to process the digital images into colour intensity
values in the red (R), green (G), and blue (B) channels. This was possible
through the pre-installed colour histogram plugin. The image processing
steps required for colour evaluation were minimal and involved cropping out
the background so as to present only the droplet for analysis. All samples
were imaged under identical lighting conditions to ensure consistent image
analysis. From triplicate experiments and extraction of the RGB profiles, a
linear relationship can be seen between the averaged R/(G+B) value and TNT
concentration (R% = 0.96) for concentrations in the range 0.02 - 2.2 mM (Figure

73C)
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Figure 73: DBU-3M2B assays using paper sensor: A) Deposition of TNT, PA and
tetryl onto filter paper pre-soaked with DBU-3M2B solution, B) Deposition of TNT
at different concentrations (0-2.2 mM) onto filter paper pre-soaked with 0.1 M DBU-
3M2B solution.

This section has demonstrated the DBU-3M2B assay can be fashioned
into an inexpensive sensor and interpreted with ease. The assay was applied
to a paper substrate for facile recognition of TNT without use of analytical
instrument. Whilst colour differentiation was visible using the naked eye,
analysis was also carried out by using a smartphone and ImageJ software to

process the digital images. By analysing the RGB output, it was possible to

detect TNT in the range 0.02-2.2 mM. The results demonstrate the potential
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for in-field use of the DBU-3M2B assay for explosives detection. With further
streamlining of the image processing steps, it is highly feasible that an auto

image-processing algorithm capable of quantitative detection can be achieved.

5.4 CONCLUSIONS

This chapter has reported work using modified AuNPs to detect nitro explosives.
In the first half of the chapter, p-ATP was used to functionalise AuNPs for the
detection of TNT. Characteristic peaks for TNT were identified in the SERS
spectra due to the complex formed between DMAB and TNT. However, the
SERS enhancement was found to be inconsistent with respect to increasing
levels of TNT concentration. One reason could be due to the changes in the
absorption spectra observed on addition of TNT, which resulted in broadening
of the LSPR peak and the emergence of a secondary peak. This indicated there
was a change in the scattering properties of the AuNPs and likely a change
in the dispersity of the AuNPs due to aggregation induced by the interaction
between TNT and p-ATP.

In the second part of the chapter, an alternative approach to functional-
isation of AunPs was taken. In this two-step approach, a non-nucleophilic
base (DBU) was reacted with 3M2B to produce the equivalent enolate ion.
Addition of nitro explosives then led to the formation of a Janovsky complex.
A colour change was observed for TNT and tetryl. In the resultant SERS
spectra, characteristic peaks for each explosive were seen. In addition, peaks
were observed in the longscan of TNT and tetryl spectra but not in the PA
spectra which could indicate the Janovsky complexes for these two explosives.

The SERS spectra of the assay showed an improved enhancement of

TNT compared with normal SERS (without DBU-3M2B) and this is likely
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to be due to the formation of the Janovsky complex and the ability of the
assay to ‘capture’ TNT molecules, bringing them closer to the surface of
the AuNPs. The DBU-3M2B assay was applied to PIERS and the results
showed the combined use of functionalised AuNPs and PIERS to have a
greater enhancement effect compared to normal SERS and PIERS. This is the
first reported use of modified AuNPs in PIERS for the detection of explosives.
The SERS data was then used to train a a supervised classification method and
the results showed it was possible to achieve ~ 97 % prediction accuracy, with
only ~ 200 spectra. These results show a good proof of concept in applying
machine learning to SERS data. Finally, a colorimetric paper sensor was
developed using the DBU-3M2B assay. Identification of TNT and tetryl was
easily visible via the naked eye. TNT was deposited at different concentrations
and detection was achieved digitally by combining a smartphone and freely
available software. This is the first demonstration of a paper sensor using the
DBU-3M2B assay and the result provides a promising design for in-field use.

