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Abstract

A modular approach has been designed for the synthesis of labelled nanoparticle films
for targeted analyte detection using surface-enhanced Raman spectroscopy (SERS).
Interfacial self-assembly of citrate-stabilised silver nanoparticles and photo-deposition
of silver salts were employed as possible methods for the generation of reproducible
SERS surfaces. The ability to label the platforms with the rhenium complex
[Re(L1)(CO)3:Br] where L1 is (2,2-bipyridin-4-ylmethyl)-(1,2-dithiolan-3-
yl)pentanoate were also made and assessed using SERS. The complex shows an ability
to effectively label the structures via covalent interactions between the silver surface
and the dithiol group of the ligand, evidenced by SERS. The complex can modify and
position citrate stabilised nanoparticles at the interface between two immiscible liquids,
demonstrating that the Re(l)-modified metal liquid-like films (MeLLFs) and surface-
exposed nanosheets (SENS) provide a simple and reproducible method for the synthesis
of labelled SERS active surfaces.

The [Re(L1)(CO)sBr] complex, also displayed a selective spectroscopic response to the
presence of Hg?" in solution which is believed to be Hg-facilitated Br removal and
coordination of the solvent. This interaction was also observed using SERS after
treating [Re(L1)(CO)sBr] functionalised MeLLFs and SENS with organic and aqueous
solutions of Hg?*. This is evidenced by observable changes to the Re—CO vibration and
the appearance of a peak attributed to some form of Hg—Br interaction.

The Re(l) complex, [Re(L2)(CO)s(pyr)](PFs) containing a bis-(benzimidazole)-4,4 -
bipyridine, L2 showed individual photophysical responses to dihydrogen phosphate and
acetate in solution. HoPO4 causes a sequential quenching while OAC™ causes a “switch
off” of the emissive response. The [Re(L2)(CO)s(pyr)](PFs) and
[Re(L2)(CO)s(L3)](BF4) complexes, where L3 is N-(4-pyridylmethyl)lipoamide also
formed labelled MeLLF and SENS surfaces. Anion sensing was possible with the
SENS films. SENS treated with H.PO4™ showed changes to the complex fingerprint with
additional peaks attributed to the anion. The detection of OACc is evidenced by an
observed vibration and wavenumber shift of ligand specific vibrations attributed to the
hydrogen bonding interaction between the complex and anion.

The complex, [Re(L4)(CO)3(L3)](BF4) where L4 is dipyridophenazine was synthesised
and used to form the interfacial MeLLF and SENS surfaces. Attempts at SERS detection
using [Re(L4)(CO)3(L3)](BF4) and [Re(L2)(CO)3(L3)](BF4) SENS platforms for the
detection of DNA were made using the SENS platforms. This was unsuccessful
however, there is opportunity for further investigation.
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Introduction

1.1 Introduction

Humanity’s curiosity regarding the world around us has long driven the need to
measure. This has influenced the development of sensing technologies that can monitor
changes in our environment, detecting subtle differences and generating information.
They help us to detect physiological differences in the human body, a notable example
being the monitoring of blood sugar levels in patients with diabetes, allowing to take

preventative measures thus reducing the risk of life threatening complications.? 2

Chemical sensors, defined as a device that converts chemical information to a signal
that can be observed, are fundamental for detection of a range of compounds in both
biological and environmental settings, from disease biomarkers to explosive materials.>
® Colorimetric and fluorescence-based approaches have been widely used as they can
be easy to perform and offer quick response times for relatively low cost in comparison
to complex lab-based techniques.® However, these methods are not without their
disadvantages; they are often solution-based and require on-site preparation that can be
susceptible to conditional changes and sampling errors. These issues have led to the
investigation of new approaches that are offer reproducibility with lower limits of
detection that can also be taken out of the laboratory and used effectively in the real

world.

Surface-enhanced Raman spectroscopy (SERS) utilises the characteristic properties of
noble metal nanostructures to enhance the observed Raman scattering of an irradiated
target. Consequently, SERS-active materials can be employed as novel sensors that
detect molecules via the Raman fingerprint specific to the analyte in question. A
significant advantage of SERS in comparison with colorimetric and fluorescence-based

sensing is the quantity of spectral information that can be acquired (Fig. 1.1). However,

Joshua N. Lea - May 2022 2



Introduction

the obstacles that have prevented the widespread use of SERS sensing in real world
applications are poor reproducibility and vulnerability to contamination.” This is
particularly problematic due to the inherent high sensitivity of the technique.
Furthermore, SERS sensing is often conducting using silver and gold nanoparticle
shapes without any form of Raman reporting molecule bound to their surface. These
label-free strategies are reliant on the analyte being in close proximity to the surface
and, even then, it is somewhat limited by the Raman activity of the molecule, which in

many cases can be quite small.

1
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Figure 1.1: The fluorescence spectrum (-) and SERS spectrum (=) of [Re(bpy)(CO)sBr], highlighting
the difference in spectral information obtained by the two techniques.®

Resolving these issues are paramount if SERS-based sensing is to be successful. The
comprehensive review of SERS by Langer et al. describes the current state of the
technique and outlines what needs to be accomplished for it to considered in both a
laboratory and real-world setting.® Some of the relevant concepts identified are the need
for reproducible and rational design of substrate fabrication for targeted analysis in real
environments. Certain limitations have already been overcome, for instance the
problems of label-free sensing can be rectified to some degree through the integration
of a molecular label to the SERS substrate. This functionalisation can provide a

“spectral signpost” which can aid the observation of the target via molecular

Joshua N. Lea - May 2022 3
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interactions. Combining tailored molecular sensors with simply made SERS substrates

could be a way to develop this technique so we can use it to its full potential

Joshua N. Lea - May 2022 4
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1.2 Interactions of Light and Matter

1.2.1 Absorption and Emission

Matter, when irradiated with light may absorb, scatter, or transmit the photons. These
processes can provide us with meaningful information on the properties of the material.
The absorption of light can induce energetic changes in a molecule. They exist in an
initial or ground state and upon exposure to photons, can be excited to higher energetic
states, if the energy of the photon corresponds to the energy gap between ground and
excited states. The energy of the photon is determined by the wavelength, the relation

of which is given by the following equation:

E=— (1)

Where Eis photon energy, A is Planck’s constant, ¢ is the speed of light in a vacuum
and A is the wavelength of the photon. Absorption spectroscopy is a collective term for
techniques that measure the absorption of radiation and the transition between energy
levels. As such, absorption spectroscopies can be performed using irradiation sources
from across the electromagnetic spectrum with different wavelengths corresponding to
different energetic changes. An example is UV-Vis spectroscopy which studies the
electronic transitions of molecule that occur when irradiated with wavelengths of light
through the UV and visible range. The energetic transitions in this instance correspond

to the promotion of bonding and non-bonding electrons to higher energy orbitals.°

The relaxation of a molecule back to the ground state is also a subject of interest. This

relaxation can occur through the emission of a photon of a corresponding wavelength.

Joshua N. Lea - May 2022 5
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Emission can be both stimulated and spontaneous and can occur via two processes,
fluorescence, and phosphorescence.’? these two processes are dependent on the spin
multiplicity of the ground and the excited states (Fig. 1.2). The simplified Jablonski
diagram illustrates the transitions of both processes. Fluorescence is a process involving
non-radiative decay from the upper vibrational states before a radiative decay from the
excited vibrational state back to the ground state. In this case, both states have the same
multiplicity. The change in energy due to vibrational rearrangements processes mean
that the photon released through fluorescence is lower in energy than the initial
absorption. Phosphorescence initially begins with a similar non-radiative decay,
however intersystem crossing from the singlet to a triplet state can occur if there is
overlap between them. Non-radiative transitions continue in the triplet state until it can
relax back to the ground state, resulting in the observed emission. As a result,
phosphorescence has a longer lifetime as the multiplicity means the transition back to

the ground state is spin-forbidden.

Non-radiative decay

Tl \\' Non-radiative decay

Absorption Fluorescence Phosphorescence

So

Figure 1.2: A simplified Jablonski diagram that illustrates the processes of fluorescence and
phosphorescence
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The fluorescence of a molecule, or fluorophore, is associated with the structural
components of the molecule in question. Inducing changes to a fluorophore is the basis
for fluorescent sensing. The review by de Silva et al. offers a comprehensive view on
the mechanisms responsible.!* Fluorescent sensing has become incredibly diverse with
systems showing recognition of target analytes ranging from heavy metals to

explosives.!?™® This topic will be discussed in greater detail in a later section.

1.2.2 Scattering Processes

Another interaction between light and matter is scattering. Scattering occurs when a
photon distorts or polarizes the electron cloud of nuclei into an unstable virtual state
followed by the quick re-emission of a photon. The unstable state often induces no
movement in the nuclei therefore the scattered photon exists at similar energy. This is
more commonly referred to as elastic or Rayleigh scattering (Fig. 1.3). In rare cases (1
in every 106-108 photons), this virtual state does induce movement in the nuclei which
alters the energetic state of the molecule and the corresponding energy of the scattered
photon. This is more commonly referred to as Raman scattering. Two forms exist which
are dependent on the energetic origins of the molecule prior to irradiation. Stokes
scattering is defined as the scattering that occurs when the molecule begins in the
ground state. Anti-Stokes scattering is the scattering that occurs from a molecule that

begins in a higher vibrational state.
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e G

Virtual states

e ek e e Sl
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Y A 4

Vo

Anti-Stokes Rayleigh Scattering Stokes

Figure 1.3: A diagram displaying the origins of Stokes and anti-Stokes scattering.

Raman scattering can be explained through classical theory.’® The electric field

strength, E of the electromagnetic wave changes with time ¢

E = E,cos2my,t (2)

Eo and w correspond to the vibrational amplitude and the frequency of the laser
respectively. When a diatomic molecule is irradiated by this light source, it induces an

electric dipole moment, P.

P = aE = aE, cos2nvyt (3)

a is a proportionality constant which is given as polarizability. If the molecule is
vibrating with a frequency given by vm then g, the nuclear displacement, can be

presented:

q = qo cos2mv,, t 4)

Joshua N. Lea - May 2022 8
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qo is the vibrational amplitude and when amplitude is low, a is a linear function of g
and can be presented like so:

= +(a“) F (8
a = ay aqOCIO

ao is the polarizability at the equilibrium position and (da/dq)o is the rate of change of

a with respect to g at equilibrium. Combination of equations 2, 3 and 4 gives:

P =agE, cos2mtv,t

+1(0a
2

—) qoEolcos{2m(vy + v,,)t} + cos{2m(vy — v, )t}] (6)
aq/,

The first term of this final equation corresponds to the Rayleigh scattering frequency
(agE( cos2mvy t). The Stokes and Anti-Stokes scattering vibrations are represented
with respect to the difference in their frequency by the terms, cos{2n (v, + v,,)t}and
cos{2m(vy — v, )t}respectively. The intensity ratio of Stokes and Anti-Stokes is
affected by the number of molecules existing in either the ground and excited states

which can be determined using a Boltzmann relationship.’

N. gn [
— =—exp

_(En - Em)
N, 9nm kT ] (7)

Where, Mmand Ny are the number molecules in the ground and excited vibrational
energy states respectively, and g is the degeneracy. (E,, — E,;,) corresponds to the
difference in energy between the vibrational level at temperature 7. kis Boltzmann’s

constant.
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Resonance Raman (RR) scattering occurs when the frequency of the incident radiation
is close to the frequency of an electronic transition within the molecule resulting in
increased scattering.!® Schematic representations of RR and absorption are very similar
as both involve the transition to an excited energetic state (Fig. 1.4).1° However, a key
difference with RR is that scattering is a much faster process and therefore different to
absorption. This resonant state increases the Raman scattering, resulting in enhanced
intensities relative to the normal Raman response. This enhancement is only available
to the modes belonging to the chromophore in the target molecule. It is for this reason
that RR is employed for the study of materials containing transition metals and more
specifically, metal-containing biomolecules.’® However care must be taken as the
excited state generated in RR, can be problematic. The relaxation back to the ground

state may also result in non-scattering processes such as fluorescence which can mask

Raman active features.

=W

3
2
1

o
<%
-
%

™
el

E,

Fluorescence v=0

pajeyu| |
y3olAey
Sa)01S
$34035-1uY
ysiajhey
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SIN0IS-IUY

Figure 1.4: A diagram to compare the energy levels of Raman, resonance Raman and fluorescence. 6
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1.2.3 Surface-enhanced Raman Scattering

Raman scattering responses are considerably weaker than other optical processes as
scattering occurs from approximately 1 photon in every 10° — 108 absorbed. This often
results in Raman-active vibrations being unobserved or lost due to the fluorescence
induced by irradiation. Resonance Raman does offer a degree of enhancement however,
this is reliant on the frequency of the monochromatic incident light matching an
electronic transition. Surface-Enhanced Raman Spectroscopy or SERS is the
enhancement of Raman scattering processes resulting from an interaction between the
molecule and an enhancing surface. When a molecule is in close proximity to a SERS-
active surface, the scattering observed from that molecule is enhanced. The first
instance of such enhancement was reported by Fleischmann et al. when they reported
the Raman spectrum of pyridine adsorbed to a silver electrode however, the nature of
the enhancement was not fully understood at the time. Further investigation led to what
is now the commonly agreed theory of SERS which involves two distinct mechanisms,
electromagnetic and chemical enhancement.?%?2 A brief overview of both mechanisms
will be given here, however more complete presentations of enhancement theory can be

found in the literature.23-2°

Joshua N. Lea - May 2022 11
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Figure 1.5: A representation of the SERS enhancement contributions of both mechanisms. Reproduced
from the article by Jenson, Aikens and Schatz.?*

1.2.3.1 The Electromagnetic Mechanism

The electromagnetic mechanism (EM) of SERS is a result of two enhancement
contributions, more commonly referred to as the local field and the radiation
enhancement.?! %6 27 | ocal field contributions utilise the electric field enhancement
resulting from the excitement of oscillating delocalised electrons or surface plasmons
situated at a metal surface by the incident light. This process can enhance the local field

strength, Exc of the molecule located at point rm, given by the equation:

(8

Eoc ((1)0, rm) =91 ((1)0, rm)EO (0’0)

Where gz is the enhancement factor of the incident field strength Ea. This enhanced local

field produces a stronger oscillating dipole at the Raman scattering frequency w,.,:

Pm(wO:rm) = al(wR'rO)Eloc(wO'rm) (9)

Where o is the Raman tensor specific to the molecule in question. The resulting power

enhancement factor, M,,. at rm is given by:

2
Eloc (wOr rm)

E¢(@wg, ") 10

Mloc(wOrrm) = |g1|2 =
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This localised electromagnetic enhancement is therefore directly related to the localised
surface plasmonic resonance (LSPR) of the material which is an intrinsic property of
nanomaterials. Ag and Au nanostructures are popular choices for designing SERS-
active surfaces because their LSPR sit within the visible and near-infrared region hence
excitation can be readily achieved using laser sources. This LSPR is also dependant on
the size and shape of the nanomaterial in question which has led to experimentation into

nanoparticle synthesis.

Radiation enhancement also contributes to the overall enhancement that comprises the
electromagnetic mechanism. The radiation characteristics of a dipole are affected by its
immediate surroundings. The radiation enhancement factor Mzaqd can be defined as the
ratio of the power radiated in the nanoparticle environment Praq, With respect to a
vacuum Py can be presented as:

PRad
Py

Mpaq(wo, Tr) = (11)

Which can then be approximated using the optical reciprocity theorem:

2
Eloc (wO' rm)

Eo(wo, T4) (12)

MRad (wO' rm) ~

The total enhancement resulting from both contributions at position rm can be

approximated by

4
Eloc(wo' rm)
EO (wOl rm)

2
Eloc(wo' rm) -
EO (wOl rm)

2
Eloc(wo' rm)
EO (wOI rm)

~

EF((D(), (A)R,Tm) ~

~ |E[*  (13)
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A more detailed breakdown of both the local field and radiation enhancement can be

found in the work by Le Ru and Etchegoin, and other similar publications.?"?°

1.2.3.2 The Chemical Enhancement Mechanism

The chemical enhancement mechanism (CM) of SERS are the enhancement
contributions that are not a direct result of LSPR interactions but related to the
interaction with the electronic properties of adsorbate-surface. Enhancement via CM is
significantly smaller in comparison to EM, however the processes involved have
accounted for observations that do not fit with LSPR related models including the SERS
activity of materials like graphene.®® 3! The contributions of CM can be divided into
resonant and non-resonant interactions between the bound molecule and the surface.
Non-resonant chemical enhancement is due to ground state interactions and are not

associated with the excitation of the system,32 33

The resonant contributions to chemical enhancement are related to the charge transfer
and molecular resonances of the molecule-metal system are explained through
Albrecht’s work on resonant Raman scattering.®* The first of the resonant contributions
stems from the metal-adsorbate interaction when a molecule is in close proximity to the
surface. A requirement is to have an energetic overlap between the Fermi level of the
metal substrate, and either the highest occupied molecular orbital (HOMO) or the lowest
unoccupied molecular orbital (LUMO) of the adsorbed molecule. Excitation can then
result in electron/hole transitions between the surface and the adsorbate. This transient
state and the resulting movement of electrons significantly alters the polarizability of

the molecule resulting in enhancement.
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The second contribution is the resonance Raman contribution where, as previously
discussed, the frequency of the excitation light is resonant with a molecular transition.
Lombardi and Birke account for both the charge-transfer and resonance Raman
contributions giving a total or unified enhancement of resonant contributions,

combining the molecular transition (K7) and the charge-transfer transition (FK).2* %

Rpk(wg)

_ Bribrghie(ilQlf)
((e1(w) + 2€0)% + €3) ((“’%K — w?) + Y%'K) ((“’%K — w?) + Y%K))

(14)

The denominator is the product of the three terms, the first of which, ((e;(w) + 2¢€0)? + €2),
denotes the surface plasmon resonance at ex(w) = -2eo Where e is the dielectric constant
of the metal and & is the dielectric constant of the medium. The second term,

((wg,( - w?) + yg,(), represents the contributions from the charge transfer resonance at w
= wx of potential Fermi-energy transitions. Finally, the third term, ((w} — »?) +v%0)),

represents the molecular resonance at w = wix which is inherent to the molecule. The
numerator that couples the resonances provides the selection rules for SERS. The term
he(ilQilf) Where relates to the Herzberg-Teller contribution. pg; and pgg correspond to
products of the dipole transition moments of the molecular transition (x7) and the
charge-transfer transition (£x). The terms ug; and pupg are dependent on the orientation
of the molecule with respect to the surface which is known to affect the observed SERS

fingerprint of a given molecule.®

The fulfilment of the final term in the denominator, ((w%K—w2)+y§K)), means the

process will be Surface-Enhanced Resonance Raman spectroscopy or SERRS. SERRS

can present greater enhancement due to a coupling of the conventional SERS
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mechanisms with regular resonance Raman enhancement. First reported in work
investigating [Ru(bpy)s]** complexes adsorbed on silver electrodes, further
development has led to the use of chromophoric dyes, such as rhodamine 6G, as Raman
tags for assessing the full enhancement capabilities of SERS substrates.®® 37 It is
important to note that SERRS does not require the direct match between the incident
beam frequency and the electronic transition which makes the technique more

applicable.®

Molecular structures of biological relevance have been widely studied using
conventional resonance Raman (RR) and that has translated into SERRS. The review
by Kitahama and Ozaki discusses SERRS as a method to research an array of biological
systems and how the scattering responses compare with the observed RR. They also
detail how SERRS has been applied for the sensitive detection of hemezoin, a waste
product of the malaria parasite, serving as an example for possible biomedical
applications of the technique.®® One advantage of SERRS is that the response is
dominated by the bands associated with the chromophore. Additionally, the binding of
optically active species to noble metal materials is known to quench fluorescence

meaning signals that would usually not be visible, can be seen.®
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1.3 The Nanoparticle

1.3.1 Introduction to Nanoparticle Synthesis

The prefix “nano” represents 10 of whatever unit of measurement it precedes so it is
accepted that a nanoparticle (NP) has dimensions between 1 and 100 nm where 1 nm is
equivalent to 1 x10° m. Our understanding and appreciation of nanotechnology has
grown significantly since it’s conceptualisation by Feynman in his lecture 1959 “There
is plenty of room at the bottom”.*’ The construction of nanomaterials can be achieved
by either “top down” or “bottom up” methods. Many reported nanoparticle syntheses
align with the “bottom up” principles outlined by Drexler where larger structures are
built from smaller components.** Taniguchi coined the term “Nanotechnology” also
outlined the principle of “top down” approaches built upon miniaturisation and
precision machining or larger structures.*? Techniques such as lithography have been
widely employed for many years, however such methods are reaching the limits of

economic effectiveness and physical potential 3

The attraction of bottom up approaches lies with the simplicity and cost effectiveness
they offer in comparison to top down methods and have now developed to the point
where NPs can be generated from many different starting materials, both organic and
inorganic in nature. Size and geometry can be controlled through manipulation of the
experimental conditions which has resulted in the formation of various different
shapes.** Control of size and geometry on nanoparticle structures is particularly
important with respect to SERS as both parameters have significant impact on the
wavelength of the associated LSPR. Such control can be established in many ways and

one example is through synthetic control via the introduction of a stabilising agents that
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provide shape control by limiting growth to one crystallographic face. Development of
this principal has led to the synthesis of multicomponent and composite NP systems
including cluster-like and star shaped nanoparticles along with core-shell and Janus

nanoparticles.*

Figure 1.6: a) TEM images of gold nanostars produced by varying the concentration of
dimethylamine.*¢ b) Quasi-fractral nanoparticles that are synthesised by modifying the temperature of
procedure.*’ ¢) Core-shell Au@Ag nanoparticles made by the successive addition of AGNOsin the
presence of ascorbic acid. Taken from literature.*6-48

1.3.2 LaMer Theory of Bottom up Nanoparticle Synthesis

Several mechanisms exist that offer explanations of the underlying processes of
nucleation. The LaMer theory develops the classical nucleation ideas presented by
Becker and Déring, and applies it to the concept of nanoparticle synthesis.**- “Burst
nucleation”, as dictated by LaMer, can be broken down into three separate stages, the
first of which is the generation of the nuclei through homogeneous nucleation processes
(Fig. 1.7). With respect to noble metal nanoparticles (NMNPs), this is often the
reduction of the metal salt or acid (Stage I). The concentration of nuclei will continue
to increase where it will reach a critical supersaturation level until the activation energy
of nucleation is surpassed. At this point, burst nucleation will begin, causing a decrease
in the supersaturation level and the start of the growth (Stage Il). Homogeneous

nucleation does still occur however the newly formed nuclei now diffuse towards the
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growing particle surface. It is at this point where nucleation become heterogeneous
(Stage I1). Heterogeneous nucleation is assumed to take place at areas where the
effective surface energy is lower allowing for nucleation at that point.> In the case of
NMNPs, evidence suggests that the growth pathway begins with the formation of
smaller clusters which coalesce into the larger NPs.*® Other theories exist that explain
the growth mechanisms of other NP colloidal systems, however they are not discussed

further here.>3

Critical limiting supersaturation
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Figure 1.7: A schematic diagram based on the original work by La Mer, displaying the three stages of
nucleation.5% 52

1.3.3 Stabilising the Colloidal Suspension

Stabilisation is an important factor in colloidal synthesis, providing control to the
growth of the colloid. Uncontrolled growth will inevitably lead to an unstable
suspension and agglomeration of the colloid resulting in sedimentation. Stability is
achieved often through electrostatic stabilisation as a result of the surface charges

present at the surface of the particle. Von Helmholtz first identified the electric double
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layer that exists between a charged species or particle and the electrolyte surrounding
it. The model was later significantly improved by Gouy and Chapman as the diffuse
charge distribution was accounted for. They outlined that this charge distribution
reduced exponentially as distance from the surface increased. The Stern-Graham model
takes a slightly alternative look at this model by splitting it into two parts (Fig. 1.8). The
first part being a layer of strongly adsorbed counterions on the surface and the second
being the diffuse arrangement of counterions outlined by Gouy. This electric double
layer results in the electrostatic repulsion that allows for particles to remain separate

and avoid aggregation.

®
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®

Metal Surface
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Figure 1.8: A basic diagram illustrating the Gouy-Chapman-Stern-Graham electric double layer model
the surface of a nanoparticle surface

The Derjaguin-Landau-Verwey-Overbeek or DLVO theory states that the total force
between colloidal nanoparticles, Wr,.q; at an interparticle distance, (D), is a balance
between the attractive van der Waals forces, W (D), and the repulsive interactions
generated by the electric double layer (EDL), W,.(D), resulting in the suspension of
particles in the chosen media.>?.

Wrotar(D) = Wo(D) + W,.(D) (15)
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Van der Waals forces of attraction result from transient dipoles that can occur in a
molecule which then induces a dipole in surrounding molecules. When approaching
larger examples such as NPs, one must consider for all the interactions that occur within
the large-scale system.1% °2 56 The Hamaker constant, where p, and p, is the number
density of the two particles and C, is the London coefficient, is a solution to this as it

considers the interactions of two significantly larger, identical bodies;

A=m?p,p,C (16)

This allows us to quantify the interaction potential between them. Where W, (D) is the
interaction energy between the two identical particles of radius, R, at an interparticle

distance, D.

m?p,p,CR AR
W, (D) = — = — 17
a(D) 12D 12D 17)

The nanoparticle repulsive force, W,.(D), takes into account the thickness of the EDL,
or Debye length, 2 = (k1) and the distribution of the electric surface potential, 3, of

each particle of radius, R.*
W,.(D) = 2megyRp%exp(—kD) (18)

Where D is the interparticle distance, € and g, are the dielectric constant and
permittivity of a vacuum respectively. This means that equation (14) can be rewritten

using equations, (15) and (16) to give:

AR
Wrota(D) = Wo(D) + W, (D) = ——— + 2megoRpsexp(—kD)  (19)
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Plotting the resultant sum of the van der Waals attraction and the electrostatic repulsion
with increasing distance results in the total interaction potential that exists between two
species (Fig. 1.9). A noticeable maximum is observed at small distances which is the
activation energy that prevents aggregation. The position of this maximum can be
altered through change in the ion concentration. An increased counterion concentration
results in a decrease in the EDL which in turn results in a loss of electrostatic repulsion
meaning the colloid loses stability. Particle size also impacts colloid stability due to it
proportionality with the repulsion potential therefore the DLVO potential increases with

particle size.>®

% — W,(D)
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Figure 1.9: A schematic representation of the total interaction, van der Waals attraction and electric
double layer potentials.>?

The use of counterions and the electrostatic repulsion they generate has been highly
beneficial with respect to noble metal NP synthesis. The most popular procedures for
the formation of colloidal silver and gold nanoparticles are reliant on the reduction and
stabilisation by trisodium citrate.>” °® An advantage of using citrate is that it reduces the

metal precursor, encouraging seed formation and provides the stabilisation through the
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formation of a surface potential. Size and shape control of such systems can be
introduced through seed-mediated growth control methods that generates NPs that vary
greatly in appearance.®® Ascorbic acid also demonstrates a mildly reducing capability,
however unlike citrate, it requires the presence of a secondary stabilising species to

successfully stabilise a colloidal suspension.®® 6!

1.3.4 Steric Stabilisation of Nanoparticle Colloids

Steric stabilisation can also be used to stabilise a nanoparticle against aggregation. This
is achieved through the strong adsorption of larger molecules to the particle surface. By
fully coating the NP, the attractive van der Waals forces are screened due to the
interparticle distance created. With respect to the DLV O theory, sterics can be assumed
to be an additional term that contributes to the overall repulsion potential and thereby

contributing to the total interaction potential.>?

WTotal(D) = Wa(D) + Wr(D) + Wsterics (20)

For suitable steric stabilisation to be appropriate, a species should bind strongly to the
surface and provide interparticle distance without initiating any other activity that may
result in particle interaction. The most popular approach for the binding and stabilisation
of NMNPs is the use of thiol containing species. It is believed that a strong covalent
interaction exists between noble metal surfaces that is similar in strength to that of an
Au-Au bond, allowing self-assembly of a thiolated monolayer.%? The Brust-Schriffrin
method is a notable example, using long chained organic thiols to strongly bind to gold

nanoparticles (AuNPs).%3
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A possible disadvantage is the requirement of organic solvents and toxic reducing
agents like NaBHj4 potentially limits further application of such systems in a biological
setting.%* Consequently, the capabilities of using the steric stabilisation of more
biologically appropriate thiol containing compounds has been investigated. The use of
thiolated poly(ethylene glycol)-NP systems are widely reported particularly in
biomedical fields as poly(ethylene glycol) (PEG) improves the biocompatibility.®>°
Functionalisation of such species requires the displacement of the citrate allowing for
the adsorption of the binding moiety.”* Other binding mechanisms do exist which has
resulted in a diverse range of polymer stabilised nanoparticles that demonstrate
interesting properties with recent reviews highlighting a range of possible catalytic,
sensing and antimicrobial applications.”>"* Additional examples of capping agents
include oleyl amine and substances derived from biological entities which have enabled

further functionalisation for adaptable applications.”>"’

HOOC-CH,-SH

EDC/NHS

mPEG-NHS

mPEG

Figure 1.10: The synthesis of PEG-functionalised AuNPs described by Zhang et al. Reproduced from
literature.®
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1.4 SERS-based Sensing Using Functionalised Nanoparticles

SERS-based sensing and detection has profited greatly from noble metal
nanostructures. Two main strategies exist defined by the interaction of the analyte with
the SERS surface. Label-free methods are reliant on the target molecule being near the
nanoparticle which when irradiated, generates a specific response of that particular
molecule. This can be useful in a biomedical context when analysing larger molecules
such as nucleic acids and proteins.”® The second technique is built upon the ideas of
surface functionalisation highlighted earlier, whereby a label is introduced to the
nanoparticle surface that has a characteristic response. Detection occurs through
interactions between the label and target and corresponding changes to the Raman
spectrum of the label.”® By attaching a variety of labelling species to nanoparticles,

researchers have been able to use these methods for detection of different analytes.

Several systems have been designed for the control of pesticide and pollutant
contamination in the environment. A polymer coated silver nanoparticle (AgNP) system
described by Li et al. which is able to detect pyrethroid insecticides to a limit of
0.013 umol L1.8% Detection of the pesticide proceeds by the selective adsorption of the
target molecule into cavities of the polymer coating where it can be recognised through
a characteristic Raman band at 1595 cm™. Gold nanorods functionalised with
cysteamine have also been employed for the sensitive detection of another popular pest
control, acephate (Fig. 1.11).8' The cysteamine-functionalised nanorods captures the
target through formation of N-H-N bonds which is observed via the appearance of SERS
peaks associated with acephate at 358, 400, 560 and 692 cm™. Both examples illustrate
the practical potential for the detection of environmental contaminants in crops as

measurement can be achieved in relatively short timeframes.
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Figure 1.11: A representation of the cysteamine capture of acephate proposed by Weng et al.%!

Heavy metal contaminants are another example that have been detected by SERS
systems. Recently, a capillary system lined with 4,4’-bipyridyl functionalised AgNPs
detects mercury ions.®? The coordination of 4,4’-bipyridine with Hg?* results in a
dissociation of the bipyridine from the AgNP surface, leading to an observed decrease
in the SERS response. Host-guest interactions can also be utilized for Hg?" detection
purposes. Wu, Yang and Wang detail the use of an azathia crown bound to Au@SiO>
core-shell particles (Fig. 1.12).8% Chelation of Hg?* with the sensor is observed by the

appearance of a peak corresponding to the newly formed Hg-S bond at 270 cm™.

.

o F
e
L 4

Figure 1.12: A representation of the azathiacrown-NP system that has a host-guest interaction with
ng+l83

Several procedures utilise complementary DNA interactions for Hg?" sensing,
displaying successful detection claiming sensitivities as low as 1 x1071¢ M.848¢ The

DNA binding interactions are induced by Hg?* as it binds between the thymines situated

Joshua N. Lea - May 2022 26



Introduction

on the Raman label and the NP. An example of this is an oligonucleotide-functionalised
magnetic silica@Au core shell nanoparticle system (Fig. 1.13).8” The system relies on
the presence of two NP structures, the thymine-rich core-shell nanoparticle that
possesses a magnetic core and AuNPs with partially complementary sequences bound
to the surface. The DNA@AUNP system also contains a Raman reporter for recognition
of the interactions. The resulting composite formed after Hg?* coordination can be
removed magnetically and tested. Interestingly, the system can also be tuned for Ag*
detection by including cysteine-rich sequences meaning simultaneous detection can be

achieved.

L
/ oY o
Hg?*/Ag* % ;
—_— . s \2%
\ s Y =0
DNA-Au nanoparticles Raman labelled DNA- \ ~ N
Au nanoparticles - \ S aN

Figure 1.13: A schematic representation of the synthesis of magnetic core-shell nanoparticle systems.
Reproduced from literature.®”

Functionalised NPs have also been reported for the targeted SERS detection of
biomarkers that are associated with a number of diseases. Improving the detection
capabilities of such biomarkers could contribute greatly to the successful diagnosis of
associated diseases. An aptamer-based sensor has demonstrated the capability to detect
the prostate specific antigen (PSA), the blood level of which can be an indicator of
prostate cancer.®® The system is a core-satellite design that is centred around the
association of AuNP satellite with a magnetic NP core and the presence of PSA induces

dissociation via more favourable interactions with the satellite (Fig.1.14). The magnetic
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core can be drawn from solution leaving the dissociated satellites in the supernatant
where SERRS measurements can be taken. The change in SERRS intensity has a direct

correlation with the concentration of PSA with the system displaying a limit of detection

of 5.0 pg/ml.
& @
> ) @
. e — o Je PSA @ °
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Figure 1.14: A representation of the core-satellite system that shows an increased SERS enhancement
after cleavage of the Au satellite from the nanoparticle upon the addition of PSA. Reproduced from
literature.®

A similar system that uses the core-satellite aptamer-functionalised NP blueprint has
shown an ability to detect the presence of thrombin. Thrombin is involved with blood
clotting and coagulation in the body however, there is also evidence to suggest that
increased thrombin levels could be an indicator of Alzheimer’s disease.’> %
Complementary aptamers link the core with labelled AuNPs but this link is disrupted
by thrombin (Fig. 1.15). The core-thrombin species can be removed, at which point the

SERS response of the suspension can be measured which is affected by the increase in

labelled AuNPs to incredibly low levels of sensitivity.%

SERS Signal

” Magnetic m %\/
b= separation

. + — i + P90 T &%

Core-satellite Thrombin
nanoparticle

Figure 1.15: A representation of the core-satellite system by Jiang et al. that detects the presence of
thrombin through satellite separation. Adapted from literature.®
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1.5 Nanoparticle Substrate Assembly

1.5.1 The Theory of “Hot Spots”

Nanoparticle science has been expanding for several years, taking the nanoparticle and
building larger structures that reproducible and have excellent SERS enhancement.
Bringing NPs into close proximity creates areas of high SERS enhancement known as
“hot spots”, which is defined as the junction between two or more particles that possess
a localised plasmon. The close proximity of the nanoparticles causes the overlap of the
surface plasmons of both nanoparticles which in turn, causes an amplification of the
electromagnetic field situated around and between the structures (Fig. 1.16). Factors
such as the interparticle spacing and arrangement of the nanoparticles directly impact
the overall coupling of the two EM fields with a corresponding effect on the overall
signal enhancement.®> *3 Initial observations were made independently by Kneipp et al.
and followed closely by Nie and Emory. Both reported single molecule detection of
dyes adsorbed to AgNPs and later work presented evidence that NP aggregates were the

reason for this increased enhancement, 26 94-97

Interparticle distance = 2 nm

Enhancement
factors at surface

Figure 1.16: The enhancement distribution factors that exist between two spherical nanoparticles.
Adapted from the literature.?
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Early works focused predominately on the formation of NP aggregates from simple
colloidal solutions, however there are drawbacks to this approach. Aggregation is a
random process which affects the reproducibility of the system, and then locating the
aggregates once formed also presents challenges. Researchers now seek to resolve these
problems by bringing nanosized structures into close contact, aiming to improve
reproducibility and utilise SERS hotspots more accurately. This has been achieved by
employing methods such as lithography, which have the ability to write desired shapes
and structures onto responsive materials, generating highly ordered arrays of nanohole
and nanoshape platforms.%8-1% Despite the high enhancements that can be achieved with
such platforms, the cost and requirements associated with lithographic techniques have
restricted their widespread use. This has inspired investigation into more cost-effective

approaches leading to a diverse range of techniques being reported.

1.5.2 Composite Materials for High SERS Enhancement

Composite materials that involve the growth or positioning of NMNPs on larger
structures have seen considerable interest. Highly ordered architectures made from
more structurally rigid materials have been incorporated into the development of SERS
substrates. For a number of years, polymer scaffolds have been particularly popular as
highlighted by the review from Rahim and Dong-Hwan.%? The attractiveness of using
polymers stems from the control offered in the fabrication steps. This allows for
formation of ordered 2-dimensional and 3-dimensional structures such as brushes and
fibres. Additionally, NMNPs can be readily immobilised onto these structures through
bottom up procedures, which can also be fully characterised using microscopy
techniques. This gives direct visualisation of the nanoparticles in close proximity, the

requirement needed for “hot spot” enhancement. 102
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Sheng et al. and Karagoz et al. have provided recent examples of the polymer-
nanoparticle composite materials.1%® 1% Both systems use Ag-functionalised polymer
nanostructures that give suitable SERS enhancement whilst also displaying
photocatalytic, self-cleaning capabilities. Polymer-metal hybrids possess the desired
reproducibility and functionality that contribute to their potential as a SERS substrates.
Deposition or growth of nanoparticle species onto pre-fabricated substrates often occurs
through in-situ chemical reduction (Fig. 1.17). However, other techniques have been
used. For instance, photocatalytic deposition has also been implemented for the growth

of nanoparticle films and structures.19> 1%

DMAEMA
—
SIPGP

Si/Si0./gCN PDMAEMA-g-gCN Ag/NPs/PDMAEMA-g-gCN

Figure 1.17: The incorporation of AgNPs into large, ordered structures of polymer stands situated on a
graphitic carbon nitride-silica substrate. Adapted from literature.1%

Metal deposition onto substrates featuring ordered polymer structures has been
reported, most notably by the Van Duyne group.’?” 1% They initially detailed a
technique that uses vapor deposition, and later show how it produced desirable SERS-
responsive substrates with high levels of control. A similar technique of metal
deposition onto a templated surfaces, is the formation of monodispersed nanosphere
monolayers exemplified by Sabri et al. (Fig. 1.18a).1% Their technique is similar to the
nanosphere lithography approach detailed by the Van Duyne group however they
employ electron beam (e-beam) lithography. This technique was taken and adapted
further by Makam et al. creating a substrate for the ultrasensitive detection of mercury
ions in water (Fig. 1.18b).1° They use the e-beam substrate coated with a layer

consisting of histidine conjugated perylene diimide units. These diimide moieties
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introduce the Hg?* sensitivity and the system has a reported detection limit of 60 x1078

M, demonstrating the sensing potential of such films.

a) 0
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Figure 1.18: a) A graphic showing the metal deposited surface formed using -beam lithography b) The

histidine conjugated perylene diimide unit used to functionalise the surface. ¢) The observed change in

relative intensity through Hg?* interactions of a vibration originating from the ligand. d) The relative
intensity change when subjected to other metal ions. Taken from literature.

Graphene, a carbon allotrope that exists as a planar hexagonal honeycomb structure, has
displayed interesting properties that have also led to its widespread use in SERS
science.!% 112 |t has shown an ability to quench fluorescence, improving the recognition
of weaker Raman signals that may go unobserved due to interference.!*®* More
interestingly, graphene itself has demonstrated an ability to enhance Raman scattering
of adsorbed dyes via chemical enhancement.3: 112 The development of Graphene-
enhanced Raman Spectroscopy or GERS has generated better understanding of
chemical enhancement and continues to contribute to SERSs substrate development.
Graphene has been utilised in various ways, as a substrate, as molecular spacers between

nanoparticles and in NP decoration for sensing. !t 114115

A recent example from the literature uses graphene oxide (GO) as a spacer between
AgNPs and AuNPs that shows sensitive levels of detection for polychlorinated biphenyl
pollutants (Fig. 1.19).1® The heightened enhancement from such systems stems from
additional enhancement contributions from the GO and hot spot enhancement provided

through the spacing. Detection is possible due to 7- 7 interactions that occur between
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the graphene layer and the organic species. An analogous system achieves the detection

of polycyclic aromatic hydrocarbons through similar interactions.!’
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Figure 1.19: a) A SEM image of their AQNP-GO-AuUNP substrate described by Zhang et al. and b) the
SERS spectrum obtained using the surface to detect two forms of polychlorinated biphenyls. Taken from
literature.!'6

Other semiconductor materials display enhancement capabilities which in turn has also
led to their incorporation into hybrid composite materials. Further information can be
found in a number of recent reviews.'® 11° A noteworthy example is the work produced
by Yilmaz et al. where they describe an organic semiconductor that possesses incredibly
high enhancement factors (Fig. 1.20).12° Deposition of closely packed AuNPs onto the
surface further increases the possible enhancement. The authors report an incredibly

low detection limit of <1072 mole for methylene blue.
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Figure 1.20: a) An illustration of graphene enhancement with the spectra of phthalocyanine deposited
on graphene (red) and SiO./Si (blue).®! b) The organic semiconductor described in the work by Yilmaz
et al. and c) the SERS of methylene blue from just the semiconductor surface. Taken from literature.'?
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1.5.3 Self-assembled Nanoparticle Systems

Self-assembly is another approach that has generated significant interest in recent years.
The recent review conducted by Hu et al. demonstrates the wide variety of techniques
that have been explored for producing in-plane anisotropic films using nanostructures
that differ in both shape and composition.’?! Additionally, Langmuir-Blodgett
techniques have been implemented for the production of thin films using spherical and
rod-shaped particles with procedural modifications allowing tunable plasmonic
responses meaning SERS performance can be optimised.'?>'?* Additionally, other
reported methods include the controlled evaporation of polymer-functionalised NP

films and drop casting of the interface.'?>*%

Self-assembled noble metal nanostructures can be generated through modification of
both the NP surface and the environment.!?2124 Nanoparticles functionalised with DNA
have shown an ability to assemble through complementary bridging between the DNA
strands of neighbouring NPs. Different architectures developed using this approach
included monolayer films, dimers and more complex NP-clustered nanocages.!?® 12
Recently, the positional control of nanorod and spherical dimers was described by Lloyd
et al.*® The orientation and positioning of DNA-functionalised Au nanorods and
nanoparticles could be controlled though altering the deposition and drying times,
giving three conformers; tip-on, side-on and on-top. The approach yields individual
structures however the authors describe possible expansion that would give more
complex multiparticle species. Another example of self-assembly through DNA
functionalisation has been demonstrated by Li et al. who illustrate the in-situ formation

NR dimers inside cells (Fig 1.21).13! The orientational control available through this
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procedure has successfully shown an ability to bind and detect microRNA within the

cell.
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Figure 1.21: DNA induced self-assembly of different orientations of arrowhead Au nanoroad dimers.
Taken from literature.*3!

1.5.4 Nanoparticle Assembly at Liquid-Liquid Interfaces

An attractive method for the formation of larger assemblies is the positioning of NP
structures at liquid-liquid interfaces. Colloidal particles at water-oil interfaces is a key
concept for multiple disciplines, including the work described in this thesis. The Free
energy model for particle assembly offers a suitable description of how stability is
achieved for a charge neutral species situated at a water-oil interface. 32 133 An interface
between immiscible liquids forms due to repulsive interactions between the two layers.
The adsorption of a charge-neutral particle at this interface results in a decrease of the
interfacial energy, making it energetically favourable. This interfacial free energy, AG
is directly related to both the contact angle, 8 of the particle and the interfacial tension,

Y ow between the two liquids.

AG = TR?*y o (1 + cos0) (21)
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The highest attachment energy is when 8 =90° and any significant movement away
from this value massively impacts the ability for immobilisation at the interface. AG is
also proportional to R? meaning particle size is a controlling element. The study by Lin
et al. demonstrates that as size and the corresponding interfacial energy decreases,
thermal energy is sufficient to induce the displacement of the nanoparticle back into the

bulk phase.***

Charged-stabilised particles and the electric double layer (EDL) responsible for their
stability introduce greater complexity into the system. Pieranski shows that the EDL is
disrupted when a particle is situated at a water-air interface which is due to surface
stabilising agents being unable to cross the interfacial boundary.**® This dissociation
results in an asymmetric charge distribution at the nanoparticle surface, inducing a
dipole that contributes to long-range repulsion in the non-aqueous phase (Fig.1.22).
Aveyard et al. illustrated that this repulsion is also applicable to particles situated at a
water-oil interface.'®® The exhibited long-range coulombic repulsion gives considerable
separation of the nanoparticles at the interface. However, this repulsion can be depleted

through the addition of NaCl to the colloidal suspension.

A - ® ‘ - Y bd .',.
R TR 3 ‘
. * s & 9
. o o.? l. . “ ‘J
LI B B DS
. * . = < % P - & .'..‘
.\ | o o8 - o
+ + ++ oo ® =t . : -"‘3*
— —-— * “ ¥
- + g b .Q ‘ " {‘ A._‘j{-
- = T = o o SR

Figure 1.22: A schematic representation of the asymmetric disruption of the electric double layer and
the observed distancing of latex particles as a result of coulombic repulsion. Taken from literature.t
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The thermodynamic model for the self-assembly of charged nanoparticles has been
presented by Reincke et al. which reiterates that reducing surface charge density is the
key to interfacial NP self-assembly.*” To date, numerous strategies have effectively
situated NMNPs at water-oil interface, forming Metal Liquid-like Films or MeLLFs.
Early reports describe the use of surfactant and metal polypyridyl complexes as
stabilising agents through surface interactions resulting in MeLLF formation.'®® 13° The
displacement of charge stabilisers with charge-neutral, organic agents has also been
widely investigated. Specific examples include thiol- and nitrogen-containing species
that bind to the nanoparticle surface thereby altering the relative hydrophobicity,
inducing interfacial placement.}4%142 Other approaches involve the introduction of
hydrophilic salts or competitive solvents like ethanol which sufficiently alter the surface
charge causing interfacial adsorption. Mechanical methods like centrifugation have also

been successful 143147

A notable approach is the addition of lipophilic tetrabutylammonium (TBA) salts that
induce MeLLF formation as reported by members of the Bell group.*® TBA salts
“promote” the nanoparticle to the interface through screening of the surface charge
similarly to NaCl, and it does not modify the surface like organic species. An attractive
element of TBA salts is that surface charge is screened on both sides of the interface

due to the hydrophobic nature of the TBA* counter ion (Fig. 1.23).
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Figure 1.23: A schematic representation of a) modification and b) promotion stabilises nanoparticles
at a liquid-liquid interface as demonstrated by Xu et al. It demonstrates how TBA salts can effectively
stabilise nanoparticles at both sides of the interface. Adapted from literature. 4

Further development of the TBA promoted MeLLFS has produced Surface-exposed
Nanoparticle Sheets or SENS. A polymer support envelops the fraction of the particle
that is immersed in the organic layer as is dissolves meaning one half of the nanoparticle
is still chemically and physically accessible (Fig. 1.24).14° The advantage of this is the
attractive SERS-enhancing properties of the liquid-liquid films are translated to a solid

substrate which is more robust and easier to handle.
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Figure 1.24: An Illustration of the fabrication procedure for the SENS taken from the work by Xu et al.
a-c) The formation and assembly of the MeLLF followed by d) the evaportation of the polymer
containing organic solution. e) The film floats upon the addition of water and can then be extracted.
Taken from literature.4®
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1.5.5 Sensing Using Interfacial Films

The review by Fan et al. discusses the recent advances in SERS in an analytical setting
and detail how interfacial films have already demonstrated widespread sensing
capabilities.?>® One example, described by Cecchini et al. is the use polyaromatic ligand
(PAL) species being used to form interfacial films that possess a SERS-responsive
interaction with Hg?*.*® The complexation between the PAL and Hg?" causes -
stacking interactions with the PAL-NP can be tracked through changes in the SERS
response. The work presented by Mao et al. demonstrates the rapid on-the-spot drug
detection using interfacial films.'?® The authors describe the interfacial positioning of
Au nanorods at the interface between cyclohexane and water that isolate targets from
both the aqueous and organic layers during film formation. The presence of the drugs
ketamine, and 3,4-methylenedioxymethamphetamine (MDMA) on the surface is seen

via the observation of their respective SERS fingerprints (Fig. 1.25).
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Figure 1.25: The SERS spectra of ketamine and MDMA observed on the surface of an Au nanorod
interfacial film as reported by Mao et al. Taken from literature. 28
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A recent example is the work by Li et al. that describes interfacial assembly of Au
nanorods, isolated onto silicon wafer for the detection of thiram in soil samples.*® This
label-free approach forms the densely packed array of nanorods add sensing is achieved
by dropping the solution of containing the target species. In this case, it is the
supernatant after washing soil samples contaminated with the fungicide, thiram and
recognition is made through identification of the 1380 cm™ peak owing to the CHj3

bending and C—N stretching (Fig. 1.26).
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Figure 1.26: a) The structure of the fungicide, thiram and b) the SERS spectrum of thiram at given
concentrations, highlighting the peak at 1380 cm*. Taken from literature.!%?
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1.6 Rhenium-based Sensing Materials

IUPAC defines a chemical sensor to be a device that transforms chemical information,
originating from a chemical reaction of an analyte into an analytically useful signal (Fig.
1.27). Furthermore, the type of device can be described by the operating principle of
the transducer. The structure of a chemical sensor can be generally regarded two
functional components responsible for recognition and reporting with a high degree of
sensitivity and selectivity.'® Griindler provided a contemporary reflection on the topic
of chemical sensors as a whole, including the different sensing categories and potential
applications that exist.> Fluorescent sensors are chemical devices that exhibit a change
in the observed fluorescence when induced by chemical interactions occurring between
the sensing species and the desired target. Recognition and monitoring of pH,
anionic/cationic pollutants, explosive precursors and biologically important species

through such design has been present for many years.'*

y.

- — -

Figure 1.27: A basic illustration of a fluorescent sensor. The binding of a target can either initiate or
change the luminescent output of the sensor.
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1.6.1 Rhenium Complexes for Sensing

The structures of fluorescent chemical sensors are wide-ranging with organic
macrocyclic molecules and quantum dots of different compositions all displaying
responsive applications.®6** Luminescent organometallic rhenium complexes have
been of interest for molecular recognition as they hold significant advantages including
versatility and high photostability. Polypyridyl tricarbonyl rhenium(l) complexes
possess long-lived excited states, attributed to metal-to-ligand charge transfer. The
photophysical properties of these complexes can be tuned through ligand modification
which also allows the incorporation of other functional components into the system.*>®
This is highlighted by the work of K-W Lo who has reported numerous Re(l)
polypyridyl complexes for biological sensing (Fig.1.28).1° This adaptability has
already proven beneficial in a biological context as tricarbonyl Re complexes have been

employed as imaging probes and photoresponsive agents for photodynamic therapy. 6%
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Figure 1.28: One of the polypyridyl Re(l) complexes reported by Kenneth Kam-Wing Lo that displays
luminescent changes upon binding with estrogen receptor o 1%
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Recent reports illustrate the versatility of Re(l) complexes as tailored ligand design
allows for the targeted sensing of a diverse range of molecules, reflected in the work by
Gabr and Pigge.1% 163 They describe the synthesis of numerous functionalised Re(l)
complexes using tetraarylethylenes (TAE) as a molecular framework to incorporate
different functionalities into the system (Fig 1.29a). One example of these TAE-
functionalised Re(l) complex is tailored for a specific binding interaction with human
serum albumin (HSA) which is signified by enhanced luminescence coupled with a blue
shift.12 This complex in question, contains two indole groups which have a known
affinity for HSA, in the arene positions (Fig. 1.29b). Binding with HSA occurs at the
indole-benzodiazepine site via the indole functionalities on the probe. They also report
the synthesis of another complex, this time containing (oligo)thiophene units which are
able to bind to amyloid fibrils (Fig.1.29c). Interactions between the complex and the
fibrils result in significant enhancement of the observed luminescence with a red shift

of the emission wavelengths from 386 to 494 nm.