It is evident the 3M2B assay provides a better approach for detection of
explosives. Whilst the two approaches have not been compared like-for-like,
some general observations can be made on the mechanisms involved. In DBU-
3M2B assay, the nucleophile is an enolate ion whereas in typical meisenheimer
complex (as proposed in the use of p-ATP), the nucleophile originates from the
amine functional group of a neutral molecule. Since nucleophilicity increases
with respect to density of the negative charge, the enolate ion may induce
more successful attachment into the aromatic ring of TNT compared with
p-ATP. Also, the enolate ion could have preferential attachment at one of the
positions away from the methyl group of TNT, in which case bypassing the

steric hindrance which could affect the ease in which the complex is formed.
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These factors could facilitate a stronger complex and more distinctive SERS
spectra.

The DBU-3M2B assay has shown a promising approach for the detection
of nitroaromatic explosives. The current study is the first to report the func-
tionalisation of AuNPs using the DBU-3M2B pair and also the first study to
apply functionalised AuNPs for explosives detection using PIERS. Preliminary
results shown in the paper sensor shows the ease in which the assay can be
developed into a low-cost device without the need for expensive analysis equip-
ment. Automated detection can also be envisioned, as demonstrated by simply
using a smartphone for colour identification, as well as through open source
ML methods for SERS analysis. The latter has also shown the potential of ML
in identifying molecules with similar SERS profiles. Collectively, these results
shows the advantages of using SERS as a detection method for multi-analyte
detection of explosives.

A natural progression of this work would include testing of additional nitro-
explosives. Confirmation of the Janovsky complex through mass spectrometry
or nuclear magnetic resonance (NMR)-based approaches, would also provide
better mechanistic understanding. If evidence of Meisenheimer complexes in
the assay is also proven, this could enable the assay to be optimised to target
wider range of nitroaromatic explosives. Building a more extensive SERS
spectral library would significantly enhance the capabilities of the ML tool and

enable multi-analyte detection.
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6.1 CONCLUSIONS

The overall goal of the research in this thesis was to develop new methods
for the analysis of energetic materials using enhanced Raman spectroscopy
approaches. SERS and PIERS were chosen due to their potential for rapid and
non-destructive analysis at trace levels. The research was guided through an
initial literature review to survey current developments in SERS and PIERS
and which also enabled comparison with other techniques used in ETD. Three
workstreams were then identified, which focused on better understanding of
PIERS, developing a new PIERS substrate and developing a dual detection
assay for nitroaromatic explosives. The following sections summarise each

results chapter, detailing the highlights, relevance of the work and future work.

6.1.1 Studying PIERS using Pilkington Activ™

The aim of this chapter was to study the PIERS effect with the goal of improv-
ing the technique for trace analysis. Previous studies have reported numerous
PIERS active substrates and work towards understanding the mechanism has
included studying the lifetime of oxygen vacancies in different materials and
correlating the PIERS enhancement to photocatalytic activity. In the con-

ventional PIERS method, the enhancement decreases over time, showing an
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exponential-like decay. This is due to the healing of the metal oxide substrate
and the result is limiting for detection applications. Another limitation is
the light induced superhydrophilic property which is observed in some metal
oxide substrates. This is a problem because the activated film surface causes
droplets to spread across its surface which reduces the density of AuNPs and
decreases the number of hotspots which are crucial for high enhancement.
In this workstream, commercially available TiO; (Pilkington Activ’™) was
selected as a model substrate.

Initial studies were carried out to confirm the PIERS effect by studying
the charge transfer between TiO, and AuNP post irradiation. A characteristic
blue-shift was observed in the LSPR of AuNPs after UV irradiation followed
by red-shift back to a position close to the original LSPR position. This sup-
ports the PIERS enhancement originating from TiO, to AuNPs and the CT
process is temporary. The CT mechanism was further supported by introducing
a fluorescent dye, R6G, into the system. The Raman spectrum of R6G was
enhanced under PIERS. The fluorescence emission of R6G was shown to be
greatest when R6G, AulNPs and TiO;, were subjected to UV irradiation com-
pared with the fluorescence emission of R6G on each constituent component.
Next, PL was used to study the role of oxygen vacancies by observing the
change in the green emission peak in TiO;, associated with the formation of
oxygen vacancies in TiO,. Subjecting the sample to UV irradiation prior to
PL analysis resulted in enhancement of the green emission peak. To reduce
the healing rate of oxygen vacancies, samples were placed in a custom-built
chamber flushed with argon. Analysis under these conditions also showed
an enhancement of the green emission peak. These observations indicate the
role of oxygen vacancies to be important in the PIERS enhancement. PIERS

studies carried out using MBA under argon not only showed a significant
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enhancement compared with normal PIERS in air, but also the lifetime of the
enhancement can be extended for over 1 hour.