— Emission tuning
biomolecular target

— MLCT emission  c)

Figure 1.29: a) The TAE-functionalised complex design that can be tailored for specific interactions. b)
The indole-containing complex for HSA detection and b) the (oligo)thiophene-containing complex that
binds to amyloid fibrils. Adapted from literature.62 163
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Sathish et al. also demonstrate how ligand design can be tailored for the detection of
specific targets.!®* They describe a binuclear Re(l) species that presents host-guest
activity with polycyclic aromatic hydrocarbons (PAHs) (Fig. 1.30). The dinuclear
complex contains napthylvinylpyridine structures that can form CH-rx interactions with
PAHs. The absorption and emission response of the PAH changes with continual
addition of the Re(l) species. A ground state complex is formed as the two species
interact and subsequent charge transfer from the electron-rich guest molecule gives
enhanced absorption and fluorescence quenching.'®® Additionally, these binuclear
complexes have also shown to be excellent probes for the sensing nitroaromatics and a

number of different biomolecular structures.*®>1¢8
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Figure 1.30: a) The binuclear complex reported by Sathish et al. that can target b) the polycyclic
aromatic hydrocarbons.64168

Functionalised Re(l) complexes are also known to display excellent levels of selectivity
as highlighted by work published by Das and Rajak.'®® A bidentate ligand comprising
of a Schiff base formed from anthraldehyde and aminoquinoline displays selective with
the CN" ion through a proposed interaction with the imine bond generating an adduct

(Fig. 1.31). This can be observed through a ratiometric changes to both the absorption
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and fluorescence responses of the complex which are not seen when screened against

other anions.

Figure 1.31: The rhenium complexes reported by Das and Rajak that show change in both absorption
and emission behaviour upon the addition of CN-.168

High levels of selectivity are also evident in the rhenium sensor described by Ramdass
et al. which also involves Schiff base type ligands, this time comprising of a substituted
aminophenol and bipyridine.}’™® C=N isomerization controls the photophysical
responses of these structures, and the introduction of Cu?* into the system inhibits this
isomerisation resulting in an observed enhancement of the luminescence (Fig. 1.32).
The presence of other metallic cations induced relatively little or no optical response to

the complex.
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Figure 1.32: The proposed mechanism of Cu?* binding presented by Ramdass et al. and the ratiometric
response luminescent response induced by increasing concentrations of Cu?*. Taken from literature.®

Joshua N. Lea - May 2022 45



Introduction

1.6.2 Composite Rhenium Sensing Materials

There have also been attempts to incorporate rhenium complexes with solid supports
for the generation of hybrid sensing materials. The work by Zhang et al. describe how
silica substrates doped with polypyridyl Re(l) complexes display a fluorescence
quenching response when in the presence of oxygen.**”® More recently, Re complexes
functionalised with aminophenanthroline have been incorporated into polymers which

in turn, display a ratiometric response to the presence of O (Fig. 1.33).174
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Figure 1.33: The Re(l) complexes functionalised with phenanthroline and aminophenanthroline used
for ratiometric oxygen sensing.17*

The use of rhenium complexes for emissive sensing purposes has been well reported
yet their use in SERS related devices remains limited. Rhenium-functionalised noble
metal nanoparticles have been reported however more work has been conducted with
other transition metal complexes. The recent review by Quintana, Cifuentes and
Humphrey gives an excellent account of the wider picture on transition metal
nanoparticle hybrids.”® The extensive research that currently exists, focuses on other
metal centres, particularly ruthenium and iron complexes.!”> Nonetheless, the synthesis
of Re-functionalised NMNPs has been reported using differing approaches. Pérez-

Mirabet et al. describe the complexation of Re centres with the stabilising monolayer
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of mercaptopropionic acid situated on the surface of both silver and gold
nanoparticles.'’® Hallet et al. also describe the synthesis of luminescent gold
nanoparticles that use a pyridyl thioesters to bind to rhenium centres to a the NP
surface.!’” Additionally, the group led by Yam have detailed the use of lipoic tails as a
means to binding tricarbonyl Re complexes to the surface of noble metal nanoparticles
(Fig. 1.34).1® Interestingly, the reported hybrid nanoparticles display a luminescent
response to presence of esterase in solution that is prompted by the cleavage of the Re(l)

complexes by the enzyme.
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Figure 1.34: The complexes that display a switching on of fluorescence caused by esterase cleavage of
the rhenium centre from the nanoparticle.!’

VIckova et al. reported the SERS response of polypyridyl tricarbonyl rhenium
complexes in the early nineties and presented early ideas on the binding interaction
between Re(l) metal complexes and nanoparticles.t’ Previous work by members of the
Fletcher group have investigated the SERS response of rhenium complexes bound to
AgNPs through a lipoic-bipyridyl ligands (Fig. 1.35). They concluded that the presence
of the rhenium centre acts as a sensitizer and therefore contributing additional
enhancement through a SERRS response.'®® Additionally, they conclude that the
SERRS response is affected by the orientation of the complex relative to the surface,
evidenced by prominent intensities attributed to the complex, changing with

concentration.
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Figure 1.35: An illustration featured in the work by Montgomery et al. demonstrating the position of
their reported rhenium complex on the surface of a nanoparticle. Taken from literature .18

The vibrational stretch attributed to the Re-carbonyl vibration is particularly useful in
the work by Lin et al. who have developed a silica-coated gold nanorod system labelled
with a Re complex.'8! The system possesses selective detection capabilities for tumour-
related DNA by chelating Re functionalised nanorods through target-specific
interactions. The authors report that this chelation interaction can be monitored with the
measuring of signal intensity of the peak corresponding to the metal-centred carbonyls
at 2113 cm™. This response is only generated when the label and the target are
complimentary, demonstrating selectivity. This presents evidence that Re-
functionalised nanoparticle hybrids have potential applications as SERS diagnostic and

sensing tools.
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1.7 Aims and Objectives

Currently, SERS sensing devices exist that detect wide ranging analytes from disease
biomarkers to environmental pollutants. They demonstrate the huge potential that SERS
holds. There has also been a movement towards generating highly ordered SERS
substrates to improve the reproducibility and enhancement abilities. However, unlike
the NP systems, most larger substrates rely on label-free sensing as the incorporation of
a sensing species is difficult, often involving additional experimental steps. Composite
materials such as NP-polymer systems are restricted by either size constraints or simply
because other species bound to the nanoparticle surface are necessary for substrate
fabrication. Films derived from the interfacial positioning of nanoparticles are formed
through the manipulation of either the hydrophobicity or screening of surface charge.
Such films offer a potential pathway for the development of functionalised SERS-active

films so long as the surface species satisfies the requirements of interfacial positioning.

The sensing abilities of luminescent rhenium-centred organometallics using fluorescent
responses are well known, however their application as SERS sensors has yet to be
realised. There are examples that exist where such complexes have been adsorbed to a
noble metal surface. The implication is that Re-NMNP hybrids for SERS sensing are
within the realm of possibility. The use of such complexes may also generate greater
enhancement via SERRS-based contributions. Additionally, rhenium complexes may
also possess the ability to position nanoparticles at a liquid-liquid interface. This means
that highly ordered, reproducible films that offer sensitive and selective sensing activity

could be realised.
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To this end, it is expected that tricarbonyl Re(l) complexes that possess specific analyte
interactions via the chelation of tailored ligands can be bound to the surface of noble
metal nanoparticles. Furthermore, the interfacial positioning of the complex-NP hybrid
can be encouraged, allowing for the formation of metal liquid-like films and subsequent
derivatives. It is hoped that once formed, these films will enable the molecular
recognition of the individual rhenium complex to be observed through changes to the
SERS fingerprint. Moreover, the possible high enhancement capabilities of SERS
platforms allow for single molecular sensing and the detection of molecules of
biological importance. The overall result being the realisation of a modular approach,
where luminescent Re(l) complexes can be tailored for targeted interactions and then
employed for the labelling of a SERS-active substrate, thus creating a Re(l)-

functionalised SERS sensor (Fig. 1.36).
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Figure 1.36: A schematic diagram of the proposed design and use of a Re(l)-labelled SERS-active
substrate for the detection of a specific analyte
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2.1 Instrumentation

2.1.1 NMR Spectroscopy

1H and 13C spectra were recorded using a Bruker AVANCE 111 400 and Bruker Fourier
300. Spectra were recorded at standard room temperature and pressure (298 K and 1
atm) using trimethysilane as an internal standard. All spectra were conducted in

deuterated solvent.

2.1.2 UV-Vis, Emission and IR Spectroscopy

UV-Visible spectra were recorded on an Agilent Technologies Cary 60 UV-Vis
spectrometer. Emission spectra was recorded using an Agilent Technologies Cary
Eclipse Fluorescence Spectrophotometer. IR spectra were recorded on an Agilent
Technologies Cary 630 FTIR spectrometer with the attenuated total reflectance (ATR)
attachment. Stock solutions of all reagents were prepared and spectroscopic
measurements were conducted as sequential titrations. Spectra were recorded at
standard room temperature and pressure (298 K and 1 atm), using a quartz cell with a

path length of 1 cm.

2.1.3 Scanning Electron Microscopy and X-ray Energy Dispersive
Spectroscopy

Scanning electron microscopic imaging and corresponding X-ray energy dispersive
spectroscopy was conducted using a JEOL JSM-7800F coupled to an X-Max50, Silicon
Drift detector. Additional SEM imaging was conducted in collaboration with Queen’s

University Belfast, using a Quanta FEG 250.
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2.1.4 Mass Spectrometry and Elemental Analysis

Mass spectrometry was conducted by Dr David Rochester, a using Shimadzu LCMS-
IT-TOF mass spectrometer. Elemental analysis was conducted using a Vario MICRO

Cube — CHNS analysis instrument.

2.1.5 Raman Spectroscopy

The majority of Raman experiments featured in this work was conducted using the
Raman InVia System (Renishaw plc, Wooton-Under edge U.K.) with 532 and 785 nm
wavelength lasers unless stated otherwise. The laser power of the 532 and 785 nm lasers
when operating at 100% are 15 mW and 20 mW respectively. Additional spectra were
also collected in collaboration with Queen’s University, Belfast using an Avalon Raman
Station equipped with a 100 mW 785 nm laser, a Perkin ElImer Raman Micro 200
Raman Microscope equipped with a 785 nm diode laser. Spectra were recorded at

standard room temperature and pressure (298 K and 1 atm).

2.2 Materials

4,4'-Bis(benzimidazole)bipyridine (L2) and dipyridophenazine (L4) were supplied by
C. J. Howells and N. C. Fletcher and used as supplied. All materials were purchased
from either Fisher Scientific or Sigma-Aldrich and used as received. Laboratory grade
solvents were used for synthesis unless stated otherwise. HPLC grade solvents were
used for UV-vis, emission and Raman measurements. DCM was dried over MgSOa4

overnight and distilled under Na.

Complex and Analyte solutions were freshly prepared prior to SERS experiments. Calf

thymus (Ct) DNA supplied by Sigma Aldrich, was diluted in Tris Buffer (5 mM Tris-
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HCI, 50 mM NacCl, 7.2 pH) and allowed to equilibrate overnight at 4 °C. The
concentration of the ct-DNA per base pair was determined spectroscopically using the
extinction coefficient at 260 nm of 6600 molar base™ cm™ dm?® gave a ratio of UV
absorbance at 260 and 280 nm of ca. 1.6 : 1. The ct-DNA stock solution concentration

expressed in bases was 127 mM which was then diluted to 127 uM.

2.1 - Synthesis

2.1.1 - Ligand Synthesis

OH

2,2'-Bipyridine-4-carboxylic acidl-2

Synthesis was carried out according to literature.>? 4-Methyl-2,2’-bipyridine (10 g, 0.59
mol) was added to concentrated sulfuric acid (150 ml) with stirring. Potassium
dichromate (25 g 0.85 mol) was added and the reaction mixture was cooled to 0°C and
left to stir for 30 minutes. The temperature was then increased to 100°C and left to stir
for 6 hours. The reaction mixture was precipitated with the addition of water and
collected. The pH of the filtrate was adjusted to approximately 3.5 using 1 M aqueous
HCL. A white solid was collected by filtration. Yield = 4.26 g 36.1% Characterisation
in accordance with literature.1?*H NMR DMSO 400 MHz & 7.51 (1H ddd J=7.7, 4.8,
1.0Hz) 7.87 (L H dd J=4.8, 1.7 Hz) 7.99 (1H td J=7.7, 1.7 Hz) 8.43 (1H d J = 7.7 H2)

8.74 (1H d J = 4.8, 1.7 Hz) 8.84 (1H bs) 8.88 (1H dd J=4.9, 1.0 Hz)
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4-Ethoxycarbonyl-2,2'-bipyridine3

Synthesis was used according to literature.® 2,2"-Bipyridine-4-carboxylic acid (3 g 15
mmol) was refluxed in SOCI, (60 ml) for 3 hours followed by removal by vacuum
distillation. The acyl chloride was then dissolved in dry THF (40 ml), dry ethanol (40
ml) and triethylamine (0.2 ml) and stirred for 16 hours under N.. Solid was removed
via Celite® filtration and the filtrate was washed with water and dried with MgSQa.
Solvent was removed, giving a white solid. Yield = 2.78 g 80.9% Characterisation in
accordance with literature.® *H NMR CDCls; 400 MHz & 1.46 (3H, t) 4.77 (2H, q) 7.37
(1H ddd J= 8.7, 4.8, 1.1 Hz) 7.86 (1L H td J= 7.8, 1.7 Hz) 7.90 (1H dd J =4.9, 1.7 Hz)
8.44 (1H dt J=8.0, 1.1 Hz) 8.75 (1Hd J = 4.8, 1.7, 0.8 Hz) 8.84 (1H dd J = 4.9, 0.8 Hz)

8.95 (1H dd J =1.5, 0.8 Hz)

4-Hydroxymethyl-2,2'-bipyridine+-6

Synthesis was carried out according to literature.*® 4-Ethoxycarbonyl-2,2'-bipyridine
(2.50 g 0.012 mmol) and NaBH4 (5.56 g 0.15 mol) was added to dry ethanol (45 ml)
and stirred for 2 days at room temperature. Water (100 ml) was added and the solvent
was removed. The resultant residue was dissolved in water and extracted into DCM
(5x50 ml). The organic layer was dried with MgSO4 followed by filtering and removal

of solvent giving a brown oil as a product. Yield = 1.44 g 70.6% Characterisation in
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accordance with reported data.*® *H NMR CDCl3 400 MHz § 4.67 (2H, s) 7.22 (1H dd
J=4.7,0.7Hz) 7.25 (L H ddd J= 8.6, 4.7, 2.6 Hz) 7.75 (1H td J =7.9, 1.8 Hz) 8.24 (1H

5)8.27 (IHd J = 7.9 Hz) 8.49 (1H d J = 5.0 Hz) 8.57 (1H d J =4.3 Hz)

2,2’-(Bipyridin-4-ylmethyl)-(1,2-dithiolan-3-yl)pentanoate L1°

Synthesis was adapted from literature.® 4-Hydroxymethyl-2,2’-bipyridine (0.100 g
0.537 mmol) and thioctic acid (0.1109 g, 0.537 mmol) were dissolved in dry DCM (45
ml) and stirred for 45 min at 0°C. Dicyclohexylcarbodiimide (DCC) (0.1663 g, 0.806
mmol) and 4-dimethylaminopyridine (DMAP) (0.198 g, 1.621 mmol) dissolved in dry
DCM was then added and stirred for 1 hr at 0°C and for 24 hrs at room temperature.
The resulting solution was washed with water and the organic residues dried over
MgSOs. The solvent was removed and the product was purified by silica column
chromatography, collecting the 1% major fraction (eluent 59:39:2 hexane: ethyl acetate:
triethylamine) as a pale yellow oil. Yield 0.1344 g, 66.8%. *H NMR 300 MHz, CDCls;
8 1.43-1.54 (2H, m, CHy), 1.64-1.73 (4H, m, 2CH>), 1.81-1.93 (1H, m, CHy), 2.36-2.46
(1H, m, CHy), 2.44 (2H, t, J = 7.5 Hz, CHy), 3.03-3.19 (2H, m, CHy), 3.49-3.59 (1H,m,
CHy), 5.20( 1H, s), 7.27 (1H, dd, J = 5.0, 1.8 Hz, CH,, CH®), 7.31 (1H, ddd, J = 7.6, 4.8,
1.2 Hz, CH®), 7.71 (1H, ddd, J = 8.0, 7.6, 1.8 Hz, CH*), 8.37 (1H, bs, CH?®), 8.40 (1H,
ddd, J=8.0, 1.8, 1.2 Hz, CH*), 8.66 (1H, dd, J = 4.9, 0.9 Hz, CH?®), 8.68 (1H, ddd, J =
4.9,1.8,0.9 Hz, CH®); 3C NMR 75 MHz, CDClI3 § 24.6 (CH,) 28.7 (CH>), 33.9 (CH>),

34.6 (CH,),38.5 (CH2),40.2 (CHy), 56.3 (CH), 64.4 (CH.), 119.3 (CH), 121.2
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(CH),122.0 (CH), 123.9 (CH),137.0 (CH), 146.0 (Q), 149.2 (CH), 149.5 (CH), 155.8
(Q), 156.5 (Q), 173.0 (Q); ES-MS: 375.2 [M]" Elemental analysis found (calculated):

C19H2202N2S2: C: 60.78 (61.08), H: 7.57 (6.45), N: 6.79 (7.39), S: 14.91 (14.82).

N-(pyridyl-4-methyl)lipoamide, L3 7

Synthesis was carried out according to literature.” Thioctic acid (826 mg, 4 mmol) and
triethylamine (0.56 ml, 4 mmol) were stirred in THF (20 ml) at 0 °C for 5 mins, followed
by the addition of SOCI. (0.8 ml 4 mmol) and left to stir for 15 minutes. 4-Picolylamine
(10.452 ml, 3.3 mmol) was added and left to stir for 16 hrs. The solvent was removed
and the product was redissolved in DCM and washed with 5% NaHCO3s aqueous
solution (3 x 15 ml) and brine solution (3 x 15 ml). Solvent was removed and purified
using silica column chromatography with a 5% MeOH:DCM eluent, retrieving the 2™
band. Yield= 349.2 mg, 30% Characterisation was in accordance with the literature.” *H
NMR 400 MHz CDCl3 6 8.49 (2H, d J = 6.1 Hz), 7.21 (2H, d J = 6.1 Hz), 6.73 (1H,
bs), 4.43 (2H, d), 3.55 (1H, m), 3.11 (2H, m), 2.43 (1H, m), 2.33 (2H, 1), 1.89 (1H, m),

1.66 (4H, m), 1.48 (2H, m).
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2.1.2 — Metal Complex Synthesis

[Re(bpy)(CO)sBr]

Synthesis was carried out according to literature.®2 Re(CO)sBr ( 100 mg 0.24 mmol) was
refluxed with 2,2'-bipyridine (38.4 mg 0.25 mmol) in toluene (40 ml) for 16 hrs giving
a yellow solution. The reaction was left to cool at room temperature. Reaction solvent
was reduced in volume (<5 ml) and the product was precipitated with petroleum ether
(20 ml). Yellow powder was captured via Hirsch filtration. Yield 73.3 mg 57%

Characterisation was in accordance with the literature.®

o g—S
o)
7N
\_/ 7
N
OCm—Re——Br
S\
oc co

[Re(L1)(CO)3Br]°

Synthesis was adapted from literature.® [Re(CO)sBr] (0.150 g, 0.37 mmol) was refluxed

in toluene (20 ml) with L1 (0.160 g, 0.460 mmol) under a N> atmosphere for 18 h. The
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volume of solvent was reduced (approximately 5 ml) causing the precipitation of the
product, which was collected by filtration and washed with diethyl ether (3 x 10 ml)
and dried in air. Yield 0.206 g, 72%. *H NMR 300 MHz, CDCl3 § 1.48-1.58 (2H, m),
1.70-1.80 (4H, m), 1.88-1.98 (1H, m), 2.45-2.52 (1H, m), 2.52 (2H, t, J = 7.5 Hz), 3.10-
3.24 (2H, m), 3.56-3.63 (1H, m), 5.31(1H, s), 7.51 (1H, dd, J = 5.6, 1.6 Hz), 7.58 (1H,
ddd, J=7.6, 5.4, 1.2 Hz), 8.11 (1H, ddd, J = 8.0, 7.6, 1.7 Hz), 8.16 (1H, bs), 8.25 (1H,
d, J = 8.0 Hz), 9.07 (1H, d, J = 5.4 Hz), 8.68 (1H, ddd, J = 4.8, 1.7, 0.9 Hz); 13C NMR
75 MHz, CDCl3 & 24.6 (CHy) 28.7 (CH), 33.8 (CH2), 34.5 (CH2),38.5 (CH>),40.3
(CH>), 56.3 (CH), 63.5 (CH>), 121.5 (CH), 123.2 (CH),125.4 (CH), 127.3 (CH),138.9
(CH), 148.7 (Q), 153.4 (CH), 153.4 (CH), 155.4 (Q), 155.9 (Q), 172.7 (Q), 196.6 (Q);
MS-ES: m/z 747 [M+Na]*, 645 [M-Br]*, 723 [M-H]. Elemental analysis found
(calculated): ReC22H2205N2S2Br (NaBr)o.2s: C: 35.16 (35.25), H: 2.74 (2.95), N: 3.94

(3.73), S: 8.73 (8.55). IR: 1739.3 (C=0), 1902.4, 2021.5 (3x ReC=0).

[Re(L2)(CO)sBr]

Re(CO)sBr (150 mg 0.369 mmol) and 4,4'-bis(benzimidazole)bipyridine (L2) (143 mg
0.368 mmol) were ground to fine powders and added to DMSO (10 ml) and stirred at
reflux for 24 hrs. The reaction mixture was precipitated by adding water (50 ml) and

captured on Celite® and washed with water (2 x 15 ml) and dried in air. The product
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was taken into THF (20 ml) and the solvent removed to give dark orange power. Yield:
160.9 mg 58.98% H NMR 400 Hz CDsCN & 7.38 QHtJ=8.0Hz) 7.70 (2HtJ=7.0
Hz) 7.75 (2H d J= 7.8 Hz) 7.88 (2H d, J = 7.8 Hz) 8.45 (2H, dd J = 5.9, 1.6 Hz) 9.25
(2H t J = 5.9 Hz) 9.49 (2H s) 13.82 (2H bs). 13C NMR and mass spectrometry was

attempted but unsuccessful due to poor solubility.

[Re(L4)(CO)sBr]10

Synthesis was carried out according to literature.'® Re(CO)sBr (200 mg, 0.492 mmol)
and dipyridophenazine (L4) (138 mg, 0.488 mmol) were dissolved in DMSO (10 ml)
and stirred at reflux for 24 hrs. The product was precipitated with water (50 ml),
collected using vacuum filtration and, washed with diethyl ether (3 x 15 ml). The
product is a yellow powder. Yield 224.9 mg 72% *H NMR 400 MHz, CDCls; § 8.05
(2H, m) 8.09 (2H m) 8.49 (2H, m) 9.49 (2H, dd, J = 8.3, 1.5 Hz) 9.90 (2H dd J = 5.2

Hz, 1.6 Hz). Characterisation in accordance with literature.°
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(PFg)

[Re(L.2)(CO)3(pyr)](PFe)

Re(L2)(CO)3Br (70 mg 0.172 mmol) was dissolved in THF with a large excess of
AgCIlO4 (40 mg, 0.192 mmol) and pyridine (5 ml, 62 mmol) was added. The reaction
was stirred for 16 hrs. The reaction solution was filtered to remove insoluble impurities
and the product precipitated with cold water (20 ml). Crude product was extracted into
DCM and was washed with an aqueous solution of KPFs (20 ml) and dried. The solvent
was removed via vacuum distillation. The brown product was redissolved into MeOH
and precipitated with an aqueous solution of KPFe and collected by filtration. Yield
52.3 mg 41% IR (ATR): 1902 and 2025 (3x Re-CO) 'H NMR 400 Hz CDsCN § 7.35
(2Htd J=7.7, 6.4, 1.1 Hz) 7.40 (2H dd J = 6.4, 3.2 Hz) 7.81 (2H m) 7.90 (1H m) 8.35
(2H, dd J = 6.4, 1.5 Hz) 8.41 (2H dd J = 5.6, 1.5 Hz) 9.25 (2H s) 9.38 (2H d J = 5.8
Hz). *C NMR and mass spectrometry was attempted but unsuccessful due to poor

solubility.
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(BF4)

[Re(L2)(CO)3(L3)](BF4)"

Synthesis was adapted from literature.* [Re(L2)(CO)sBr] (150 mg 0.144 mmol) was
stirred at reflux in darkness in the presence of AgBF4 (60 mg, 0.308 mmol) in
acetonitrile (20 ml) for 16 hrs. The reaction was filtered and filtrate volume reduced (<5
ml). The resulting adduct was precipitated with diethyl ether (40 ml) and collected via
filtration and washed with diethyl ether (3x 10 ml). This was redissolved in a 3:1
THF:MeOH (40 ml) solution and refluxed with L4 (10 mg 0.03 mmol) at reflux for 16
hrs. The reaction solvent was reduced in volume (=1 ml) and the product precipitated
with diethyl ether (30 ml) as an orange powder. Yield 8.3 mg 23.6 % *H NMR 400 Hz
CD3CN & 1.53 (2H, m), 1.65 (4H, m), 1.79 (1H, m) 2.35 (2H, m), 2.43 (1H) 3.19 (2H,
m), 3.56 (1H), 4.36 (2H, bs), 7.37 (2H bs) 7.78 (2H bs) 8.15 (2H s) 8.49 (2H, m) 8.55
(2H, bs) 8.69 (2H, bs) 9.25 (2H, s) 9.46 (2H, bs), 9.58 (2H). 3C NMR and mass

spectrometry was attempted but unsuccessful due to poor solubility.
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[Re(bpy)(CO)3(L3)](BF4)

Synthesis was adapted from literature.** Re(bpy)(CO)sBr (20 mg, 0.04 mmol) was

stirred at reflux in CH3CN (10 ml) in the presence of AgBF4 (15 mg 0.7 mmol) for 16

hrs. The reaction mixture was then filtered and the volume of the filtrate was reduced

(<5 ml). The resulting adduct was precipitated with cold diethyl ether (20 ml) and

captured using filtration. The yellow solid was dissolved in 3:1 THF:MeOH (40 ml)

with L3 (16 mg 0.05 mmol) and stirred for 16hrs. Solvent was removed and the residues

were precipitated from acetone with diethyl ether (20 ml). Yield 28 mg 87.5% *H NMR

400 MHz CD3CN § 1.39 (2H, m), 1.59 (4H, m), 1.70 (2H, m) 1.91 (1H, m), 2.45 (1H,

m), 3.16 (2H, m), 3.60 (1H), 4.27 (2H, d), 7.18 (2H d, J = 5.4 Hz), 7.81 (2H, m), 8.15

(2H d, J = 5.0 Hz), 8.30 (2H, td, J=7.9, 1.5 Hz), 8.42 (2H, d, J = 8.3 Hz), 9.23 (2H, m).

13C NMR and mass spectrometry was attempted but unsuccessful due to poor solubility.
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S—S

[Re(L4)(CO)3(L3)](BF4) 111

Synthesis was adapted from literature.!! Re(L4)(CO)sBr (100 mg 0.158 mmol) was
refluxed in CH3CN (30 ml) in the presence of AgBF4 (40 mg 0.205 mmol) for 24 hrs.
The reaction mixture was filtered and volume of the filtrate was reduced and the adduct
was precipitated with diethyl ether (30 ml). This was redissolved with L3 (48 mg, 0.162
mmol) in a 3:1 THF:MeOH (20 ml) and refluxed for 24 hrs. The solvent was removed
and the solid material was precipitated from acetone with diethyl ether (30 ml). Yield:
95 mg 64% *H NMR 400 MHz, CDsCN § 1.59 (2H, m), 1.65 (4H, m), 2.12 (4H, m),
3.12 (2H, m), 3.72 (1H, m), 4.58 (2H, d, J=5.9 Hz), 7.12 (2H, d, J= 5.9 Hz), 7.89 (2H,
d, J= 5.9 Hz), 8.18 (2H, m), 8.30 (2H, m), 8.50 (2H, m), 8.62 (2H m), 9.92 (2H, dd, J=
8.3, 1.0 Hz). 3C NMR and mass spectrometry was attempted but unsuccessful due to

poor solubility.
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2.1.3 — Nanoparticle Synthesis

Citrate Stabilised Ag Nanoparticles*?*3

Prior to the nanoparticle synthesis, all glassware was cleaned with aqua regia and rinsed
thoroughly with ultrapure water. Synthesis was carried out according to literature.!>*3
AgNO3 (45 mg) was dissolved in ultrapure H20 (250 ml) and was heated to reflux. A
1% aqueous sodium citrate solution (5 ml) was added over 30 s and refluxed for 90 min.
before being cooled to room temperature. Vigorous stirring was present throughout.
Formation of the nanoparticles was confirmed by an observed colour change from

colourless to an opaque pale green colour. Ag NPs were characterised using UV-vis

spectroscopy.

1.6 . , ,
] — Citrate-stablised Ag Nanoparticles
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Figure 2.1: The UV-vis spectrum of citrate stablised silver nanoparticles, showing an peak
corresponding to the localised surface plasmonic resonance at 407 nm
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2.2 - Surface Preparation

2.2.1 — Metal Liquid-like Films

Metal Liquid-Like Films (MeLLFs) via Surface Modification!31°

Citrate-stabilised Ag nanoparticles (=5 ml) were added to a 50 ml polypropylene
centrifuge tube. A modifying compound in solution (100 pl) was added and gently
shaken. DCM (=4 ml) was added and shaken vigorously for 30 seconds or until a
reflective emulsion formed, which coalesced to form the MeLLF. This was transferred
to a polypropylene petri dish for Raman measurements. The modifying agent is

specified in the following Chapters.
MeLLFs Formed via Promotion?316

Citrate-stabilised Ag nanoparticles (=5 ml) were added to a 50 ml polypropylene
centrifuge tube. A 1 mM aqueous solution of TBA NOs (2 ml) and DCM (=4 ml) was
added. The centrifuge tube was then shaken vigorously for 30 seconds or until a
reflective emulsion was formed which coalesced to form the MeLLF. This was then

transferred to a polypropylene petri dish for Raman measurements.
“Picket Fence” Mixed Thiol MeLLFs'®

Citrate-stabilised Ag nanoparticles (=5 ml) were added to a 50 ml polypropylene
centrifuge tube. A specified concentration of the [Re(L1)(CO)sBr] modifying solution
(100 pl) and a 1 mM solution of the thiol (heptanethiol and thiophenol) (100 ul) was
added and gently shaken. DCM (=4 ml) was added and shaken vigorously for 30

seconds or until a reflective emulsion was formed which coalesced to form the MeLLF.
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The concentrations of the [Re(L1)(CO)3Br] solution are specified in the following

chapters.

2.2.2 — Surface Exposed Nanosheets (SENS)

Surface Exposed Nanosheets (SENS) via Surface Modification

The modifying solution (100 pl) was added to citrate-stabilised Ag nanoparticles (=5
ml). A polystyrene/DCM solution (3 ml, 0.06 g mI™*) was added and shaken vigorously.
The mixture was poured immediately into a polypropylene petri dish and sealed with a
lid. The film was formed at the interface before the lid was removed and the DCM
evaporated under ambient conditions. The dried film was cut away from the petri dish

and water was added to float the film and transferred onto sticky tape.

SENS Formed via Promotion

SENS were fabricated according to a literature procedure.l’” A 1 mM aqueous TBA
NOs solution (2 ml) was added to citrate-stabilised Ag nanoparticles (=5 ml). A
polystyrene/DCM solution (3 ml 0.06 g mI™t) was added and shaken vigorously. The
mixture was poured immediately into a polypropylene petri dish and sealed with a lid.
The film was formed at the interface before the lid was removed and the DCM
evaporated under ambient conditions. The dried film was cut away from the petri dish

and water was added to float the film and transferred onto sticky tape.

Joshua N. Lea - May 2022 73



Chapter 2

2.2.3 Glass-deposited MeLLFs

Preparation of the glass deposited MeLLFs

0.1 M aqueous TBA HSOg solution (1 ml) was added to Ag NPs (4 ml) and then the
mixture was shaken in the presence of DCM (3 ml). The resulting film was then
extracted using needle and syringe and deposited onto glass slides and allowed to dry
under ambient conditions. The resulting glass deposited MeLLFS were then stained

with 1 mM solutions of the labelling compounds.

2.2.4 — Photodeposition
Photodeposited Ag Plates®

Diethylene glycol (7.5 g) and polyethylene glycol 600 MW (2.5 g) were dissolved in
ethanol (40 ml). Titanium isopropoxide (5 g) was added and further stirred for 15 mins.
The solution was spin coated onto ITO glass, spun at 1000 rpm for 30 seconds. This
was followed by calcination at 450°C for 16 hrs. The plates were then immersed in 1
mM AgNO3 methanolic solution (75:25 MeOH:H,0) and irradiated using an unfiltered
8 W UV lamp with a 365 nm output for 30 minutes, removed from solution, washed

with acetone and dried with compressed air.

2.3 Film-Analyte Interaction Experiments

2.3.1 Interaction of lonic species using MeLLFs

The MeLLFs were formed initially using a specific modifying or promoting species
(Section 2.2.1) followed by the addition of the analyte solution (100 ul) at a given
concentration. The MeLLF was gently shaken, reformed and transferred to a

polypropylene petri dish.
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2.3.2 Sensing using SENS

The SENS were prefabricated with the desired modifying complex (Section 2.2.2),
isolated on sticky tape. The analyte solution (100 ul) was dropped onto the film and the

Raman measurements were taken.

2.4 — Raman Experiements

2.4.1 Data Processing

Data processing was carried out using Matlab (Version R2017a) using a locally sourced
toolbox and the program, Spectragryph.!® Baseline correction was done using an
adaptive method and smoothing was done using triangular moving average of 4

intervals.

2.4.2 MeLLF Experiments

Static Raman measurements of the liquid-liquid interfacial films were taken using a 20x
optic, taking 10 accumulations of 1 second exposures. Continuous scanning
experiments were also conducted using a 20x optic, scanning from 200 to 3200 cm™
using a 10 second exposure. 5-point spectra were then taken from different locations on
the film and averaged. The same procedure was used for any experiments involving the

interfacial films, including the “picket fence” MeLLFs and for analyte detection.
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2.4.1.2 SENS Experiments

Static Raman measurements of the surface-exposed nanosheets were taken using a 50x
optic, taking 10 accumulations of 1 second exposures. Continuous scanning
experiments were taken using a 50x optic, scanning from 200 to 3200 cm™ using a 10
second exposure. 5 point spectra from different locations on the film was taken and
averaged. The same procedure was used for any experiments involving the interfacial

films, including the “picket fence” SENS and for analyte detection.

2.4.1.3 Glass-deposited MeLLFs

Static Raman measurements of the glass deposited MeLLFs were taken using a 50x
optic, taking 10 accumulations of 1 second exposures. Continuous scanning
experiments were taken using a 50x optic, scanning from 200 to 3200 cm™* using a 10

second exposure.

2.4.1.4 Photo-deposited Ag Plates

The Raman measurements of the photo-deposited Ag plates were taken using

continuous scanning between the range 200 and 3200 cm™ using a 10 second exposure.
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3.1 Introduction

Generating a suitably labelled SERS device for sensing and detection need to fulfil
several parameters for it to be deemed effective. Firstly, the platform must be highly
reproducible and ideally, the constituent steps of the synthetic procedure should produce
samples that are chemically and physically identical. Addressing this remains an
important part of the research into SERS science. Secondly, the platform should provide
a high level of SERS enhancement for easy recognition of subtle changes occurring to
the label itself. Another parameter to consider is the most effective way to introduce the
labelling species and whether they can contribute to film formation or whether it needs
to be introduced after the surface has been formed. The integration of a reporter
molecule to a SERS active material has featured in numerous fields. Shan et al.
highlight a number of examples where the presence of a reporting molecule bound to a
plasmonic structure can be applied to a range of biomedical detection technologies.!
The review features several molecules that have been used to bind to SERS surfaces
using the thiol-noble metal affinity, also discussed in Chapter 1. This has allowed the
development of reproducible functionalised SERS materials in both 2- and 3-

dimensional forms.2 3

The main objectives of this Chapter are to confirm that rhenium complexes can be
employed to functionalise a noble metal nanostructure surface for surface-enhanced
spectroscopic studies. An additional object is to establish a simple and reproducible
method of forming a rhenium functionalised surfaces and evaluating which is the most

suitable for detection applications.
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3.2 Interfacial Films Comprised of Functionalised

Nanoparticles

3.2.1 Brief Overview of the Synthesis

Ligand 2,2'-bipyridin-4-ylmethyl-4-(1,2-dithiolan-3-yl)pentanoate, L1 was synthesised
using an adapted method using 4-methyl-2,2'-bipyridine in place of the previously
reported example substituted at position 5.* Esterification of 4-hydroxymethyl-2,2’-
bipyridine with thioctic acid was achieved using DCC coupling in the presence of
DMAP. The subsequent complex, [Re(L1)(CO)sBr] was obtained by reacting L1 with
bromopentacarbonylrhenium in toluene at reflux precipitated as a yellow solid
following addition of acetone and diethyl ether in 72% yield. The product was

characterised by *H NMR and IR spectroscopies.

S—S DCC, DMAP O)k/m
+

— — DCM N N
\ / \ / ZOOC

— — S—sS — — S—S
Vam\ > 7\
NS W N \ NN / [Re(L1)(CO)<Br]
Toluene oc-Re—Br EE——
Re(CO)sBr Reflux od o

Figure 3.1: A reaction schematic of the synthesis of the bipyridyl dithiolate ligand L1 (Yield 66.8%)
and the formation of [Re(L1)(CO)3Br] (Yield 72%)
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3.2.2 Fabrication and SERS Responses of MeLLFs using
Functionalised Nanoparticles

3.2.2.1 Aggregated Nanoparticles in the Presence of [Re(L1)(CO)sBr]

[Re(L")(CO)3Br] functionalised Ag nanoparticles have previously been reported by the
Fletcher group (Fig, 3.2a).* It has been shown that the simple aggregation of the
nanoparticles with concentrated aqueous solutions of MgSQa in the presence of the
[Re(L")(CO)3Br] complex gave a good SERS response of the resulting powder. It was
anticipated that the slight positional difference of the functional tail on the bipyridine,
from position 5 to 4, would not have any consequence on the observed spectroscopic
response and the [Re(L1)(CO)sBr] complex would display similar behaviour,

confirming the original observations.

a) b)
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Figure 3.2: The structures of a) [Re(L')(CO)3Br] and b) [Re(L1)(CO)sBr]

Citrate stabilised nanoparticles were aggregated with a saturated aqueous solution of
MgSOzs in the presence of 0.1 mM acetonitrile solution of [Re(L1)(CO)zBr]. The SERS
spectrum of the resulting powder strongly resembles the expected response with the
most recognisable feature being the peak situated at 509 cm™ previously assigned to the
Re-CO vibration (Fig. 3.3).* The Re-centred carbonyl stretches are also visible at 1902

and 2024 cm™*. Another noticeable feature is the peak at 1034 cm™ caused by the ring—

Joshua N. Lea - May 2022 81



Chapter 3

ring stretch of the bpy functional group with additional stretches at 1324, 1492, 1558

and 1605 cm™ also attributed to the bpy component.
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Figure 3.3: The SERS spectrum of aggregated Ag nanoparticles in the presence of [Re(L1)(CO)sBr].
Obtained at Queen’s University Belfast, usingthe Avalon Raman Station, excited at 785 nm
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Table 3.1: The peak assignments for the SERS spectrum of aggregated nanoparticles in the presence of

[Re(L1)(CO)sBr]
Wavenumber (cm?) Assignment

509 Re-C str.

655 Aliphatic C-S str.

756 Aliphatic C-S str.

881 CHz rocking

923 C-C str. (dithiolane ring)

1034 Ring-Ring str.

1285 Ring str. (C-C, C-N) + inter-ring stretching + C-
-H in-plane def.

1323 C-C inter-ring str. + in-plane C-H def.

1490 Ring str. (C-C, C-N) + inter-ring stretching + C-
-H in-plane def.

1559 Ring str. (C-C, C-N)

1606 Ring str. (C-C, C-N)

1624 Ring str. (C-C, C-N)

1901 Re-(C=0) carbonyl str.

2021

2887 Alkyl C-H str.

2095 C-H str. (Alkyl + dithiolane ring)

Stretching = str. Deformation = def.

3.2.2.2 Formation and SERS Response of Precursor Functionalised Metal
Liquid-Like Films

The positioning of nanoparticles at liquid-liquid interfaces can be achieved through
manipulation of the electrostatic forces between particles as discussed in Chapter 1.° It
can also be achieved through the surface modification of the nanoparticle surface using
a hydrophobic species. Lipoic acid derivatives have long been a popular choice for
anchoring organic moieties to the surface of noble metal NPs.8® Such compounds form
bonds with the metal surface via the two sulfur atoms. It is believed that this, coupled
with the presence of a hydrophobic metal centre, would allow the interfacial positioning
of [Re(L1)(CO)sBr] functionalised nanoparticles between two immiscible liquids.
Forming a functionalised metal liquid-like film or MeLLF, can be achieved through
vigorous shaking of colloidal nanoparticles in the presence of the modifying species

and a chlorinated solvent. Methyl 5-(dithiolan-3-yl) pentanoate was used initially to

Joshua N. Lea - May 2022 83



Chapter 3

establish whether lipoic acid derivatives could be used as the modifier. The ester rather
than the carboxylic acid was used to ensure that binding would proceed via Ag-S
interactions on the nanoparticle surface and not via coordination through the carboxylic

acid.

A MeLLF was formed via the standard procedure, using approximately 3 ml ofa 1 mM
acetone solution of the ester (Chapter 2. Section 2.2.1). The SERS spectrum of the
resulting MeLLF contains vibrations corresponding to structural elements of the ester
(Fig. 3.4). An intense band situated 600 cm™ accompanied with the shoulder at 652
cmis attributed to the in-phase and out-of-phase vibrations that occur on the two C-S
bonds.® Possible evidence that binding is occurring, is the lack of an intense band in the
region between 400-550 cm™ that is distinctive of the S-S bond.'® The implication is
that the two sulfur atoms are no longer covalently bonded. The large vibration at 228
cm?, assigned to Ag-S interaction, suggests the molecule is anchored to the surface via
the proposed interaction however this is tentative due to instrument limitations. The
other significant contributions belonging to C-H bending and twisting modes, can be
seen, along with the C=0 stretching vibration observed at 1730 cm™. The broad peak at
2925 cm™ is the asymmetric stretching of the CH2 groups of the dithiolane ring along

with C-H stretching vibrations.
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Figure 3.4: The SERS spectrum of the methyl 5-(dithiolan-3-yl) pentanoate MeLLF

Table 3.2: The peak assignments for the SERS spectrum of a MeLLF formed with Methyl
5-(dithiolan-3-yl) pentanoate

Wavenumber (cm™) Assignment
Methyl pentanoate
601 Aliphatic C-S str.
651 Aliphatic C-S str.
711 CH rocking
880 Ring breathing
917 C-C str. (dithiolane ring)
1009 C-C str.
1042 Ring-Ring str.
1075 C-Cstr. + C-0O str.
1239 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.
1277 CH2wagging
1394 CH2wagging
1441 CHz scissoring
1607 C=0 str.
1730
2925 (broad) C-H str. (Alkyl + dithiolane ring)

Stretching = str. Deformation = def.
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The use of the methyl dithiolate ester demonstrates that ligands derived from thioctic
acid can form MeLLFs. An expectation therefore was that the bpy-dithiolate ligand, L1,
would also successfully modify nanoparticles resulting in interfacial films. MeLLF
formation with L1 was achieved according to the standard procedure (Chapter 2.
Section 2.2.1), using L1 to modify Ag NPs. The presence of the bpy group is reflected
in the resulting SERS response with the characteristic vibrations being prominent (Fig.
3.5). The strong peak at 997 cm™ is attributed to the ring breathing mode, while the
ring-ring stretch is adjacent at 1024 cm™. The aromatic C-H deformations are also
visible at 1445 and 1486 cm™ and the alkyl C—H vibrations are observed with a broad
peak at 2923 cm™. The C-S stretch of the dithiolate tail at 616 cm™ shifted to a higher

wavenumber in comparison with the same vibration from the methyl ester.
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Figure 3.5: The SERS spectrum of the MeLLF formed using the ligand, L1
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Table 3.3: The peak assignments for the SERS spectrum of a MeLLF formed using L1

Wavenumber (cm™) Assignment

616 Aliphatic C-S str.

756 Aliphatic C-S str.

997 Ring breathing

1024 Ring-Ring str.

1285 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.

1313 C-C inter-ring str. + in-plane C-H def.

1445 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.

1570 Ring str. (C-C, C-N)

1606 Ring str. (C-C, C-N)

1624 Ring str. (C-C, C-N)

2923 C-H str. (Alkyl + dithiolane ring)

Stretching = str. Deformation = def.

3.2.2.3 Formation and SERS response of [Re(L1)(CO)3Br] MeLLF

The SERS spectra of both the methyl and bipyridyl dithiol esters demonstrate the ability
to form MeLLFs with reproducible responses through the modification of Ag
nanoparticles with dithiol containing groups. To explore if MeLLF formation would be
successful with the incorporation of the rhenium centre, MeLLFs were formed
according to the standard procedure (Chapter 2. Section 2.2.1), using a 1 mM
acetonitrile solution of [Re(L1)(CO)sBr]. Addition of the complex results in a visible
colour change of the nanoparticle solution and formation of the MeLLF is confirmed

by the appearance of a reflective film at the interface (Fig. 3.6).
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Figure 3.6: Photographs of the Re(L1) functionalised nanoparticles and the subsequent MeLLF. Note
the considerable darker colour after addition of the Re(L1) complex. The Re(L1) MeLLF has a bronze
colour compared to the expected silver colour. Final picture demonstrates the highly reflective surface

The SERS response of the MeLLF resulting from [Re(L1)(CO)sBr] modification,
possesses the vibrations inherent of rhenium tri-carbonyl complexes, evidenced by the
Re-C vibration at 507 cm™ and metal bonded CO stretches at 1909 and 2025 cm™
respectively (Fig. 3.7). There are also distinct similarities between the spectrum from
the MeLLF spectrum and the spectrum obtained via MgSO4 nanoparticle aggregation
(Fig. 3.7 insert). MeLLF formation using [Re(bpy)(CO)sBr] complex was also
attempted but this was judged not to successful. There is no observable colour change
that occurs after addition of [Re(bpy)(CO)3Br], suggesting that the complex is not
modifying the surface. Increasing the volume of the [Re(bpy)(CO)3Br] solution also
did not result in any perceivable colour change and no MeLLFs were formed after
shaking. The complex is charge neutral and does not possess a functionality that would
bind with the nanoparticle therefore lacking the properties to influence the nanoparticle
hydrophobicity sufficiently. This suggests that charge neutral rhenium complexes
require some form of surface modifying group in order for MeLLF formation to occur,

such as the bipyridyl thioctic ester moiety.
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Figure 3.7: The observed response from the MeLLF formed via functionalisation of nanoparticles
using [Re(L1)(CO)sBr]. Insert: The SERS spectrum of aggregated nanoparticles in the presence of
[Re(L1)(CO)sBr].

Table 3.4: The peak assignments for the SERS spectrum of a MeLLF formed using Re(L1)(CO)3Br]

Wavenumber (cm™) Assignment

509 Re-C str.

655 Aliphatic C-S str.

756 Aliphatic C-S str.

881 CHz rocking

923 C-C str. (dithiolane ring)

1034 Ring-Ring str.

1285 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.

1323 C-C inter-ring str. + in-plane C-H def.

1490 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.

1559 Ring str. (C-C, C-N)

1606 Ring str. (C-C, C-N)

1624 Ring str. (C-C, C-N)

1901 Re-(C=0) carbonyl str.

2021

2887 Alkyl C-H str.

2995 C-H str. (Alkyl + dithiolane ring)

Stretching = str. Deformation = def.
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To summarise, a novel nanoparticle film functionalised with the [Re(L1)(CO)3Br]
complex has been formed which offers a proof of concept. This is evidenced by the
SERS spectrum which exhibits the characteristic vibrations of the Re-CO group. It is
assumed that the complex modifies the nanoparticle surface through Ag-S binding thus

tuning the hydrophobicity of the surface sufficiently to allow for interfacial positioning.
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3.3 Investigation of Hybrid Film Systems and SERS Studies

3.3.1 Initial Attempts at Films Formed Using Combinations of
MeL LF-forming Species

Establishing that citrate stabilised Ag nanoparticles could be positioned at the interface
between two immiscible liquids presented questions on the limitations of the
methodology. One example is the role in which concentration of the rhenium complex
has on film formation as it is particularly reliant on the sufficient modification of the
nanoparticle surface. Additionally, an assumption was that the possible detection
capabilities of the films would also be controlled by the concentration of the complex
on the surface. Therefore, the lowest concentration at which film formation is achieved
and that allows recognition of the Raman fingerprint of the complex could be recognised
IS an important parameter to consider. Film formation and SERS recognition has been
demonstrated with a 1 mM solution of the complex (Section 3.2.2.3). Further
investigations using solutions of decreasing concentrations of the [Re(L1)(CO)3Br]
showed the limitations of MeLLF formation to be of this order as it is not possible below
a concentration of 0.1 mM to form a film. Below this, there is insufficient coverage of
the complex on the nanoparticle surface, and the hydrophobicity of the colloidal

nanoparticles is insufficient to position them at the solvent interface.

This prompted investigation into combining species that are known to induce interfacial
positioning with lower concentrations of [Re(L1)(CO)sBr]. Attempts at were made at
forming a [Re(L1)(CO)sBr] MeLLF using a 1x10®° M solution of the complex in
conjunction with an aliquot of an aqueous TBA NOs solution, therefore employing both
a modifying and promoting species in the same system. The aim of this was to explore

whether the limited surface coverage of the [Re(L1)(CO)sBr] complex on the
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nanoparticles could be mitigated by the presence of the promoting salt. This proved to
be unsuccessful, as while a MeLLF was formed, the corresponding SERS spectrum did

not feature any of the contributions that could be attributed to the rhenium complex.