To overcome the light-induced superhydrophilic effect, a mask was placed
over the TiO, substrate during UV irradiation to create two areas with differ-
ent wetting properties. This approach, termed ‘m-PIERS’, gave significant
enhancement over normal PIERS and is due to the higher AuNP density on
the film leading to greater number of hotspots for PIERS. To demonstrate
the new PIERS techniques, detection studies were carried out using Raman
probe molecules MBA and R6G, as well as the pesticide thiram and explosives
triacetone triperoxide (TATP), hexamethylene triperoxide diamine (HMTD)
and trinitrotoluene (TNT), showing superior enhancements compared with

conventional SERS and PIERS.

6.1.2 PIERS using ZnO decorated with gold nanoparticles

The aim of this chapter was to demonstrate the PIERS effect using doped
Zn0 as a novel substrate. Previous work reported in literature showed better
enhancement with the use of crystalline ZnO. In this study, ZnO thin films
were prepared on a silicon substrate using CBD to produce uniform nanorod
structures with high crystallinity. Ag and Cu doped ZnO samples were prepared
to compare the effect of doping on PIERS activity. Samples were characterised
on a structural and elemental level using XRD, XPS EDX, Raman and PL.
The PIERS enhancement was compared using MBA and it was shown the
doped ZnO samples produced a higher level of enhancement compared with
undoped ZnO. The differences in the SERS and PIERS enhancement observed
is likely due to the subtle structural differences and possible mechanisms for

the enhancement were proposed. When compared with the two reports of ZnO
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PIERS substrates currently in literature, the enhancements seen in this study
are much higher. These observations can be attributed to a combination of
effects including: a crystalline film with polar preferential growth, high defect

concentration and presence of nanoparticles as sources of hot electrons.

6.1.3  Dual detection of nitroaromatic explosives

The aim of this chapter was to develop a dual detection method for explosives
using colorimetry and SERS which could then be used in PIERS. Initially,
a widely-cited approach was adopted, using p-ATP as the functionalising
ligand for AuNPs. However, the SERS enhancement was found to vary with
increasing TNT concentration, indicating inefficiency in the binding between
ligand and TNT. In addition, the properties of the AuNPs were altered on
addition of TNT which resulted in aggregation of the AuNPs. This limited the
effectiveness of the assay.

The use of an enolate ion was found to be more effective at adduct forma-
tion, resulting in a coloured Janovsky complex. The assay showed it was easy
to differentiate between TNT and tetryl through the naked eye and clear differ-
ences could be seen in the SERS spectra. The use of functionalised AuNPs
was also found to result in better PIERS enhancement compared to the use
of non-functionalised AuNPs. Real-world applications were demonstrated by
incorporating data from the assay to successfully train a machine-learning al-
gorithm and being able to conduct the colorimetric analysis using a smartphone

camera and freely available image analysis software.
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6.1.4 Summary of main successes

* Preliminary studies show it may be possible to extend the PIERS lifetime

by keeping the substrate in a low oxygen environment during analysis.

* A method has been developed to mitigate the effect of light-induced su-

perhydrophillicity by applying a mask to the substrate during irradiation.

* Preliminary studies show Ag and Cu doped ZnO to produce higher levels

of PIERS enhancement compared with undoped ZnO.

* First demonstrated use of functionalised AuNPs for PIERS for explosives

detection.

* Development of a colorimetric SERS assay for the detection of nitroaro-

matic explosives.

* Successful demonstration of ML to identify explosives using collected
SERS assay data, which is a promising indicator for the development of

a SERS sensor.

* Development of a colorimetric sensor using smartphone and freely avail-

able software.

6.1.5 Future work

As seen in the current work, drop-cast deposition results in the formation of
nanoclusters of different sizes. Improvements to the current SERS and PIERS
protocol could involve studying the arrangement of the AuNP nanoclusters in

order to tune the excitation laser wavelength to improve the resonance condi-
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tions and enhancement. This can be achieved by examining the morphology,
mass and optical properties. Further improvements could involve strategies to
control formation of the nanoclusters and engineering plasmonic hotspots with
well-controlled gaps.