3.3.2 MeLLFs Formed Using Mixed Thiol Modification

3.3.2.1 Mixed Thiol MeLLFs using [Re(L1)(CO)sBr] and Heptanethiol

Another strategy to decrease the Re complex concentration on the surface could be the
use of a secondary thiol in tandem with the complex. Monolayers of mixed thiols on
AgNPs have been reported and it was hoped that building on this concept could
potentially allow for recognition of the [Re(L1)(CO)sBr] complex below 0.1 mM.1% 12
A simple alkyl thiol could occupy the spaces between the much larger Re complex thus
providing suitable coverage, orientating the complex away from the surface and tuning
the NP’s hydrophobicity accordingly (Fig. 3.8). Through this picket fence approach, so
named as it was thought the surface on the nanoparticle would resemble a picket fence,
could facilitate film formation and the recognition of the [Re(L1)(CO)sBr] complex at

much lower concentrations.
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Figure 3.8: A schematic representation of the mixed thiol nanoparticle surface formed in the “picket
fence” approach
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1-Heptanethiol was used as the vibrational response should not obscure the noted Re-
centred vibrations. An initial experiment showing that a MeLLF was successfully
formed using the standard procedure (Chapter 2. Section 2.2.1), using a 1 mM
acetonitrile solution of CH3(CH2)sSH. The resulting SERS spectrum suggests that
CH3(CH2)sSH is present as a strong vibration at 692 cm™ is seen which is attributed to
the C-S vibration (Fig. 3.9), is in close agreement with previously reported data.*® 14
The alkyl C—C vibrations at 1016 and 1115 cm™ are also visible and representative of
the different conformational positions that can be adopted by the carbon atoms adjacent
to the sulphur.®**® There are also no significant vibrations at 510 cm™ which would

mask the presence of the Re-C stretches.
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Figure 3.9: The SERS spectrum of the 1-heptanethiol-functionalised MeLLF

As heptanethiol can modify Ag NPs that interfacial films can be formed, it was

anticipated that this would allow for the thiol to work in combination with the
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[Re(L1)(CO)3Br] complex. Using acetonitrile solutions of [Re(L1)(CO):Br] at
concentrations lower than 0.1 mM, in sequentially decreasing increments, MeLLFs
were formed using the standard procedure for “picket fence” MeLLFS (Chapter 2.
Section 2.2.1). The resulting films appear to show the recognition of the
[Re(L1)(CO)3Br] at a concentration of 1x10 M with the Re-C band at 510 cm™ present
(Fig. 3.10). However, at this low complex concentration, the spectrum closely
resembles that of the MeLLF formed with only CHs(CH.)sSH, suggesting any
[Re(L1)(CO)3Br] features are masked by the thiol. As would be anticipated, as the
complex concentration is reduced, the concentration of the heptanethiol remains
effectively constant and so recognition below this is problematic as signal to noise ratio
makes assignment of vibrations difficult. This result does however demonstrate that
recognition of the [Re(L1)(CO)sBr] complex is possible using a mixed-thiol system.
Vibrations attributed to the Re-CO stretch are still visible at 510 cm™ when the
CHs(CH:)sSH is used in combination with a 1x10° M solution of the [Re(L1)(CO)3Br]

complex. This is comparable to 10"1° mols of the complex being present on the surface.
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Figure 3.10: The responses of the concentration dependence study on the “picket-fence” hybrid
MeLLFs with comparison of the Re(L1) and 1-heptanethiol MeLLFs. Spectra identified by the
concentration of [Re(L1)(CO)3sBr] used with CH3(CH>)sSH. () 1 mM CH3(CH,)sSH reference, (-) 0.1
mM [Re(L1)(CO)sBr] reference, () 1x10° M [Re(L1)(CO)sBr], () 1x10°M [Re(L1)(CO)3Br], ()
1x107 M [Re(L1)(CO)3Br], (-) 1x108 M [Re(L1)(CO)sBr]

The SERS spectra of the “picket fence” films, using the decreasing concentrations of
[Re(L1)(CO)sBr], at higher wavenumbers show a peak situated at 1373 cm™. This is
tentatively attributed to vibrations of the bpy unit, growing in and out with the
[Re(L1)(CO)sBr] concentration changes (Fig. 3.11). The nature of this vibration is
unclear however it could be a result of orientation of the complex relative to the surface.
It is possible that as concentration of the complex decreases, the metal centre positions
closer to the metal surface where the metal centred carbonyls are situated close to the
Ag NP surface (Fig. 3.11 insert). This vibration may be a result of the metal centred
carbonyls interacting with the surface, assuming that the surface coverage permits the
rhenium centre to be in close proximity to the film. SERS studies using the similar L'

complex in aggregated NP systems show changes to the SERS response as
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concentration changes so it is plausible to assume the same behaviour would occur in
this instance.* It is also possible that it is an indication of an orientational change of the
heptane thiol. Computational modelling may be able to identify this peak, however such

studies have not been undertaken yet.
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Figure 3.11: The SERS spectra of the “picket fence” MeLLFs formed with [Re(L1)(CO)sBr] complex
solutions of differing concentration. 1x10-5(-) 1x10°6 (-) 1x107 (-) 1x10°® (-) ImM [Re(L1)(CO):Br] ()
1mM CH3(CH2)eSH (-) Insert: the proposed interaction between the Re-CO groups and metal surface.

3.3.2.2 Mixed Thiol MeLLFs using [Re(L1)(CO)sBr] and Thiophenol

Thiophenol was also considered for use in a mixed thiol approach for the formation of
a thiol-hybrid “picket-fence” MeLLF and were formed using decreasing concentrations
addition of the [Re(L1)(CO)3Br] with a constant concentration of thiophenol (Chapter
2. Section 2.2.1). The Re-C vibration is observed on the MeLLF using a 0.1 mM

solution of [Re(L1)(CO)sBr] (Fig. 3.12). However, the complex-specific vibrations are
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overshadowed by thiophenol vibrations beyond 0.1 mM. Thiophenol is a popular SERS
label because of its ability to form closely packed and ordered monolayers on metal
surfaces. This means there could be competition for binding sites between thiophenol
and the [Re(L1)(CO)sBr] complex thus resulting in poor binding of the complex. The
Raman response for a thiophenol surface is very strong owing to the highly ordered
phenyl rings which would undoubtably make the recognition of anything else on the

surface more challenging.16%°
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Figure 3.12: The spectra obtained from the “picket fence” MeLLFs formed using varying
concentrations of [Re(L1)(CO)sBr] and thiophenol. Spectra identified by concentration of
[Re(L1)(CO)3Br] used; 1x10*M (-), 1x10° M (), 1x106 (-)
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3.3.2.3 A Summary of “Picket-fence” MeLLFs

MeLLF formation using the mixed thiol, “picket-fence” approach does successfully
form films that allow [Re(L1)(CO)3zBr] to be seen at concentrations lower than can be
achieved using the complex alone. The “picket-fence” MeLLFs formed using
[Re(L1)(CO)3Br] and thiophenol allow the observation of the Re-CO vibrations when
[Re(L1)(CO)3Br] complex concentration of 0.1 mM solution. However, the fingerprint
vibrations of [Re(L1)(CO)sBr] complex are observed when forming a MeLLF using a
1x10° M complex solution in conjunction heptanethiol. Possible vibrations owing to
the [Re(L1)(CO)sBr] are also seen at 1x10°® M but the signal to noise ratio becomes
significant. Despite this, the heptanethiol: [Re(L1)(CO)sBr] films demonstrate that
sensing of the complex can be achieved at lower concentrations than solely using the
[Re(L1)(CO)sBr] complex. The implications are that improved sensing capabilities may
be possible using mixed thiol systems but the methodology requires further

investigation.

3.4 Development of Solid Films

3.4.1 Deposition of Promoted MeLLFs onto Glass and Labelling with
[Re(L1)(CO)sBr]

MeLLFs are advantageous as a SERS platform as their fabrication is relatively quick,
simple and low cost. However, their fluid nature does have some inherent difficulties in
their transportation, stability and handling. A possible way of rectifying these issues
would be to isolate the MeLLFs on a solid platform, allowing for better control of the
physical parameters and minimising the risks of film damage. A potential method to
achieve this involved the deposition of the interfacial MeLLFs onto borosilicate glass

slides. Glass-deposited (GD) MeLLFs were formed using TBA NOs promotion
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followed by deposition onto glass slides and subsequent staining with the desired label

(Chapter 2. Section 2.2.3).

3.4.1.1 Glass Deposited MeLLFs Stained with [Re(L1)(CO)sBr] Precursors

Initial experiments on the GD-MeLLFs involved staining with 1 mM solutions of the
ligand precursors, thioctic acid and bipyridine. The MeLLF stained with a 1 mM
solution of thioctic acid presented incredibly broad peaks centred at 1551 cm™ (Fig.
3.13a). The bending and twisting motions of the C-H bonds situated in the alkyl chain
are expected in this region and the broadness of the peak maybe representative of
numerous contributions. The peak at 657 cm™ which are attributed to vibrational modes
belonging to the C-S bond, indicating thioctic acid is present.'® 1 The absence of a
strong vibration belonging to a C—S—-S-C group in the region between 500 and 550
cm, implies the two sulfur atoms are not bound together and that the molecule is
attached to the surface via the Ag-S bond.? There is possible observation of the Ag-S
bond at 235 cm™ however, instrument limits mean this a speculative conclusion. The
vibration at 2912 cm™ corresponds to the symmetrical and asymmetrical C-H of at alkyl
tail, additionally stretches of the dithiolane ring CHo. It is possible that the carboxylic
acid group also interacts with the surface which would account for the difference

between this spectrum and that of the methyl ester.

Staining with a 1 mM solution of 2,2'-bipyridine (bpy) provided greater insight into the
efficacy of the deposited MeLLFs as a platform. The dominant features in the spectrum
of the bpy stained glass deposited MeLLF can be attributed to the characteristic
vibrational modes of bpy (Fig. 3.13b).2! Additionally, the spectrum resembles a
previously reported 2,2'-bipy-functionalised Ag MeLLF that was deposited on glass.??

The in-plane ring vibrations are observed at 1603 and 1560 cm™ and 1275 and 1322 cm"
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Lwith the most intense band attributed to the C-H deformation stretch at 1489 cm™. In

addition, the ring—ring stretching mode is also visible at 1025 cm™.
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Figure 3.13: The SERS spectrum of the GD-MeLLFs stained with A) thioctic acid and B) 2,2'-
bipyridine

The SERS spectrum of the GD-MeLLF stained with the bpy dithiolate ligand, L1,

displays the component vibrations from both thioctic acid and bpy (Fig. 3.14). The

peaks at 664 and 2923 cm™ are assigned to the C—S of the dithiolate ring and the C—H

stretches of the alkyl tail respectively. The broad peak around 1500 cm™ is attributed to

contributions from both functionalities. The sharper and more defined peaks that stem

from it at 1490, 1559 and 1604 cm™ are assigned to the in plane ring and C-H

deformation vibrational modes of bipyridine. The weaker vibrations at 1027, 1170 and

1320 cm are also considered to belong to the bpy group as they closely resemble the

peaks observed from the glass deposited MeLLF stained with bpy.
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Figure 3.14: Comparison of the SERS responses obtained via staining GD-MeLLFs with 1 mM 2,2"-
bipyridine (-), thioctic acid (-), and the bipy-dithiolate ligand, (L1) (-)

3.4.1.2 Glass Deposited MeLLFs Stained with [Re(L1)(CO)sBr] Precursors

Staining of a glass deposited MeLLF with a 1x10° M solution of the [Re(L1)(CO)3Br]
complex was also attempted. Initially it was unclear from the Raman spectrum whether
the complex was present on the surface (Fig. 3.15). The most dominant vibrations
belong to the bipy and thioctic functionality while the expected vibrations owing to the
Re-CO group were not immediately apparent. However weak vibrations that could be
attributed to both the Re—C at 496 cm™ and the metal CO modes at 1917 and 2019
cm™* were observed close to the baseline (Fig. 3.14insert). It is possible that the peak
situated at 558 cm* belongs to the S-S vibration within the dithiolane ring, suggesting

the molecule is sat on the surface as opposed to directly bound to it.
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Figure 3.15: The SERS spectrum of the GD-MeLLF stained with a 1 mM solution of [Re(L1)(CO)3Br].
Insert: An expansion of the[Re(L1)(CO)3Br] spectrum showing the Re—CO vibrations

Staining with a 0.1 mM solution of the [Re(L1)(CO)3sBr] complex yielded better results,
giving an assumed Re-CO vibration at 506 cm™ (Fig. 3.16). The moderate vibration
attributed to the S-S stretch at 558 cm™ that was seen in the glass deposited MeLLF
stained with a lower concentration of [Re(L1)(CO)3Br] is no longer present. This,
coupled with the vibration at 655 cm™ that is assumed to be representative of a C—S
mode suggest the binding of the complex to the NP surface. Comparisons of the
responses from [Re(L1)(CO)zBr] labelled MeLLFs formed via glass deposition and
surface modification show differing relative intensities of ligand specific-vibrations
(Fig. 3.15). The bpy peaks situated at 1030, 1280 and 1320 cm™ have different relative

intensities in the spectra of the two MeLLFs. The peaks at 1033 and 1320 cm™ are
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almost equivalent in the spectrum from the glass deposited MeLLF whereas the 1035
cm peak is the most intense peak with the others at significantly lower intensity in the
spectrum from the liquid-liquid analogue. This may be indicative of the complex having
a different orientation relative to the surface through the preparation of both the different
methods. Overall, the Raman response from the glass deposited MeLLF stained with
the [Re(L1)(CO)3Br] does strongly point to the complex successfully labelling the

deposited MeLLF making this a viable method of fabrication.
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Figure 3.16: Comparison of the SERS spectra taken from the GD-MeLLF stained with
[Re(L1)(CO)sBr] (-) and the MeLLF formed via nanoparticle modification using [Re(L1)(CO)sBr] (-).
excited at 532nm

3.4.1.3 Assessments of the Concentration Limits of the Glass-deposited Films
Using [Re(L1)(CO)zBr]

The successful recognition of the [Re(L1)(CO)sBr] complex on the solid films, formed
via glass deposition provides an alternative method to form functionalised films. An
important difference being that the complex is not required to modify the nanoparticle
surface to induce interfacial positioning. It was anticipated that this would allow for the
recognition of the complex after staining with concentrations lower than through the

complex modified MeLLF formation. To investigate this, glass deposited MeLLFs were
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stained with acetonitrile solutions of decreasing concentration of the [Re(L1)(CO)sBr]

complex.

The spectra show bpy-specific vibrations are still potentially present at a concentration
of 1x10® M, signified by the ring—ring stretch at 1019 cm™ (Fig. 3.17). Additionally,
peaks attributed to the in plane ring and C—H ring deformations at 1486, 1551 and 1608
cm™ can be seen. Surprisingly, the spectrum taken of the film stained with a 1x10* M
[Re(L1)(CO)sBr] solution was still exhibiting peaks that could be attributed to the
complex. However the variation in intensity as the concentration decreases does not
follow the anticipated trend. An expected result would be the observation of a
progressive decrease of the intensity of [Re(L1)(CO)3Br] vibrations as concentration
decreases. Unfortunately, the control experiment with the acetonitrile solvent also
presented peaks reminiscent of the L1 species which suggests the films are easily
contaminated. It is unclear how the contamination occurred as efforts were made to
minimise any possible risk of such occurring during the experimental procedure. While
this is not ideal when forming labelled surfaces, it does demonstrate the Raman-
enhancing capabilities of the films. It is plausible that compounds from the surroundings
are able to interact with the films, and if this is occurring, then it can be assumed that
any contaminating compounds will be in a very small amount. The recognition of trace
amounts the [Re(L1)(CO)sBr] complex may therefore be possible if there was

opportunity to produce the films in a cleaner environment.
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Figure 3.17: The results from the staining of GD-MeLLFS with decreasing quantities of the
[Re(L1)(CO)sBr] in acetonitrile. Excited at 532 nm

Repeating the experiment with acetone solutions of decreasing concentrations from
1x107° to 1x10%* M of the [Re(L1)(CO)sBr] complex presented similar results. The
Raman response of a glass deposited MeLLF stained with a 1x101* M complex solution
possessed characteristic vibrations owing to the [Re(L1)(CO)sBr] complex.
Unfortunately, the control MeLLF slide again presented a similar response, indicating
experimental contamination. Despite the possible large enhancement capabilities of the
films, further investigation into the fabrication procedure is required before it can be
deemed a viable method of film formation. It also illustrates the difficulties of working

towards homeopathic concentrations with films designed to bind these reporting groups.
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3.4.2 Ag Films Formed Through Photocatalytic Reduction

The generation of a Raman active Ag solid surfaces can also be achieved via the photo-
induced reduction of Ag salts using UV radiation. Mills et al. describe formation of a
SERS active Ag surface by employing the semiconductor photocatalysis using a TiO2
surface.?®> The initial objectives of this Chapter were to deduced whether the
[Re(L1)(CO)sBr] complex could be used to effectively label noble metal
nanostructures. The work to this point has involved the use of the [Re(L1)(CQO)3Br] as
a label for nanoparticles formed through charge stabilisation and it was anticipated that
the [Re(L1)(CO)sBr] complex could be used to label a nanostructured surface formed

via other methods.

Photo-deposited (PD) Ag films were synthesised using a reported procedure (Chapter
2. Section 2.2.4).% The deposition of Ag is apparent due to an observed colour change
of the plate surface, and further confirmed using UV-Vis spectroscopy (Fig. 3.18). The
absorption spectra of the slides feature a maximum absorption around 360 nm which is
in moderate agreement with the literature and is assigned to localised surface plasmon
resonance of nanosized silver structures. This provides an indication of their size on the
surface and the broad absorbance observed suggests that a variety of structure sizes exist
on the surface.?* Scanning electron microscopy showed these apparent structures on the
surface with the lighter grey spots attributed to the Ag nanostructures. (Fig. 3.19).
Further analysis with energy-dispersive X-ray (EDX) spectroscopy confirmed the

presence of Ag on the surface (Fig. 3.18insert).
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Figure 3.18: The UV-Vis spectra of the Ag-deposited glass slides, formed via photo-induced reduction
of AgNO:s. Insert: The Ag glass slides after treatment with AgNO3

Figure 3.19: SEM of one of the plates showing Ag structures on the surface. Insert: EDX spectrum
showing that elemental Ag was present
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After establishing the presence of Ag structures on the surface, the PD Ag plates were
treated with the [Re(L1)(CO)zBr] complex. The plates were partly submerged in a 1
mM solution of the [Re(L1)(CO)zBr] complex and left for several hours before being
removed and dried. The SERS spectrum is dominated by features originating from the
bpy with the ring—ring stretch at 1024 cm™ and out of phase ring modes visible at 1487,
1562 and 1603 cm™ (Fig. 3.20). The vibrations at 651 and 3069 cm™ may be
representative of the dithiolate tail group. Although the vibrations from the bpy allude
to the presence of the complex on the surface, the rhenium complex vibrations are not

distinguishable.
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Figure 3.20: The SERS response from the PD-Ag substrate after staining with a 0.1 mM solution of
[Re(L1)(CO)sBr] in acetonitrile. Excited at 532 nm

Joshua N. Lea - May 2022 108



Chapter 3

To summarise, the use of PD-Ag plates as a possible SERS active substrate for
[Re(L1)(CO)sBr] labelling was attempted however, was not developed further. A clear
disadvantage of the PD-Ag plates compared to the interfacial films is the difficulty in
confirming the presence of the [Re(L1)(CO)3Br] complex on the surface using SERS.
It is unclear why staining of the PD-Ag plates with the [Re(L1)(CO)3Br] complex does
not appear to show vibrations associated with the Re—CO group. Additionally, the
synthetic procedure for the PD-Ag plates is significantly longer and more complex than
either the MeLLFs or the SENS. Because of the reasons stated, no further investigation
using photocatalytic methods of forming SERS active Ag surfaces were conducted.
Overall, the interfacial films prove to be a more suitable substrate for the production of

[Re(L1)(CO)sBr] functionalised films.

3.4.3 Surface-Exposed Nanoparticle Sheets

Xu et al. have recently demonstrated a new method to isolate NPs from a MeLLF into
a reproducible film; surface-exposed nanoparticle sheets or SENS.?® These are made in
a similar manner to MeLLFs in that nanoparticles are either modified or promoted by
an additional component resulting in the positioning of the NP at the interface between
two immiscible liquids. SENS then rely on the incorporation of a polymer into the
organic layer, which creates a robust film upon evaporation. The surface is
advantageous as the nanoparticle monolayer is fixed into the polymer leaving one side

still chemically accessible.
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3.4.3.1 Formation of the SENS using [Re(L1)(CO)sBr]

The modification and interfacial positioning of nanoparticles at a liquid-liquid interface
using [Re(L1)(CO)sBr] has been established. The corresponding [Re(L1)(CO)3Br]
SENS were formed using the standard procedure using a 0.1 mM acetonitrile of the
[Re(L1)(CO)sBr] complex (Chapter 2, Section 2.2.2). The appearance of the films is
similar to the MeLLF, having a metallic lustre. They are very flexible upon handling
but this is resolved upon the binding of the polystyrene side of the film to sticky tape.
SEM characterisation of the films shows the monolayer nature of the surface with NPs

in closely arranged 2-dimensional structures (Fig. 3.21c & 3.21d)

Figure 3.21: a) A photograph of a SENS formed with 0.1 mM solution of [Re(L1)(CO)3sBr] sat on water
with the polystyrene layer exposed and b) a section of the SENS isolated on sticky tape with the exposed
NP layer. c) Characterisation of the SENS using SEM and d) a closer view of the surface showing the
nanoparticles sat at the interface
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The SERS spectrum of the resulting SENS show the Re-CO vibrations are present at
509, 1904 and 2025 cm™ while the C-S mode from the tail at 614 cm™ is visible (Fig
3.22). The ring-ring stretch is evident at 1034 cm™ along with signals associated with
the bpy peak and C-S stretch of the tail. The spectrum is similar to the MeLLF spectrum,
indicating that the [Re(L1)(CO)3Br] modified nanoparticles are exposed and not
encased in the polymer. The absence of vibrations that can be attributed to the
polystyrene layer is also noted. The conclusion therefore, is that the [Re(L1)(CO)3Br]
complex can successfully generate the SENS materials with an exposed surface that

exhibits the SERS spectrum of the [Re(L1)(CO)sBr] complex.
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Figure 3.22: The SERS spectrum of a SENS surface obtained using Ag NPs modified with the
[Re(L1)(CO)sBr] complex
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Table 3.5: The peak assignments for the SERS spectrum of a SENS formed using Re(L1)(CO)3Br]

Wavenumber (cm™) Assignment

509 Re-C str.

654 Aliphatic C-S str.

757 Aliphatic C-S str.

1034 Ring-Ring str.

1285 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.

1321 C-C inter-ring str. + in-plane C-H def.

1492 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.

1558 Ring str. (C-C, C-N)

1606 Ring str. (C-C, C-N)

1623 Ring str. (C-C, C-N)

1901 Re-(C=0) carbonyl str.

2021

2932 Alkyl C-H str.

3078 C-H str. (Alkyl + dithiolane ring)

Stretching = str. Deformation = def.

3.4.3.2 Labelling a Promoted SENS using [Re(L1)(CO)s3Br]

SENS can be formed via TBA salt promotion as described in the original work by Xu

et al. generating a SENS surface that would be available for labelling with the

[Re(L1)(CO)sBr] complex. An assessment was made on the difference between using

in-situ modification of colloidal nanoparticles or the labelling of SENS substrate

through TBA salt promotion had been produced. A TBA promoted SENS was prepared

according to the standard procedure (Chapter 2, Section 2.2.2). After extraction using

sticky tape, the SENS was then soaked with a 100 ul droplet of a 0.1 mM solution of

[Re(L1)(CO)sBr] and washed with clean acetonitrile. The resulting SERS spectrum

contains the typical vibrations of the [Re(L1)(CO)s:Br] complex with peaks

corresponding to the Re—CO, bpy and tail components visible (Fig. 3.23).
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Figure 3.23: The SERS spectrum of a Ag NP SENS formed via TBA salt promotion and subsequent
staining with a 0.1 mM solution of [Re(L1)(CO)sBr] for 30 seconds. Conducted at Queen’s University,
Belfast using a Perkin EImer Raman Micro 200 Raman Microscope, excited at 785 nm

The comparison of the SERS spectra of the SENS formed through the staining of a TBA
promoted SENS using [Re(L1)(CO)sBr] solutions (Method 1) and nanoparticle
modification (Method 2) shows a dramatic difference in the SERS intensity (Fig. 3.24).
The intensity of the Re—C stretch of the SENS formed via method 2 is over 2000% more
intense than the Re—C band of the SENS formed via method 1. The modification used
in method 2 potentially results in monolayer coverage of the individual nanoparticles
which may be an advantage as more of the complex is occupying areas where the
nanoparticles are in close proximity. Therefore the observed difference in intensity is
an example of “hot spots” (Chapter 1, Section 1.5.1). In the case of the SENS formed
via method 1, the interaction of the rhenium label with the surface will be subject to
available space on the surface. The presence of a [Re(L1)(CO)3Br] complex on the NP

surface may sterically hinder further binding of another molecule, thereby possibly
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limiting the coverage on the surface. Furthermore, this may inhibit the binding of

complex molecules in these areas that give rise to high SERS intensity.
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Figure 3.24: The SERS spectra of the SENS after 30 second soaking with a 0.1 mM solution of
[Re(L1)(CO)sBr] (Method (—) and the SENS formed with via NP modification using [Re(L1)(CO)sBr]
(). Excited at 785 nm

Despite the SERS intensity differences of the SENS formed via methods 1 and 2, the
results illustrate that the SENS formed via method 2 allows for the recognition of the
[Re(L1)(CO)sBr] complex after soaking for 30 seconds. However, this does not suggest
that this is the optimal staining time for this particular approach. The formation of a
[Re(L1)(CO)sBr] functionalised SENS was again formed via method 2 and the SERS
response was taken at 20 second intervals. A sharp increase is initially observed before
the intensity plateaus (Fig. 3.25). Some fluctuations are observed at 220 and 400

seconds however the average intensity after almost 10 minutes is still around 4500
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counts. This suggests the surface is readily saturated and prolonged exposure to the
[Re(L1)(CO)3Br] solution does not greatly affect the observed response. Nonetheless,
it still outlines that the staining of a SENS formed through TBA salt promotion can then
be functionalised with the [Re(L1)(CO)3Br] complex, offering an alternative method of

fabrication.
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Figure 3.25: A plot detailing how the intensity of the Re-C vibration changes with time during the
soaking of a SENS with a 0.1 M solution of [Re(L1)(CO)3Br]. Each time interval represents a period of
20 seconds

3.4.3.3 Attempts at Forming Mixed Thiol SENS

Due to the similarity in which both the MeLLFs and the SENS are fabricated, it can be
assumed that the constraints of SENS formation are similar to the MeLLFs and therefore
dependent on sufficient surface coverage. The results discussed in Section 3.3 describe
the ability to form the “picket fence” MeLLFs which achieved recognition of the

complex at concentrations lower than the films formed with [Re(L1)(CO)3Br] alone. It
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was expected that the same could be replicated with the solid SENS analogues. To
investigate this, “picket fence” SENS were formed by combining the procedures for the
formation of heptanethiol/[Re(L1)(CO)3Br] MeLLFs and the standard procedure for
SENS formation (Chapter 2, Section 2.2). Addition of a 1x10®° M solution of
[Re(L1)(CO)3Br] and a 1mM solution of CH3(CH2)sSH produced a SENS film. The
SERS spectrum does share similarities with the liquid-liquid analogue with the
component vibrations of both thiols featuring the Re—C stretch at 509 cm, though weak
in intensity (Fig. 3.26). Attempts with lower concentrations of the [Re(L1)(CO)3Br]
complex proved to be unsuccessful as only vibrations from the heptanethiol are visible.
It is unclear why this is the case as the anticipated result was that it would mimic the
SERS response seen by the hybrid MeLLF (Section 3.3.2.1). Despite this, the results
show that the mixed thiol “picket fence” approach can also be used for the fabrication

of the SENS.
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Figure 3.26: The SERS spectrum of a mixed thiol SENS formed with 1x10-5 M solution of
[Re(L1)(CO)3Br] and 1 mM CHs(CH,)sSH
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In summary, the formation of SENS using [Re(L1)(CO)sBr] functionalised
nanoparticles builds upon the work of rhenium functionalised MeLLFs (Section 3.2).
The SERS response of the [Re(L1)(CO)3Br] SENS displays the characteristic features
of the complex while resolving the physical issues associated with the liquid-liquid
counterparts. Additional work was conducted to assess the preferred method of labelling
a SENS surface with the [Re(L1)(CO)3Br] complex. Both the use of the complex as a
modifier and soaking an unlabelled SENS with the complex generates a film that
displayed the vibrations inherent to the [Re(L1)(CO)3Br] complex. The SERS response
of the SENS formed through the modification of nanoparticles using [Re(L1)(CO)3Br]
followed by film formation is distinctly more intense than a film formed via TBA salt
promotion and labelled post film formation. This is believed to be a result of the
complex being in regions of greater SERS enhancement or “hot spots”. Additionally,
the “picket fence” approach can also be used for the formation of mixed thiol SENS.
This approach allows for recognition of the [Re(L1)(CO)s:Br] complex at a

concentration lower than using the [Re(L1)(CO)sBr] complex alone.
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3.5 Conclusions on the Development of Rhenium-

functionalised Films

The [Re(L1)(CO)3Br] complex can be used to modify noble nanoparticles and induce
the interfacial positioning resulting in [Re(L1)(CO)3zBr] functionalised MeLLFs. This
is confirmed by recognition of complex-specific vibrations on the film using surface-
enhanced Raman spectroscopy. This appears to provide a simple and reproducible
method of forming a rhenium functionalised surface that possesses a characteristic
SERS response. Expanding on this by introducing a polymer to the organic phase allows
for more robust films to be produced. The SENS films combine the highly ordered NP

monolayer properties of the MeLLFs with the advantages of solid films.

Further studies were also conducted that focused on using mixed thiol layers as a
strategy to form both the MeLLF and SENS variants, to identify the lowest
concentration of the [Re(L1)(CO)sBr] complex that could be detected by Raman
spectroscopy. This mixed thiol system demonstrated a greater degree of sensitivity than
using the complex alone as the spectrum of the heptanethiol/[Re(L1)(CO)sBr] MeLLF
shows metal-centred vibrations were still observable at a [Re(L1)(CO)sBr]

concentration of 1x10°% M.

An investigation was also conducted to assess whether MeLLFs could be transferred on
to solid substrates. The glass-deposited MeLLFs were shown not to be easily
reproducible and had high susceptibility to contamination. Additional work was
conducted to see whether simple substrates produced via the photo-induced reduction
of Ag(l) could also provide a useful substrate for generating Re(l)-modified surfaces.

The procedure for the fabrication of both the glass deposited MeLLFs and the PD Ag
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slides were significantly more time consuming than either the interfacial films therefore

were judged to be unsuitable approaches for the proposed application.

The [Re(L1)(CO)3Br] functionalised MeLLFs and SENS provide a reproducible surface
that offers huge enhancement of the metal-centred and ligand vibrations with the
advantage of simple methods of production. It is hoped that such surfaces can now be

used to track specific ion-binding interactions using SERS.
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4.1 Introduction

In Chapter 3, the successful formation of Re-functionalised nanoparticle films using
interfacial positioning through surface modification was described. The relatively
simple fabrication methods for both MeLLFs and SENS, coupled with the SERS
activity of the [Re(L1)(CO)sBr] complex provides an opportunity to explore the
development of a “SERS sensing platform”. Employing transition metal complexes for
SERS-based sensing has seen limited attention although there are examples present in
the literature. For example, the work by Kong et al. has shown a triosmium complex

bound to a gold surface can be used for the detection of glucose.!

The sensing of aqueous mercuric ions (Hg?*) using SERS has seen particular focus in
recent years with the literature containing numerous examples with the review by Li et
al. providing a comprehensive overview of the recent developments.? The use of
labelled sensors, where the SERS response is based on observed changes of a molecule
bound to a SERS-active surface, have been used for such purposes. A recent example
is the aminothiophenol-functionalised Ag-Au alloy as described by Guo et al. in their

work on the detection of Hg?* in black tea.’

Re(l) complexes, similar in structure to [Re(L1)(CO)sBr] introduced in Chapter 3, have
been investigated as a potential sensor for Hg?* in work conducted previously by the
Fletcher group (Fig 4.1).* It was observed that the introduction of Hg?* to
[Re(bpy)(CO)zBr] and [Re(L")(CO)3Br] gives a “turn-on” fluorescent response and it
was proposed that this was facilitated removal of bromide and the subsequent

coordination of solvent.

Joshua N. Lea - May 2022 122



Chapter 4:

a) b)
./ N/ '
OCm=—Re—0Br OC——Be——Br
oc co oc co AN

OC mm—Re—Br

<

N

oC CO
Figure 4.1: The structures of a) [Re(bpy)(CO)sBr/ and b) [Re(L')(CO)3Br] that were investigated for

their possible response to the presence of Hg?*along with c¢) [Re(L1)(CO)sBr].*

The aims of this Chapter are to explore whether rhenium-functionalised interfacial films
can be employed for targeted sensing. Additionally, to confirm that the previously
observed Hg?" specific behaviour of the similar complex, [Re(L")(CO)3Br] can also be
seen with the [Re(L1)(CO)3Br] and to investigate whether vibrational changes could be
observed by Raman spectroscopy and these films can operate as a labelled SERS

detecting surface, potentially displaying specific behaviour for cationic mercury.
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4.2 Metal Cation Sensing using the Bipyridyl Ligand System,

L1

4.2.1 The SERS Response of a MeLLF formed through Bipyridyl-
Dithiolate Modification

The bipyridyl-dithiolate species, L1, is a nanoparticle-modifying species that can aid
the self-assembly of nanoparticles at an interface (Chapter 3 Section 3.2.2). It has been
previously noted that ligand orientation of a similar species on the surface can be
controlled by the concentration.®> At higher concentrations, the density of the ligand
surface resulting in the ligand “standing up”, with the bpy functional group positioned
away from the surface. It was therefore anticipated that a ligand modified NP film would
present metal cation sensing capabilities through the coordination of bpy ligands with
metal cations.® The SERS spectrum of a L1 MeLLF is made up of contributions from
both bpy and dithiolate groups (Fig 4.2). The peaks positioned at 997, 1024, 1313, 1445
and 1570 cm™ are all contributions from the bpy while the peaks at 616 and 756 cm™

correspond to the C-S vibrations as discussed in Chapter 3.
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Figure 4.2: The SERS spectrum of an Ag MeLLF formed using a 1 mM solution of the bpy-thiolate

ligand, L1 as a modifier. Excited at 785 nm. Insert: The structure of L1
4.2.2 SERS Detection of Metal Cations Using L1 MeLLFs

100 pl additions of different 1 mM metal perchlorate salt solutions were made to ligand
functionalised MeLLFs and the SERS measurements were made. The introduction of
metal cations are seen to induce spectral changes to the bpy contributions between 950
and 1700 cm™ (Fig 4.3). The peak at 995 cm™, which corresponds to ring breathing, is
a point of interest as this vibration responds to the presence of several metal cations.
Zn?* causes the appearance of a strong vibration at 1024 cm™ that is of similar intensity
to the adjacent 995 cm™ vibration. The addition of Fe?* and Co?* also results in strong
vibrations at 1033 and 1023 cm! respectively, with little or no contribution from the
original ring breathing mode. This suggests that the coordination of a metal centre to

the bpy species causes a shift in the ring breathing mode and the ring-ring stretch as the
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ligand orbitals involved in the metal coordination causes a strengthening of the inter-
ring bond.” The addition of Hg?* generates a peak at 1008 cm™, which appears as a
shoulder to the original vibration and could be representative of a binding interaction.®
The addition of Pb?* only appears to cause a very slight decrease in the intensity of the
moderate band at 1024 cm™. Pb?* is the largest of the cations that was screened with the
L1-functionalised MeLLF so this limited interaction maybe a result of steric hindrance
and reorientation of the bpy group.® This may also account for why the interaction with
Hg?* also appears to be limited. An additional reason is that the stability of the metal-
bpy bond is comparatively weaker than the other cations therefore chelation to the bpy

group is hindered.
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Figure 4.3: The SERS spectra of the L1-functionalised MeLLFS and the SERS response after the
addition of the different metal cations. Excited at 785 nm
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Table 4.1: A table showing the impact or metal coordination on selected vibrations of the L1 MeLLF

Wavenumber (cm Assignment
L1 L1-Co L1-Fe L1-Zn L1-Hg L1-Pb
995 995 (w) 995(m) 995 995 995 Ring breathing
1024 1023 1034 1024 (s) 1008 1024 (w) Ring-Ring
stretch
1313 1320 1312 1317 1312 1312 C-C inter-ring
stretch and

(w)=weak, (m)=moderate, (s)=strong

This preliminary study using a L1-functionalised MeLLF for the sensing of metal
cations in solution suggests that labelled MeLLFs may have wider applications in
SERS-active sensing. The observable differences to the spectra of the L1 MeLLFs after
the addition of Fe?*, Co?* and Zn?* suggest such films could be used for aqueous metal
cationic sensing. Furthermore, similar spectral changes were observed in a study
combining the bipyridyl coordination of metal cations and the aggregation of AgNPs.°
However, the discrimination of the individual cations would be more challenging in the
absence of signature vibrations. Cations with larger ionic radii, in this case Hg?* and
Pb?* do not illicit the same degree of response. This may be due cation binding being
sterically hindered or they do not bind as strongly to the bpy moiety. This does however
demonstrate that functionalised interfacial films have possible application within

sensitive and selective cation sensing using SERS.
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4.3 Solution-based Spectroscopic Studies of Re(L1) and Hg?*

4.3.1 UV-Vis and Emission Spectroscopic Studies of [Re(L1)(CO)sBr]
and Hg?

Bipyridyl ligands chelated to rhenium centres have UV-vis absorbances attributed to
metal-to-ligand-charge-transfer (MLCT) and =-n” transitions, with emissive
characteristics in the visible region. Additionally, a selective Hg?* interaction was
previously observed in a complex that is structurally very similar to [Re(L1)(CO)3Br]
in solution.* Furthermore, the presence of a dithiolate tail suitably modifies the surface
of citrate stabilised nanoparticles, allowing for the formation of the interfacial films.
The [Re(L1)(CO)zBr] complex displays similar photophysical behaviour of analogous
[Re(bpy)(CO)zBr] complexes, with a MLCT absorbance is observed at 372 nm and
ligand centred transitions at 251, 293 and 326 nm (Fig 4.4). When excited at 380 nm,

an emission is observed at 617 nm (Amax).
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Figure 4.4: The UV-vis and emission spectra of the [Re(L1)(CO)sBr] complex in aerated CH3CN.
Sample was excited at 380 nm in aerated acetonitrile at 298 K.
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Table 4.2: The photophysical properties of the [Re(L1)(CO)3Br] with comparison to the
[Re(bpy)(CO);Br] standard.

Complex Absorption?, Amax/nm emission?
LMCT LC MLCT Amax/NM Dey?
[Re(bpy)(CO)3Br] 244 292 315 366 609° 7.8x10°3
[Re(L1)(CO)sBr] 251 293 326 372 617 3.0x10°3

a—in aerated CHsCN at 298 K at a concentration of 1 x10-°M.

b — excited at 400 nm in aerated CH3CN at 298 K.

c — excited at 380 nm in aerated CH3sCN at 298 K

d - emission quantum yields (@.m) were calculated relative to [Re(CO)3Br(bpy)] ( @em = 7.8 x 10-3 )1!
in acetonitrile

To confirm that [Re(L1)(CO)sBr] also displayed similar behaviour when in solution and
treated with Hg?*, sequential additions of metal salts in molar equivalent ratios were
made to a [Re(L1)(CO)zBr] in aerated acetonitrile. The metal cations of interest were
Hg?*, Ag*, Cu?*, Pb®*, Co%", Cd?*, Ni?*, Zn?>" and Fe*. UV-Vis and emission
spectroscopic measurements of the resulting solution were then taken. The sequential
addition of 5.0 and 10.0 molar equivalents of a number of metal salts to an acetonitrile
solution of [Re(L1)(CO)z:Br] do not elicit any particular changes in the optical
properties of the complex (Fig 4.5.). The majority of metal cations tested, do not induce
an observable change in the UV-vis spectrum of [Re(L1)(CO)3Br]. This is coupled with
a slight quenching of the emission with exception of the addition of 5.0 molar
equivalents of Cu(ClOa4)z and Ni(CIO4).. Both Cu?* and Ni?* cause a slight increase in
emission intensity however to reiterate, this is not coupled with any change in the UV-

Vis response.
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Fig 4.5: The change in emissive intensity observed upon the addition of 5.0 and 10.0 molar equivalents
of various metal salts to a [Re(L1)(CO)3Br] solution.

The addition of Hg(ClOa4)2 results in notable changes to the UV-Vis spectrum of the
[Re(L1)(CO)sBr] complex coupled with changes to the emission intensity (Fig 4.6a).
There is a considerable blue shift of the metal-to-ligand charge transfer (MLCT)
absorption band from 378 to 341 nm which is accompanied by an intensity increase of
the m—m" transition at 326 nm. There is also a dramatic change in the observed emission
spectrum with an increase in the quantum yield coupled with a blue shift from 609 nm
to 550 nm (Fig 4.6b). The proposed mechanism is that Hg?* facilitates the removal of
the bromide from the metal centre and it is therefore anticipated that the observed

spectroscopic changes are representative of this interaction.
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Figure 4.6: The a) UV-Vis and b) emission response from the titration of the [Re(L1)(CO)3Br] with
Hg(CIO,), in acetonitrile. Emission excitation conducted at 400 nm. Hg(ClO4), molar equivalents 0.0
(+),02(),04(),06(),08(),1.0(),15(),2.0(),3.0(),5.0(),10.0 (). Emission response
from sample in aerated acetonitrile and excited at 400 nm at 298 K

Conducting a similar titration experiment with the addition of Hg(NO3), to a
[Re(L1)(CO)sBr] solution, induces a similar optical response. The MLCT is blue-
shifted from 381 nm to 344 nm and an increased absorbance of the n—n" transition at
318 nm (Fig 4.7b). Furthermore, there is a similar blue shift that occurs with the Amax Of
emission moving from 609nm to 547 nm coupled with an increase in quantum vyield
(Fig 4.7b). There is a subtle difference between Hg(ClO4), and Hg(NO3)2, with a slight
decrease in the emission intensity once the molar equivalents of Hg(NO3). increases
beyond 3.0. A possible explanation for this spectroscopic difference is the resultant
complex formed after bromide removal. It is anticipated that the coordination of CH3CN
into the vacant site occurs. It is at this point that, as the concentration of Hg(NOz3)2

increases, the NOs is able to substitute with the coordinated solvent resulting in the
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formation of a [Re(L1)(CO)3(NOs)]. Whereas this does not occur in the case of the

perchlorate salt due to its noncoordinating nature.?
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Figure 4.7: The a) UV-Vis and b) emission spectra from the titration of the [Re(L1)(CO)3sBr] with
Hg(NOs), in acetonitrile. Emission excitation conducted at 400 nm. Hg(NQOs), molar equivalents 0.0 (—
),02(),04(),06(),08(),10(),15(),20(),3.0(),50(), 10.0 (-). Emission response

from sample in aerated acetonitrile and excited at 400 nm at 298 K

4.3.2 'H NMR Spectroscopy Studies of [Re(L1)(CO)sBr] and Hg?*

Sequential additions of Hg?* salts were made to [Re(L1)(CO)3Br] in acetonitrile-ds to
investigate the possible structural changes that occur. Addition of Hg(ClO4)2 results in
progressive changes to the NMR spectrum (Fig 4.8). The shift at 5.32 ppm, assigned to
the methylene proton, undergoes a gradual decrease in intensity with a new shift
appearing at 5.35 ppm as Hg?" concentration increases. Similarly, the peaks assigned to
protons 5 and 5’ on the bipyridyl group at 7.62 ppm are lost with a new environment

appearing at 7.73 ppm. The same is seen with proton 4’ at 8.21 ppm, proton 6’ at 9.00
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and both the 3 and 3’ environments at 8.39 ppm and 8.46 ppm respectively. The changes
to the spectrum appear to occur stoichiometrically with the transition from the starting
material to the new complex complete after the addition of 0.5 to 0.6 equivalents. This
suggests that as the molar equivalents of Hg?* increases, a new complex is formed and
that the complex-Hg?" interaction occurs at a 2:1 stoichiometry. This is in good

agreement with a previous study.*

The addition of Hg(NOg)2 to a solution of [Re(L1)(CO)sBr] in acetonitrile-ds causes
similar behaviour with the slow disappearance of some of the initial peaks growth of
new peaks growing as Hg?* concentration increases (Fig 4.9). The shift corresponding
to the 5 and 5’ protons at 7.59 and 7.62 ppm decreases with another peak growing in at
7.71 ppm. This initially resembles the response seen with the addition of Hg(ClO4)2
however once molar equivalence reaches 0.5, a third species begins to grow in. This is
most apparent in the 6 and 6’ environments located furthest down field. Addition of
greater than 0.5 equivalents causes precipitation of the sample preventing further
analysis. A possible explanation is that the [Re(L1)(CO)3(CH3CN)]* is formed initially
and as the Hg(NOs). concentration increases, NOs™ substitutes with the CH3CN adduct
to give a [Re(L1)(CO)3(NOs3)] complex. This may also explain the observed intensity
decrease in both emissive and UV-Vis responses Hg(NOz)2, however no precipitation

in the optical spectroscopic samples was observed.
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Figure 4.8: The 'H NMR titration of [Re(L1)(CO);Br] with Hg(CIlO,), conducted at 300 MH= at 298 K in acetonitrile-d;.
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Figure 4.9: The ' H NMR titration of [Re(L1)(CO);Br] with Hg(NO3), conducted at 300 MH= at 298 K in acetonitrile-d;.
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To summarise, the addition of Hg?" salts to a [Re(L1)(CO)sBr] solution impacts both
the optical and structural properties, confirming the observations previously made using
[Re(bpy)(CO)3Br] and [Re(L")(CO)3Br].[ref] The result confirms that the presence of
Hg?* facilitates the removal of bromide leading to the weak coordination of solvent in
its place (Fig. 4.10). Additionally, the counter ion of the salt appears to also influence
the reaction with the presence of NOs seemingly generating a third species, attributed
the counter ion replacing the coordinated solvent. The spectroscopic data shows that
this small collection of Re(l) complexes have a selective interaction with Hg?* which
could be applied for the development of new forms of mercury sensing. There are also
possible synthetic implications with Hg?* salts having the ability to facilitate bromide
removal. Silver salts are employed for this purpose however Hg?* salts appear to achieve

this with the additional advantage that the reaction occurring at room temperature.

Hg?" + 2[Re(L1)(CO);Br] + CH;CN HgBr, + 2[Re(L1)(CO);(CH;CN]*

Figure 4.10: The proposed reaction occurring on the addition of Hg?* to an acetonitrile solution of
[Re(L1)(CO)sBr].
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4.4 SERS Sensing of Hg?* Using [Re(L1)(CO)3Br] Interfacial

Films

4.4.1 Metal Sensing using [Re(L1)(CO)s:Br] MeLLFs

The combination of interfacial film formation and the observed remarkable optical
response to Hg?* with [Re(L1)(CO)sBr] could give a SERS-active platform with high
sensitivity for this cation. The key Raman vibrations are situated at 506, 1910 and 2025
cm® which originate from the Re—CO groups, with additional contributions from the
bipy and dithiolate tail. It was hoped that the Hg?* induced interaction would cause a
sufficient change in the excited state of the molecule to elicit a response from these Re-

centred SERS vibrations.
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Figure 4.11: The SERS spectrum of a [Re(L1)(CO)3(Br)] MeLLF (Chapter 3. Section 3.2.2.3)
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The MeLLFs were fabricated using the [Re(L1)(CO)3(Br)] complex using the standard
procedure, followed by the addition of acetonitrile solutions of metal salts (Chapter 2,
Section 2.2.1). The cations used for testing were Hg?*, Ag*, Cu?*, Pb?*, Co?*, Cd?*, Ni?*,
Zn?* and Fe?*. The SERS response of the resulting MeLLFs suggest that the majority
of cations do not induce significant changes to the Re—C stretch (Fig 4.12). The presence
of Ag*, Hg** and Fe?* do appear to cause a decrease in the SERS intensity of the
complex as a whole. However, in the case of both Ag* and Fe?*, the shape of the Re—C
stretch at 510 cm™ strongly resembles the observed vibration of the untreated
[Re(L1)(CO)sBr] MeLLF. As neither cation induced a change to the emissive response
of the complex according to the spectroscopic study so this suggests the nature of their
interaction with the [Re(L1)(CO)sBr] surface may not be a result of cation-complex
interactions (Fig 4.5). It is possible that Ag* could interfere with the metal centre, as Ag
salts are commonly employed for the synthetic removal of bromide from rhenium

centres in ligand substitution reactions although these require heating.**1°
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Figure 4.12: The SERS response of [Re(L1)(CO)sBr]-functionalised MeLLFs and the response after
the individual addition of 1 mM solutions of different metal perchlorate salts untreated response for
comparison. Excited at 785 hm

Addition of Hg?" appears to change the appearance of the Re-C vibrational mode
situated at 510 cm™ with the appearance of shoulders at 490 and 530 cm™ and an
increase in intensity of the original mode (Fig. 4.13). This could be a direct result of the
interaction that occurs between Hg?* and the Re—Br group. The nature of the interaction
is not yet fully understood though an expectation is that the electronic distribution of
the rhenium centre would be affected if the Re—Br bond was disrupted in some way. It
is possible that this would also have implications for the Re—C bonding mode. Addition
of Hg?* also results in the appearance of a broad vibration centred at 330 cm™. This
vibration was initially attributed to some form of Hg—Br interaction however, published
data on the Raman response of mercuric halide salts report the HgBr* and HgBr»

stretches occurring in a range between 200 and 250 cm™* depending on the source.'® 7
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Figure 4.13: The SERS spectrum of a MeLLF formed using a 1 mM solution of [Re(L1)(CO)3Br] (-)
and the resulting spectrum after addition of a 1 mM solution of Hg(ClO4)2 (). Excited at 785 nm

Another possible argument is that if the Hg-facilitated removal of bromide is occurring,
then the solvent may occupy the vacant site. The expectation would therefore be to
observe the vibrations associated with the coordinated solvent. The assumed identity of
the peak at 330 cm™ is possibly therefore, a Re—X vibration belonging to the
coordination of solvent (Fig 4.14). The characterisation of the solvent binding mode is
challenging as MeLLFs require two immiscible solvents to be present for formation.
One assumption is that the interaction occurring on the MeLLF surface is similar to the
observed interaction in solution. This would mean the acetonitrile is replacing the
bromide as it is removed but this is also appears not to be the case as vibrations
attributed to CHsCN are not observed.'® Water soluble Re(I) complexes with water

coordinated in place of the halide exist in the literature and Raman studies on hexaaqua
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metal ions do show M—OH; stretching vibrations occuring.!®2° Unfortunately however,
no conclusive experimental evidence that provides a value for the vibrational frequency

a Re-OH2 mode is available so any conclusions drawn remain tentative.
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Figure 4.14: A representation of the charged species that occurs upon the addition of Hg?* to a
[Re(L1)(CO)sBr]-functionalised MeLLF.