The results seen in the current work and in literature shows the PIERS
lifetime varies between materials. A useful area of future research would be to
correlate the lifetime of the photoexcited charge carriers with the differences
reported between PIERS substrates. This can be achieved using sensitive
techniques such as Transient Absorption Spectroscopy (TAS). A longer life-
time would extend the ‘usefulness’ of PIERS as a sensor. A better approach
would be to eliminate the PIERS lifetime entirely. The PIERS lifetime and
enhancement can be improved by conducting experiments under a low oxygen
environment, indicating the environment can affect the PIERS activity. Further
development of this work should consider not only analysis, but irradiation
under a vacuum or inert environment. This would isolate effects from residual
oxygen and better inform the contribution of environment on PIERS. As eluded
to previously, the development of better PIERS substrates requires understand-
ing of the factors affecting PIERS and future PIERS work should also draw
inspiration from advances made in the development of photocatalytic materials.
Whilst many photocatalytic research focuses on improving the photocatalytic
activity of materials, there are many similarities in terms of the materials and
mechanism of action with PIERS.

Concomitant to overcoming the limitations of conventional PIERS, there
is also a need to optimise and develop new substrates. Further investigations
relating to the ZnO work could be understanding the effect of dopant concen-
tration on the PIERS enhancement. As seen in the mechanism proposed for

the Ag-ZnO sample, and evidence from XPS and XRD, the presence of Ag
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nanoparticles can further enhance PIERS due to the LSPR contributions. The
LSPR properties of the AgNPs were not characterised in this study but it would
be pertinent to identify the size, shape and optical properties. Varying the
concentration of dopant used in the synthesis, could also allow optimisation
of the size and/or shape of the Ag nanoparticles and further improve enhance-
ment. Better design of the ZnO thin films could lead to improvements in
PIERS enhancement and examples of modifications include: different patterns
(nanoparticles, nanosheets, nanoneedles etc...), surface modifications and use
of composite materials. Future work should also include testing the ZnO films
on non-conventional Raman probes.

The preliminary work describing the DBU-3M2B assay has opened up
many routes for further research. One prominent direction is applying the
assay to more nitro-based explosives and using the SERS data to build a more
extensive ML library. Focus can also be given to developing an ML approach
to read colorimetric data. This is highly feasible given the many solutions
reported in literature. Being able to use ML for both SERS and colorimetric
data would be highly advantageous and would form the basis of a detection

system.
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7.1 PUBLISHED PAPERS

The work in this thesis, in addition to related work not discussed, has been

published in several peer reviewed papers, listed below.

1. To, K. C., Ben-Jaber, S., Parkin, I. P., Recent Developments in the Field
of Explosive Trace Detection, ACS Nano, 14, 9, 10804-10833, 2020.

2. Panariello, L.; To, K. C.; Khan, Z.; Wu. G.; Gkogkos, G.; Damilos, S.;
Parkin, I. P.; Gavriilidis, A. Kinetics-based design of a flow platform
for highly reproducible on demand synthesis of gold nanoparticles with

controlled size between 50-150 nm and their application in SERS and

PIERS sensing. Chemical Engineering Journal 2021, 37, 129069.

3. Promdet, P.; Sathasivam, S.; To, K. C.; Dixon, S.; Guo, J.; Kafizas, A.;
Carmalt, C. J.; Parkin, I. P. Photocatalytic behavior of Zinc gallate and

N-doped Zinc gallate thin films. Materials Advances (submitted).

4. To, K. C., et al., Detection of explosives using enhanced Raman spec-

troscopy approaches and machine-learning (manuscript in progress).

5. Promdet, P.; Cui, F.; Quesada-Cabrera; To, K. C.; Hwang, G. B.; Shin

Juhun.; Carmalt, C. J.; Parkin, I. P. Cu nanoparticle embedded-ZnO
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nanoplate thin film for photocatalytic hydrogen production (manuscript

in progress).

. To, K. C., et al., Dual detection of nitroaromatic explosives using color-

imetry and SERS (manuscript in progress).

. To, K. C., et al., Characterisation of the PIERS effect using Pilkington

Activ™ (manuscript in progress).
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