4.4.2 Hg?* Concentration Limits of [Re(L1)(CO)sBr] MeLLFs

To assess the Hg?* concentration limitations of the films further, concentrations of Hg?*
were decreased sequentially. The addition of a 0.1 mM Hg?* solution appears to show
a decreased level of intensity with the peak at 506 cm™ at approximately 60% intensity
of the peak from the untreated [Re(L1)(CO)3Br] MeLLF (Fig 4.15). This is not coupled
with the perturbation of the Re—C stretch as seen with 1 mM Hg?*. The addition of
solutions with a concentration below 0.1 mM does not appear to affect the SERS
response in an observable way, suggesting this is the concentration limit of the
[Re(L1)(CO)sBr] MeLLFs. This can be explained the addition of lower concentrations
of Hg?* will result in less of the [Re(L1)(CO)sBr] being affected. It is possible that the

Hg?* is interacting with the surface, however the SERS response is dominated by
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unaffected [Re(L1)(CO)sBr]. Attempting to map the surface to assess whether such

small-scale interactions were occurring were difficult due to the fluid nature of the

MeLLFs.

372000

279000

186000

93000

[o]

r/ 1 1x10 M

1x10 "M

1x10 'M

1x10 "M

[Re(L1)(CO); Brl

1 1
800 1000
Raman shift (cm™)

1x10 3M

1x10 M

Intensity (a.u.)

Figure 4.15: The observed responses of [Re(L1)(CO)sBr] MeLLFs upon additions of Hg>*solutions

with decreasing concentration. Excited at 785 nm.
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4.5 Cationic Sensing with the [Re(L1)(CO)3:Br] SENS

The fluid nature of MeLLFs does present challenges, an example being that the
interfacial surface can move during SERS measurements. A possible solution to these
issues are the surface-exposed nanosheets or SENS, formed through the modification
of citrate stabilised nanoparticles with the [Re(L1)(CO)sBr] (Chapter 2, Section 2.2.2).
The SENS are a solid analogue of the MeLLFs, formed in an almost identical manner
via interfacial positioning. The slight difference being the polymer incorporated in the
organic layer that isolates the nanoparticle layer upon drying. The SERS response of
the [Re(L1)(CO)3Br] SENS is comparable to the MeLLF therefore the expectation was
that the SENS would also display a spectroscopic response when exposed to Hg?* in

solution.

4.5.1 Metal Selectivity of [Re(L1)(CO)3:Br] SENS

The [Re(L1)(CO)sBr] SENS were treated with aliquots of acetonitrile solutions
containing metal salts to determine whether they would display similar behaviour to
the MeLLFs. The metal selectivity exhibited by both the complex in solution and the
[Re(L1)(CO)sBr]-labelled MeLLFs is also observed (Fig. 4.16). A dramatic reduction
in SERS intensity belonging to the complex is only seen with the presence of Hg?" The
intensity of the SENS treated with Cu?* also sees a decrease in intensity with the Re—C
vibration appearing at 34% of the original intensity. It is believed that this is a separate
interaction that is occuring between the [Re(L1)(CO)sBr] surface and Cu?* as the only
a marginal increase in the emission spectrum was observed (Fig. 4.5). It is possible that
this is interference of the Ag-S binding resulting in the removal of the [Re(L1)(CO)3sBr]

species from the surface. However, this is speculative as there is no evidence available
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to support this and no further investigation was conducted. Both the emissive and SERS
responses were not comparable to what was observed with Hg?* so it was concluded to

be a separate interaction.
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Figure 4.16: The SERS spectra after screening of [Re(L1)(CO)sBr] SENS with different metal
perchlorate solutions all at a concentration of 1 mM. Excited at 785 nm

4.5.2 SERS Detection of Hg?* using [Re(L1)(CO)sBr] SENS

The addition of Hg?* to the [Re(L1)(CO)sBr] SENS causes a dramatic reduction in the
SERS intensity of the complex which differs from the liquid-liquid counterparts. The
distinct increase in intensity of the original 510 cm™ vibration and the shoulder peaks
at 490 and 530 cm™ are not visible. Several new vibrational modes are observed at 380
and 920 cm™ which can be assigned to the acetonitrile C- C = N bending and C-C
stretching modes respectively (Fig. 4.17).2! The Re—C and bpy stretches at 510 and 1030
cm are still apparent which suggests the complex is still present at the SENS surface

in some form. Several other peaks are observed at 809 and 972 cm ™ which may originate
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from the resulting species generated after the Hg?* interaction. This is speculative as the
peaks cannot be confidently assigned as they do not resemble previously reported
Hg(ClOa), vibrations and do not belong to the original [Re(L1)(CO)3sBr] complex.?
There is also the loss of the moderate peaks that can be attributed to the bipy-dithiolate
tail, specifically the vibrations that stem from the Ag-dithiol surface. It is unclear as to
whether the emergence of the acetonitrile contributions is due to coordination with the

Re centre or, as a result of the removal of the complex from the surface.
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Figure 4.17: The SERS response of the [Re(L1)(CO)sBr] SENS after treatment; a) blank (-), b) CHsCN
(), ¢) Hg?*(-). Excited at 785 nm

A possible explanation for the change to the spectrum is the proposed bromide removal
and solvent coordination which results in a charged species. This [Re(L1)(CO)3(X)]"
complex (where X=solvent adduct), undergoes either orientation away from the surface

or dissociates entirely. The dominance of the acetonitrile peaks could be representative
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of this as the same peaks are weakly apparent when the [Re(L1)(CO)3Br] SENS are
treated with pure acetonitrile but become more prominent when the SENS are treated
with Hg?*. Additional evidence that suggests a change on the surface is found at higher
wavenumbers. The typical response of the [Re(L1)(CO)sBr] SENS includes two peaks
at 2932 and 2942 cm, assigned to the asymmetric acyclic C-H and symmetric C—H
stretching from the bpy-dithiolate tail. The addition of Hg?* sees the disappearance of
the 2932 cm™ vibration (Fig. 4.18). An expectation is that in the event of either
dissociation or orientational change there would be a corresponding change to the
vibrational modes that originate from the bipy-thiolate tail. The combined loss of both
the dithiol surface binding group and acyclic C—H stretches strongly suggests that the

[Re(L1)(CO)3(X)]* dissociates from the surface.
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Figure 4.18: The SERS response of the [Re(L1)(CO)sBr] SENS after treatment at higher frequencies;
a) CH3sCN (-), b) Hg(CIQa), (). Excited at 785 nm

Joshua N. Lea - May 2022 146



Chapter 4:

An assessment was also made on the Hg?* concentration limits of the SENS system to
see if decreasing the surface area of the sensing film would improve the limits of
detection. [Re(L1)(CO)sBr] SENS were treated with small portions of Hg(ClOa)2
solutions in decreasing concentrations in a manner similarly conducted with the
analogous MeLLFs. The MeLLFs showed only a marginal change at 0.1 mM whereas
the [Re(L1)(CO)3Br] SENS show a notably greater response (Fig 4.19). There is a
perceivable decrease in the relative intensity of the [Re(L1)(CO)sBr] SERS response
when the SENS is treated with a 0.01 mM solution of Hg?*. While the decrease is
minimal, approximately 10%, it suggests that recognition at low concentrations could
be achievable. However, in this specific case, there is little indication that sensing of
Hg?* is achieved below this concentration. This suggests that the solid film and the
ability to better control surface area has the potential to improve the sensing capabilities

of the [Re(L1)(CO)3Br] films.
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Figure 4.19: The assessment of sensitivity of the [Re(L1)(CO)3sBr] SENS to acetonitrile solutions of
Hg?* in decreasing concentrations. Excited at 785 nm
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4.5.3 Hg?* Detection in Aqueous Solvent

Previous studies using the [Re(L")(CO)zBr] complex concluded that the interaction also
had a dependency on the solvent environment as different emissive behaviours were
seen when conducting Hg?* in acetone and acetonitrile.* This suggested that the Raman
behaviour would also be susceptible to the presence of different solvents. A desired
characteristic of SERS sensors is the ability to detect the target species in aqueous
environments. To explore this, 1 mM aqueous solutions of the metal salts were dropped
onto the [Re(L1)(CO)zBr] SENS formed via standard procedure (Chapter 2, Section
2.2.2). The addition of Hg?* prompts a response that is similar to those observed in
acetonitrile with a sizeable loss of the overall intensity of the Re complex (Fig. 4.20).
This is not the case when the solutions of the other metal cations are present. This would
suggest that Hg?* detection in aqueous media could well be possible using the

[Re(L1)(CO)sBr] SENS.
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Figure 4.20: The SERS spectra of the [Re(L1)(CO)3Br] SENS after screening with 1 mM aqueous metal
perchlorate solutions. Excited at 785 nm
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4.6 Conclusions for Metal Cation Sensing using Interfacial

Films formed via Rhenium Complex Modification

The objectives of this chapter were the investigation of whether [Re(L1)(CO)3Br]
functionalised films could be employed for SERS based sensing. Spectroscopic
titrations of the [Re(L1)(CO)zBr] complex was confirmed to show the same optical and
structural behaviour when subjected to Hg?* as observed with the [Re(L")(CO)3Br] in

an earlier study.

Initial experiments using the uncoordinated L1 species to form MeLLFs showed that
vibrational changes occurred upon the binding of metal cations to an exposed bpy
group, confirming that interfacial films for SERS sensing was possible. The addition of
aqueous metal salts to a [Re(L1)(CO)3Br] MeLLF displays a sensitive and selective
response to the presence of Hg?* resulting in a considerable change to the Re-C
vibration. This is accompanied by the addition of a new peak which is thought to
represent the coordination of solvent to the site vacated by the bromide. This change is
not observed upon the addition of any other metals. Assessment of the concentration
sensitivity of the [Re(L1)(CO)sBr] MeLLFs suggests that recognition of Hg?* is not

possible at concentrations below 0.1 mM.

The Hg?* selective behaviour is also observed with the [Re(L1)(CO)sBr] SENS with
the observed response differing from the liquid-liquid counterparts. A sizeable
reduction in the overall SERS intensity of the complex and the disappearance of
vibrations that stem from the bpy-dithiol binding tail suggests the complex has
orientated differently or, more likely, dissociated from the surface. In comparison with

the MeLLFs, the SENS showed a greater concentration sensitivity as the SENS showed
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a clear response to the presence of 0.1 mM solutions. Additionally, that for this
particular Re-functionalised surface, there is a Hg?* specific interaction in aqueous

media.

The results demonstrate that interfacial films formed with [Re(L1)(CO)3Br] offer a
unique method of detecting and show the feasibility of such surfaces for SERS
detection. This allows for further investigation into the use of rhenium complexes

coordinated to ligands that possess other binding capabilities for targeted detection.
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5.1 Introduction

The [Re(L1)(CO)sBr] system used in Chapter 3 provided a proof of concept that
interfacial nanoparticles films functionalised with the [Re(L1)(CO)sBr] complex have
potential as novel SERS sensors. This means that different rhenium complexes could
be investigated to sense a diverse range of analytes by changing the ligand functionality.
For example, the detection of phosphate is a subject of interest due to its diverse
biological relevance, being an important component in a number of biomolecular
structures, the most notable being DNA and RNA, while also it plays a key role in
biochemical energy transfer processes.! It also has great relevance in agriculture and
farming with widespread use in fertilisers and animal feeds. Having an ability to interact
with phosphate-containing molecules allows for greater understanding of both

biological features and environmental contamination.

The design of polypyridyl species and their coordination to transition metal centres for
anion-based sensing has been prevalent for several years.? 3 The popularity of transition
metal anion sensors arises from their luminescent properties which are susceptible to
anionic interactions, driven via hydrogen bonding and electrostatic mechanisms with
numerous Re(l) complexes investigated.* A recent example is the Schiff-base Re(l)
complex described by Ramdass et al. which has a “turn-on” sensing of fluoride however

it is also receptive to HoPO4™.°

This Chapter focuses on the development of a rhenium complex that can effectively
bind phosphate and can also functionalise nanoparticles and form interfacial films. The
aim is to understand whether this functionalised SERS surface can be used to detect any

potential phosphate interactions. Additionally, the platform will be screened with DNA
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to assess whether the platforms can be applied in a biological setting. The hope is that
this will demonstrate that tailored functionalities, coordinated to a rhenium centre can
be used for targeted detection and therefore providing an example of a modular

approach to the design of labelled SERS sensing devices.

5.2 Development of a Hydrogen Phosphate Sensing Rhenium

Complex

The origins of this work stem from observations made by other members of the Fletcher
group in their work with polypyridyl ruthenium complexes. A bis-benzimidazole
bipyridyl (L2) ligand coordinated to ruthenium metal centre, generating the complex,
[Ru(bipy)2(L2)]?** displays an emissive response when treated with TBA dihydrogen
phosphate (Fig 5.1).° It was anticipated that a [Re(L2)(CO)sBr] derivative complex
would elicit a similar response to TBA dihydrogen phosphate, with the hope that this

interaction could be tracked using SERS and potentially, SERRS.

Figure 5.1: The structure of the bis-benzimidazole bipyridine ligand, L2

Once coordinated to a metal centre, the structure of L2 does not possess a suitable
nanoparticle binding functionality and therefore the introduction of another surface
binding ligand was explored. The removal of bromide from the rhenium tricarbonyl
centre is well documented, proceeding via transmetalation with silver salts. The

resulting [Re(L2)(CO)sX]" where X is either a solvent adduct or weakly coordinating
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anion, can then undergo further reaction through substitution of the desired ligand, R,
to give [Re(L2)(CO)sR]*.”® An additional benefit is that the resulting complex would
be a charged species so formation of interfacial films could also be achieved via the
promotion mechanism. [Re(L2)(CO)z(pyr)](PFs) was synthesised initially through
reaction of the [Re(L3)(CO)sBr] precursor in pyridine, in the presence of silver triflate.
This was followed by reaction of the [Re(L2)(CO)sBr] with N-(4-
pyridylmethyl)lipoamide, L3, formed via the acyl chloride of thioctic acid and 4-
picolylamine (Fig. 5.2). It was theorised that L3 would suitably coordinate to the

rhenium centre and modify the surface of the nanoparticle sufficiently for MeLLF

formation.
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Figure 5.2: The reaction scheme for the synthesis of [Re(L2)(CO)s(pyr)](PFs) (Yield 41%) and
[Re(L2)(CO)s(L4)](BF2) (Yield 23.6 %) complexes

[Re(L2)(CO)s(pyr)](PFs) was successfully synthesised and characterised through ‘H
NMR spectroscopy. However, the synthesis of the [Re(L2)(CO)3(L3)](BF) did present
a number of challenges, mainly arising from the very poor solubility of the L2 ligand.
To successfully coordinate L2 to the rhenium centre, the ligand and Re(CO)sBr were

reacted in hot DMSO and the complex precipitated out on addition of water. Difficulties
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were found during the subsequent transmetallation and ligand substitution, arising from
the poor solubility of the neutral [Re(L2)(CO)s:Br] complex. Reaction of
[Re(L2)(CO)3Br] with both silver triflate and tetrafluoroborate in CH3CN gave a brown
insoluble solid, assumed to be AgBr signifying that the reaction had gone through to
completion, leaving the intermediate in solution, assumed to be the acetonitrile
intermediate, Re(L2)(CO)s(CHsCN)]*. Attempts at observing this using *H NMR
spectroscopy provided was inconclusive. There is a possibility that the intermediate
could have also coordinated to DMSO remaining from the preceding step due to
possible coordination of DMSO in the preceding step. Coordination the pyridyl amide
ligand, L3 should be favoured in the later steps. After the addition of L3, the crude
showed the presence of 2 products in the *H NMR spectrum and attempts at purification
using both silica and size-exclusion chromatography were unsuccessful. A potential
reason for poor coordination of the ligand and subsequent purification could be due to
n-stacking interactions from the planar L2 structure which inhibits coordination of the
ligand to the vacant site. Another possible outcome is that the nitrogens of the
benzimidazole are able to bind to the vacant site and forming a dimeric type species
thereby preventing the binding of L4 however this has been difficult to confirm due to

the separation issues.
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5.3 Spectroscopic Studies of the [Re(L2)(CO)3(pyr)](PFs)

Species

5.3.1 The Optical Properties of [Re(L2)(CO)s(pyr)](PFs)

The [Re(L2)(CO)z(pyr)](PFs) complex in acetonitrile displays the anticipated UV-Vis
absorption and luminescent behaviour (Table 1). An MLCT d—=" transition is observed
at 370 nm with ligand n—n" transitions at 296 and 324 nm, and there is a slight
perturbation of the spectrum at 217 nm which may correspond to a transition associated
with the pyridine group (Fig. 5.3). Excitation of [Re(L2)(CO)s(pyr)](PFs) at 370 nm
results in fluorescence with a Amax 0f 585 nm with a relative emission quantum yield of
1.2x1021° Comparison to the [Re(bpy)(CO)sBr] standard shows that the Amax Of
[Re(L2)(CO)a(pyr)](PFe) is blueshifted and the quantum vyield of emission is
significantly greater. This correlates with behaviours observed of similar pyridyl

substituted rhenium complexes.t* 1?
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Table 5.1: The photophysical properties of the [Re(L2)(CO)s(pyr)](PFs) with comparison to the
[Re(bpy)(CO)3Br] standard.

Complex Absorption?, Amax/nm emission?
LMCT LC MLCT Amax/NM Der”
[Re(bpy)(CO)sBr] 244 292 315 366 609° 7.8x10°3
[Re(L2)(CO)a(pyn)]* 217 296 324 370 585¢ 1.2x10°®

a—in aerated CH5CN at 298 K at a concentration of 1 x10°M.
b — excited at 400 nm in aerated CH3;CN at 298 K.
¢ —excited at 370 nm in aerated CH;CN at 298 K

d - emission quantum yields (@®.n) were calculated relative to [Re(CO)sBr(bpy)] ( @em = 7.8 x 10-3 ) in acetonitrile
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Figure 5.3: a) The UV-Vis spectrum of [Re(L2)(CO)s(pyr)](PFs) in aerated CH3CN and b) the emission
spectrum of [Re(L2)(CO)s(pyr)](PFs). Excited at 370 nm
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5.3.2 Spectroscopic Studies of Anionic Interactions with
[Re(L2)(CO)s(pyr)](PFe)

Titrations were conducted to assess the possible photophysical responses of the
[Re(L2)(CO)a(pyr)]" complexes when in the presence of common anions, specifically,
Br, CI, HSO4, OAc,, NOs and H2PO4. The experiment, similar to the metal salt
titrations used in the previous Chapter, involved the sequential addition of
tetrabutylammonium (TBA) salts to aerated acetonitrile solutions of the
[Re(L2)(CO)s(pyr)](PFes) complex followed by UV-Vis and emission spectroscopic

measurements.

The presence of ClI" and NOs™ did not appear to influence the optical behaviour of
[Re(L2)(CO)a(pyr)](PFs), suggesting no observable interaction with the complex. The
introduction of HSO4™ causes a marginal quenching of the fluorescence coupled with a
marginal increase in absorbance at 360 nm in the UV-Vis spectrum. The addition of Br
also results in a decrease in emission intensity with no discernible shift in wavelength
(Fig. 5.4). It is possible that this is due to heavy atom quenching, caused by overlap of
the orbitals from the excited [Re(L2)(CO)s(pyr)](PFs) complex with outer orbitals of
Br, as there is no significant change in the UV-visible spectrum that one would
anticipate for ligand exchange. It is unlikely that the fluorescence quenching is

occurring through a binding interaction between the complex and Br-.
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Figure 5.4: a) The UV-Vis and b) emission spectra from the titration of [Re(L2)(CO)3(pyr)](PF6)
with TBA Br in acetonitrile and excited at 370 nm. Molar equivalents 0.0 (-), 0.5 (-), 1.0 (-), 1.5 (-), 2.0
(-),25(),3.0(-),4.0(-)and 5.0 (-)

The addition of TBA dihydrogen phosphate induces changes to both the UV-Vis
absorption and emission spectra. The absorption spectrum sees a notable shift in the
MLCT transition from 371 to 386 nm upon the addition of two molar equivalents (Fig.
5.5a). As the molar ratio increases beyond two, the absorbance of the MLCT transition
increases until a maximum is reached at 6 molar equivalence. This observed change in
the visible absorption is accompanied by a change in the emissive response (Fig. 5.5b).
Between 0 and 1.6 molar equivalents, there is a slight blue shift of Amax from 585 nm to
570 nm with a progressive quenching. Increasing molar equivalents above 1.6 sees a
continuation of the quenching however, there is no further shift in wavelength and
agrees with the observations seen when conducting similar experiments

[Ru(bipy)2(L2)](PFe)2.6
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Figure 5.5: a) The UV-Vis and b) emission spectra from the titration of [Re(L2)(CO)s(pyr)](PFe)
with TBA H,PQj in acetonitrile and excited at 370 nm. Molar equivalents 0.0 (-), 0.2 (-), 0.4 (-), 0.6 (-),
08(),1.0(-),12(),14(),16(),1.8(),20(),22(),24(),2.6(),2.8(-),3.0(-),3.5(-), 4.0 (-),

45(-),5.0(-),6.0(),7.0(-),8.0(),10.0(-)

The interaction between [Re(L2)(CO)s(pyr)](PFs) and dihydrogen phosphate is thought
to be a result of hydrogen bonding of the anion to the N-H of the benzimidazole
although it is possible that the interaction is also stabilised by interactions with the bpy
protons situated in the 3 position of the bipyridyl group. The subtle changes that occur
at 1.6 molar equivalents may be an indication of the binding of a second phosphate
anion and could indicate that a cooperative binding interaction is occurring (Fig. 5.6).
A similar two-step change to fluorescence behaviour has been reported by Blackburn et
al. using dirhenium(l) complexes with a bridging thiourea species showing a similar
interaction with H.PO4~.23 They also observed a subtle blue shift of the luminescence
although the change to the luminescent intensity was significantly different. Their
conclusions suggest that a cooperative binding mechanism occurs with two anions

interacting with a single thiourea group via a proton transfer. It is possible that a similar
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mechanism is occurring in this instance with the L2 with a sigmoidal response in both

absorption and emission behaviour.
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Figure 5.6: A graph showing how the Amax Of emission of the [Re(L2)(CO)s(pyr)](PFs) complex,
changes as molar equivalence of TBA H2PO4increases

The addition of OAc™ to the [Re(L2)(CO)s(pyr)](PFs) complex in an acetonitrile
solution also results in changes to both absorbance and emissive response. A marginal
shift in the MLCT absorption band from 371 to 383 nm (Fig. 5.7a) coupled with an
almost immediate quenching in the fluorescence upon addition of the anion (Fig. 5.7b).
There is evidence of similar compounds exhibiting OAc™ interactions as Shao et al.
describe two phenanthroline systems that use di-substituted chains containing
benzimidazole for anionic recognition that present quenching upon the addition of OAc
. They concluded that deprotonation was occurring, allowing for the free rotation of the
benzimidazole units as .1* OAc™ is very basic in comparison to the other anions screened
and is known to induce fluorescence changes via deprotonation. However in this

instance, the addition of OAc™ sees only a slight increase of the d—x~ MLCT transition
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in the UV-Vis spectrum, suggesting this is not the case.’® If deprotonation was occurring
then a noticeable shift to the absorption of the complex would be expected. 1% 17 A
possible explanation for the observed change maybe a high degree of proton exchange
occurring between L2 and OAc. The work by Blackburn et al. also described
interactions between their reported thiourea bridged compounds and OAc’, concluding
that proton exchange was occurring in a similar manner to the H2PO4'. It is feasible that
the size of the OAc™ anion is able to form multiple binding interactions within the cleft
of the ligand L2, causing the quenching in emission. Similar behaviour has also been
observed with the aforementioned [Ru(bipy)2(L2)]>* species, suggesting that the

observed changes of the emission are representative of interactions between L2 and the

anion.®
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Figure 5.7: a) The UV-Vis and b) emission spectra from the titration of [Re(L2)(CO)s(pyr)](PFs) with
TBA OAc in acetonitrile and excited at 370 nm. Molar equivalents 0.0 (-), 0.5 (-), 1.0 (-), 1.5 (-), 2.0 (-),
3.0(-),4.0(),50()

Joshua N. Lea - May 2022 163



Chapter 5

The observed spectroscopic response of [Re(L2)(CO)sz(pyr)](PFs) to the addition of
both H.PO4 and OAC™ suggests a recognition response is occurring through binding of
the ligand, L2 to the respective anions. H2PO4 induces a sequential quenching in
emission while OAc™ induces an almost complete “switch off” of fluorescence, strongly
suggesting an L2-anion interaction in each case. The presence of two significant
changes in both the UV-vis and emission spectra upon the addition of HPO4 is
suggestive of a cooperative binding mechanism. Unfortunately, there has not been the
opportunity to track the anion interactions with the [Re(L2)(CO)s(pyr)](PFs) using *H
NMR spectroscopy. It is expected that this have provided more information on the
nature of the binding mechanisms of occurring. Despite this, the results demonstrate
that the coordination of the L2 ligand to a rhenium centre generates a complex with both
dihydrogen phosphate and acetate selective interactions in solution which can be
tracked spectroscopically. This indicates that the use of [Re(L2)(CO)3(R)]" to form
interfacial films, may also allow for the SERS detection of both dihydrogen phosphate

and acetate.

An additional titration was conducted to investigate whether the ligand L3 would
interact with the individual anions. In order to confirm this, the
[Re(bpy)(CO)3(L3)](BFs) complex with the notable absence of an anion-binding
functionality. Additions of five molar equivalents of the anions was made to 0.1 mM
acetonitrile solutions of a [Re(bpy)(CO)3(L3)](BF4) complex followed by UV-Vis and
emission measurements. No significant changes were observed with Br, CI, NOs,
HSO4, OAc™ and H2POy', suggesting there is no interaction between the L3 tail and the

anions.
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5.4 Interfacial Film Formation and SERS Response

5.4.1 Formation and SERS Response of [Re(L2)(CO)3(R)]* MeLLFs

Attempts were made to form MeLLFs using the [Re(L2)(CO)3(R)]* complexes, where
R represents either the pyr or the ligand, L3, to determine whether the complexes could
induce interfacial positioning. The complex resulting from bromide removal and
substitution of either pyr or L3 are charged and that interfacial positioning of Ag NPs
may be possible via the charge screening, promotion mechanism. To explore this, a
MeLLF was formed according to the standard procedure for MeLLF formation using a
1mM acetonitrile solution of the [Re(L2)(CO)s(pyr)](PFs) complex (Chapter 2, Section
2.2.1). Successful film formation was confirmed with the formation of as the metallic
lustre, characteristic of the MeLLFs, indicating nanoparticles were positioned at the
interface. By using the [Re(L2)(CO)s(pyr)](PFs) it ensures that there is no functionality
capable of binding to the Ag nanoparticle surface. Therefore it is assumed that this
complex achieves film formation via charge screening and not through surface

modification.

SERS measurements taken from the MeLLF formed with [Re(L2)(CO)s(pyr)](PFs)
demonstrate that the complex is present on the surface (Fig. 5.8). The peaks stemming
from the Re—CO group are visible at 497, 1920 and 2033 cm™ respectively. The intense
peaks in the range between 1000 and 1650 cm™ can be assigned to overlapping
vibrations from both bpy and benzimidazole groups with the peaks at 1439, 1488 and
1621 cm™* attributed to C=C and C=N ring vibrations.'® 1° The ring-ring stretching
mode can be seen at 1032 cm™. Features specific to L2 can also be seen with the

vibration at 1554 cm attributed to the N—H in-plane bending of the benzimidazole and
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at 1280 cm™ to the in plane bending of the C—H and ring vibrations of the aromatic
group on the benzimidazole.’®?° The spectrum demonstrates that charged rhenium
complexes have the ability to sufficiently negate the surface charge of citrate stabilised
Ag nanoparticles allowing controlled interfacial aggregation. It is thought that the
[Re(L2)(CO)s(pyr)](PFes) complex is amphiphilic, enabling the nanoparticle to be
stabilised on either side of the interface, in a similar fashion to TBA salts as illustrated

in the original publication by Xu et al. (Chapter 1, Section 1.5.4).2
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Figure 5.8: The SERS spectrum of the MeLLF formed using [Re(L2)(CO)s(pyr)] (PFs) complex as a
promoting species, excited at 532 nm. Insert: The structure of [Re(L2)(CO)s(pyr)](PFe)
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Table 5.2: The peak assignments for the SERS spectrum of a MeLLF formed using
[Re(L2)(CO)s(pyr)](PFe)

Wavenumber (cm™) Assignment

408 unknown

497 Re-C str.

571 unknown

1031 Ring-Ring str.

1150 C-H def. (pyridine)

1280 In-plane C-H bending (benzimidazole)

1439 Ring str. (C-C, C-N)

1488 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.

1536 Ring str. (C-C, C-N) (sh)

1554 N-H in-plane bending (benzimidazole)

1621 Ring str. (C-C, C-N)

1920 Re-(C=0) carbonyl str.

2033

Stretching = str. Deformation = def. (sh)=shoulder

The bipyridyl thiolate ester, L1, as featured in Chapters 2 and 3, showed that a lipoic
acid-based ligand could be coordinated to a rhenium complex enabling modification of
Ag NPs and subsequent interfacial film formation. In the case of [Re(L2)(CO)s(Br)],
the L2 functionality occupies the same coordination site as L1 in the earlier work and
does not possess a group capable of binding to the nanoparticle surface. Coordination
of the pyridyl amide dithiolate, L3, via removal of the bromide was done to incorporate
a surface modifying group. The standard procedure for MeLLF formation using a 0.1
mM acetonitrile solution of the [Re(L2)(CO)3(L3)](BF4) resulted in a MeLLF, signified
by the formation of a reflective metallic surface (Chapter 2, Section 2.2.1). The SERS
spectrum of the resulting film possesses the vibrations of the Re—C bond, assigned to
the peak at 495 cm™ (Fig. 5.9). The vibrational modes of the bpy and benzimidazole are
almost identical to the SERS spectrum from the [Re(L2)(CO)s(pyr)](PFs) MeLLF. The
ring—ring stretch of the bpy at 1032 cm™ with the in-plane breathing modes of the ring
systems of both bpy and benzimidazole are visible at similar wavenumbers to the

[Re(L2)(CO)sa(pyr)](PFs) complex. It is possible that binding to the surface is
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represented by the peak at 238 cm™ corresponding to a Ag-S interaction and therefore
implying the [Re(L2)(CO)3(L3)](BF4) complex has bound to the surface. However,

instrument limitations means that this conclusion is only tentative.
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Figure 5.9: The SERS spectrum of the MeLLF formed using [Re(L2)(CO)3(L3)] complex excited at 532
nm. Insert: The structure of [Re(L2)(CO)s(L3)](BF4)
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Table 5.3: The peak assignments for the SERS spectrum of a MeLLF formed using
[Re(L2)(CO)s(L3)](BF4)

Wavenumber (cm™) Assignment

495 Re-C str.

572 unknown

705 C-S str. (dithiolane ring)

1031 Ring-Ring str.

1148 C-H def. (pyridine)

1281 In-plane C-H bending (benzimidazole),

1441 Ring str. (C-C, C-N)

1491 Ring str. (C-C, C-N) + inter-ring str. + C-H in-
plane def.

1531 Ring str. (C-C, C-N) (sh)

1549 N-H in-plane bending (benzimidazole)

1620 Ring str. (C-C, C-N), C=0 str.

1940 Re-(C=0) carbonyl str.

2033

2903 Alkyl C-H str.

Stretching = str. Deformation = def. (sh)=shoulder

Both the [Re(L2)(CO)s(pyr)](PFs) and the [Re(L2)(CO)s3(L3)](BFs) complexes
demonstrate an ability to form interfacial nanoparticle films that present a characteristic
SERS response attributed to the individual complexes. Both films represent the first
time in which charged rhenium complexes have been employed for the formation of
SERS active interfacial films. The wider implications for this are that other charged
organometallic complexes used for molecular sensing may also possess the ability to
form a SERS responsive films. This in turn, would present new avenues of investigation

for the use of other organometallic sensors with the application of SERS sensing.
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5.4.2 Formation and SERS Response of [Re(L2)(CO)z3(R)]* SENS

Positioning of Ag NPs at the interface between two immiscible liquids using the
[Re(L2)(CO)3(R)]* complexes, where R represents either the pyr or the ligand L3, was
demonstrated in the previous section. From this, it was expected that the surface-
exposed nanosheets or SENS, could also be formed using the [Re(L2)(CO)s3(R)]*
complexes. This was achieved using a 0.1 mM acetonitrile solution of both the
[Re(L2)(CO)s(pyr)](PFe) and [Re(L2)(CO)s(L3)](BFs) complexes, in the standard
procedure for SENS formation (Chapter 2, Section 2.2.2). Interfacial positioning was
confirmed through the appearance of a metallic-like film at the interface. The film was

dried and extracted onto sticky tape and the SERS response was taken.

During the formation of the SENS films using both the [Re(L2)(CO)s(pyr)](PFs) and
[Re(L2)(CO)3(L3)](BF4) complexes, visible differences were observed which are
attributed to their variation in structure. The SENS made using the
[Re(L2)(CO)a(pyr)](PFs) was significantly smaller in size than that formed with the
[Re(L2)(CO)3(L3)](BF4). Additionally, using the [Re(L2)(CO)s(pyr)](PFs), there were
nanoparticles that remained aqueous colloidal suspension. Whereas with the
[Re(L2)(CO)3(L3)](BF4) complex, the aqueous layer appeared colourless after film
formation, suggesting a greater percentage of the nanoparticles were positioned at the
interface. This was reflected when viewing the film at x50 objective under the Raman
microscope (Fig. 5.10). The SENS formed with [Re(L2)(CO)s(pyr)](PFs) is cracked and
incomplete whereas the SENS formed with the [Re(L2)(CO)3(L3)](BF) gives complete
coverage. The differences of the two films would suggest that the presence of the L3
ligand results in a greater number of nanoparticles being successfully positioned at the

interface, and a potentially more responsive surface.
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Figure 5.10: Images of the SENS films taken using the Raman microscope, formed using a)
[Re(L2)(CO)s(pyr)](PFs) and b) [Re(L2)(CO)s(L3)](BF4) complexes at x50 objective

The SERS responses of both films illustrate that the respective rhenium complexes are
present on the surface (Fig. 5.11). The Re—C vibrations are seen at 497 cm™ in both
spectra, along with the metal centred carbonyl vibrations at 1915 and 2033 cm™. The
contributions of both the bpy and benzimidazole of L3 are also observed in the
fingerprint region, with the presence of the ring—ring stretch at 1029 cm™ and the N-H

bending of the benzimidazole at 1443 cm™,
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Figure 5.11: The SERS spectrum from the SENS formed using a) [Re(L2)(CO)s(pyr)](PFs) and b)
[Re(L2)(CO)3(L3)](BF4). Excited at 532 nm
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5.5 Tracking Anion Interactions Using [Re(L2)(CO)3(R)]"

Interfacial Films

5.5.1 Attempts at Anion Tracking Using [Re(L2)(CO)s(R)]* MeLLFs

Both the [Re(L2)(CO)s(pyr)](PFs) and [Re(L2)(CO)3(L3)](BF2) complexes are able to
generate the interfacial films that show a SERS fingerprint response and
[Re(L2)(CO)a(pyr)](PFs) shows a spectroscopic response upon the addition of H.PO4.
This may allow for the SERS detection of H,PO4 using the [Re(L2)(CO)s3(R)]*
functionalised interfacial films. MeLLFs were formed following the standard procedure
using a 1 mM acetonitrile solution of [Re(L2)(CO)s(pyr)](PFs), followed by the
addition of 1 mM aqueous solution of TBA dihydrogen phosphate (Chapter 2, Section

2.2.1).

The fingerprint of the [Re(L2)(CO)s(pyr)](PFes) is visible with the presence of the Re—
CO vibrations at 500 cm™ suggesting that the complex is responsible for MeLLF
formation and not the TBA salt (Fig. 5.12). An expectation was that the binding of
H2PO4 would result in the possible appearance of bands corresponding to the anion,
coupled with noticeable differences in the peaks corresponding to the complex.
However, there were no distinguishable differences that could be attributed to any
possible interaction between the complex and phosphate. There are no additional peaks
that could be attributed to the presence of H2PO4. The is a slight change in the
appearance of the Re—CO vibration it is not possible to attribute this to an anion-

complex interaction.
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A plausible explanation for this result could be the interfacial nature of the MeLLF.
Film formation requires an aqueous layer so it is possible that the presence of water in
the system prohibits the desired H-bonding interaction between the target anion and the
complex. The [Re(L2)(CO)s(pyr)](PFs) MeLLFs were not tested with any other anions
as it was assumed that the inherent problems believed to inhibit phosphate sensing

would be present in the iterations conducted with the other anions.
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Figure 5.12: The SERS spectrum of the MeLLF formed with [Re(L2)(CO)s(pyr)](PFs) treated with
H2PO4 (-) and a MeLLF formed with [Re(L2)(CO)s(pyr)](PFs) only (-). Excited at 532 nm
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5.5.2 Anion Detection using [Re(L2)(CO)s(L3)](BF4)-functionalised
SENS in Organic Media

5.5.2.1 The Addition of TBA Salts to [Re(L2)(CO)3(L3)](BF4)-functionalised
SENS

It was hoped that using the functionalised SENS as the sensing platform, would allow
for the observation of the interaction between the [Re(L2)(CO)3(pyr)](PFs) complex and
the TBA anions. The reason being that sensing could potentially take place outside of
an aqueous environment therefore li. Anions were introduced to the SENS formed with
[Re(L2)(CO)3(L3)](BF4) with the assumption that any interaction between the complex
and the anions would stem from the L2 ligand (Sect. 4.4.2). 1 mM acetonitrile solutions
of the following TBA salts, HoPO4", OAc, NOz", Br,, Cl-and HSO4 were made to SENS
formed via the standard procedure using a 0.1 mM solution of the

[Re(L2)(CO)3(L3)](BF4) complex (Chapter 2, Section 2.2.1).

In view of the fact that addition of TBA OAc to [Re(L2)(CO)s(pyr)](PFs) in acetonitrile
results in an observed change in the UV-vis absorption and with quenching of emission,
the addition of OAc™ to a [Re(L2)(CO)3(L3)](BFs) SENS may generate a detectable
change in the SERS spectrum. This is confirmed with the appearance of a vibration at
924 cm, corresponding to the C—C stretching of the OAc™ anion (Fig. 5.13).2% This
presence of this vibration does not necessarily confirm that binding has occurred with
the metal complex but the lack of any perceived vibrations owing to the TBA*
counterion would suggest it is not a result of an interaction between the surface and the

salt.
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Figure 5.13: The SERS spectrum of the [Re(L2)(CO)3(L3)](BF4) SENS (-) and the resulting spectrum
after treatment with OAc™ (-) excited at 532 nm. The arrow indicates the new vibration at 924 cm-!

The SERS response at higher wavenumbers may be more suggestive that a hydrogen
bond is present. The addition of OAc™ causes the prominent aromatic ligand vibrations
at 1279, 1490 and 1619 cm™?, attributed to C-H bending and the C=C and C=N breathing
modes to shift to lower wavenumbers (Fig. 5.14). Additionally, there is a shift and the
appearance of a shoulder at the peak at 1550cm™* which is attributed to the N-H bending
of the benzimidazole group. There is some evidence to suggest that the hydrogen
bonding of an analyte can cause deviations in an observed Raman peak. For example,
Zhuang et al. describe a change in several prominent vibrations in 2-nitro-5-
mercaptobenzoic acid label on addition of melamine, which they conclude to be a result
of hydrogen bonding induced charge transfer.?® The shift of the ring centred bands of
the [Re(L2)(CO)3(L3)](BF4) complex may be indicative of a similar charge transfer

interaction. Coupled with the appearance of the OAc™ stretch at 924 cm, this would
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strongly suggest that the [Re(L2)(CO)s(L3)](BFs) bound to a SERS surface can

recognise OAC.
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Figure 5.14: The SERS spectrum of [Re(L2)(CO)s(L3)](BF.) (-) and the response after treatment with
OAc (-). The dashed lines indicate how the peak centre is shifted to a lower frequency

The addition of TBA Br to the [Re(L2)(CO)3(L3)](BF2) SENS also exhibited a dramatic
change in the SERS response. The vibrations owing to [Re(L2)(CO)s(L3)](BF4) are
enhanced and appear better resolved after addition of Br- comparison with the response
of the untreated [Re(L2)(CO)3(L3)](BF4) SENS (Fig. 5.15). Halide salts have been
employed previously to improve the SERS recognition of analytes as highlighted by Xu
et al. in their work on protein recognition using iodide-modified nanoparticles. They
concluded that a low concentration of iodide acts as a competitive surface binder with
the nanoparticle, repelling any surface impurities.?* A similar process may be occurring
in this instance with the bromide removing surface impurities, leaving the complex,

[Re(L2)(CO)3(L3)](BF4) present on the surface. It is unlikely that the complex is easily
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displaced from the surface as it is assumed that the complex is anchored to the surface

via Ag-S bonds.
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Figure 5.15: The SERS spectra of the [Re(L2)(CO)3(L3)](BF4) SENS in the presence of TBA Br (-),
[Re(L2)(CO)s(L3)](BF4) control (-) and the Raman spectra of TBA Br (-). Excited at 532 nm

The SERS response of the [Re(L2)(CO)3(L3)](BF4) SENS to the presence of the other
anions was also assessed (Fig. 5.16). There is little change in the spectrum of the
complex in the presence of TBA HSO4. The addition of TBA NOz and TBA ClI results
in prominent peaks at 667, 1169 and 1316 cm™. The UV-Vis absorption and emission
titrations of [Re(L2)(CO)s(pyr)](PFs) with molar equivalents of nitrate and chloride
showed no spectroscopic changes therefore it is thought that these three peaks are
unlikely to be a be a result of a complex-anion interaction. These observed peaks are
present in both the individual responses so it is possible that the peaks are not anion-

specific and perhaps a result of salt interactions with the Ag surface. It is unlikely that

Joshua N. Lea - May 2022 177



Chapter 5

the vibrations belong to the TBA™ cation as they do not correlate to Raman spectra of

TBA salts.
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Figure 5.16: The SERS spectra of the [Re(L2)(CO)s(L3)](BF4) SENS in the presence of TBA NOs™ (-),
Cl (), HSO4 (-) and the [Re(L2)(CO)3(L3)](BF.) control (-). Excited at 532 nm

5.5.2.2 Phosphate Sensing Using [Re(L2)(CO)3(L3)](BF4)-functionalised SENS

The addition of TBA dihydrogen phosphate to a [Re(L2)(CO)3(L3)](BF4) SENS has a
notable influence on the SERS response from the film. The most prominent addition is
a peak situated at 900 cm™ which could be attributed to the P(OH)2 symmetric
vibrations (Fig. 5.17). Studies of the Raman response of the dilute solutions of
phosphoric acid solutions have detailed that this particular vibrational mode is observed
at of 877 cm™.2 This is slightly shifted from the observed peak seen in this instance
which is tentatively attributed to the assumed hydrogen bonding interaction that is

thought to occur between [Re(L2)(CO)3(L3)](BF4) and H2PO4™. As stated previously,
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hydrogen bonding is known to induce a change in the Raman shift of prominent bands
and it is possible the same is occurring here.?® There is also a visible decrease of the
intensity of the peak at 1148 cm™, attributed to the C—H bending mode of the aromatic
protons, relative to the ring—ring stretch of the bpy at 1030 cm™ and the N-H bending
at 1274 cm™. It could be that the hydrogen bonding of the H,PO4™ anion limits the
possible bending modes that occur on these aromatic protons. It may also be indicative
of cooperative binding that has been observed in the absorption and emission titrations.
This is thought to be stabilised by the protons situated on both the benzimidazole and
the bipyridyl groups of L2 which would align with the changes to the aforementioned

modes.
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Figure 5.17: The SERS response of the [Re(L2)(CO)s(L3)](BF4) SENS (-) and the response after
treatment with TBA H,PO4 (-). Excited at 532 nm
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Addition of H2PO4™ to the [Re(L2)(CO)3(L3)](BF4) functionalised SENS also causes a
noticeable change in the region between 500 and 600 cm™, attributed to the Re-C
stretch. If H2PO4 is binding into the cleft of the L2 ligand, an expectation is that it
would induce a change in the electronic polarizability of the molecule. The possible
hydrogen bond interaction that can occur between H>PO4 and L2 would disrupt the
charge distribution of the ligand which in turn, could impact the metal centre. The metal
centred carbonyls are capable of forming hydrogen bonds as illustrated by Pelleteret et
al. so it is plausible that the Re—CO of this complex is in involved in the interaction

with dihydrogen phosphate.?®

The UV-Vis absorption and emission response of [Re(L2)(CO)s(pyr)](PFe) to the
presence of HoPOy is noticeably different from OAC’, suggesting the binding interaction
is also different. This is reflected in the SERS response of the [Re(L2)(CO)3(L3)](BF4)
SENS to both anions. Addition of H.PO4 only induces a slight change in the ligand
centred vibration at 1490 cm™, whereas OAc induces shifts in a number of vibrations
(Fig. 5.18). Furthermore, the response of the [Re(L2)(CO)s(L3)](BF1) SENS to OAC
shows an overall increase in SERS intensity relative to the untreated
[Re(L2)(CO)s3(L3)](BF4) SENS. However, the response of the SENS to H2PO4 is of
similar intensity to the control (Fig. 5.18.). The nature of the two interactions are still
unclear however, it is apparent that the differences can be tracked using SERS.
Computational studies and investigations using *H NMR spectroscopy would provide a
better insight into the binding of the particular anions with the [Re(L2)(CO)s(L3)](BF4)

complex.
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Figure 5.18: The SERS response of the [Re(L2)(CO)s(L3)](BF4) SENS (-) and the response after
treatment with H,PO4 () and OAc (-). Excited at 532 nm

5.5.3 Anionic Sensing using [Re(L2)(CO)3(L3)](BF4)-functionalised
SENS in Aqueous Media

To this point, the data has described the efforts to track anionic interactions using
interfacial films through the modification of citrate stabilised nanoparticles with
[Re(L2)(CO)3(L3)](BFa4). Initial attempts using the [Re(L2)(CO)s(pyr)](PFs) MeLLFs
did not show any recognizable changes in the SERS response upon the introduction of
dihydrogen phosphate, attributed to the presence of water. The [Re(L2)(CO)3(L3)](BF4)
functionalised SENS with acetonitrile solutions of the TBA salts show that the
interactions of the complex with both OAc™ and H2PO4™ could be tracked via observable
changes in the SERS response. It was postulated that dropping aqueous solutions of
TBA salts directly onto [Re(L2)(CO)s(L3)](BF4) functionalised SENS could show a

visible change to the SERS response.
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[Re(L2)(CO)3(L3)](BF4) functionalised SENS synthesised using the standard
procedure for functionalised SENS were treated with 1 mM aqueous solutions of TBA
salts, specifically, H.PO4", HSO4", NOz", OAC’, CI" and Br (Chapter 2, Section 2.2.2).
The addition of aqueous solutions containing either TBA acetate or dihydrogen
phosphate did not yield any perceivable changes in the SERS response of the
[Re(L2)(CO)3(L3)](BF4) SENS (Fig. 5.19). The distinguishable differences seen when
treating the SENS with acetonitrile solutions of the respective anions are not apparent
in this instance. It is likely that the proposed hydrogen bonding that was thought to

inhibit anion sensing in the MeLLFs, is occurring here.
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Figure 5.19: SERS Spectra of the [Re(L2)(CO)3(L3)](BF4) SENS (-), after treatment with OAC ) (-),
and HaPO4 aq) (-). Excited at 532 nm
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5.6 Biomolecular Sensing using [Re(R)(CO)3(L3)]"

Interfacial Films.

The overall aims as described in the introductory Chapter were to design a
functionalised platform that would allow SERS based detection of large molecules with
biological significance. The work of this Chapter to this point has demonstrated that the
[Re(L2)(CO)3(L3)](BF4) functionalised SENS show an ability to track phosphate
interactions in the absence of water. The benzimidazole moiety is known to interact
with a variety of biological molecules with a number of derivatives demonstrating
pharmaceutical activity.?” They possess an ability to act as a DNA minor groove binding
species which has led to their incorporation in transition metal complexes for anti-

2 The aim is therefore to assess whether the

cancer applications.?®
[Re(L2)(CO)3(L3)](BF4) functionalised SENS would have an ability to effectively bind

DNA and allow for SERS based sensing.

In addition to the bis-benzimidazole bipyridine ligand (L2), dipyridophenazine or L4
(L4) has also been the subject of considerable interest for its ability to intercalate into
DNA.% L4 chelated to a rhenium centre has been previously reported and shown to bind
with DNA (Fig. 5.20).31: %2 The complex [Re(L4)(CO)s(L3)](BF4), was synthesised with
a view to form the SENS films in a similar vein as the [Re(L2)(CO)3(L3)](BFa)
functionalised SENS. The aim of this is to evaluate whether DNA-complex interactions
could be observed and would the different binding mechanisms of the L4 and L4 ligands

present differently in the observed SERS response.
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Polypyridyl Re(l) complexes for DNA binding studies have been previously reported
by Lo and Tsang in whichO they describe a Re(l) complex coordinated to both L4 (L4)
and a biotin moiety.3® The complex in question was shown to bind to DNA via
intercalation with the planar L4 molecule stacking between base pairs. However, L4-
containing complexes have not been investigated as possible SERS labels and similar
to the bis-(benzimidazole)-4,4'-bipyridine, L4 does not possess a functionality that will
bind to a nanoparticle surface. To assess whether such applications could be realised,
[Re(L4)(CO)3Br] was used in a ligand substitution reaction in the presence of silver
tetrafluoroborate in acetonitrile to give the adduct, [Re(L4)(CO)3[CH3CN])(BF4). This
was then further reacted with the ligand, L3 to give [Re(L4)(CO)3(L3)](BF4) at 64%

yield (Fig. 5.20).
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Figure 5.20: The reaction scheme for the synthesis of [Re(L4)(CO)s(L3)](BF4)

5.6.1 Formation of the [Re(L4)(CO)s(L3)](BF4)-functionalised SENS

To ensure that interfacial film formation was possible using the
[Re(L4)(CO)3(L3)](BF4) complex, 100 pl of a 1 mM acetonitrile solution of the
[Re(L4)(CO)3(L3)](BF4) was used to form a MeLLF via the described standard
procedure (Chapter 2, Section 2.2.1). Successful formation was signified by the

appearance of the metallic lustre associated with such films. The resulting SERS
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spectrum from the MeLLF displays the characteristic vibrations belonging to the Re—
CO group (Fig. 5.21a). The peak at 499 cm™ is attributed to the Re—C stretch with the
CO vibrations at 1930 and 2035 cm™. The component vibrations of the L4 are also
visible with the most prominent vibrations situated at 1316, 1408 and 1448 cm™.34 %
The formation of the [Re(L4)(CO)3(L3)]* SENS was also successful with the SERS
response being notably similar to that of the MeLLF analogue (Fig. 5.21b) (Chapter 2,

Section 2.2.2).
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Figure 5.21: The SERS spectrum of the a) [Re(L4)(CO)3(L3)](BF4) MeLLF and b)
[Re(L4)(CO)s(L3)](BF4) SENS. Excited at 532 nm
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Table 5.2: The peak assignments for the SERS specta obtained from the[Re(L4)(CO)s(L3)](BF4)
MeLLF and [Re(L4)(CO)s(L3)](BF4) SENS

Wavenumber (cm?) Assignment
MeLLF SENS
499 499 Re-C str.
726 722 Aliphatic C-S str.
1055 1052 Ring-Ring str.
1194 1188 C-H bending (L4)
1275 1275 (C-C, C-N) str. (L4)
1316 1316 C-C inter-ring str. + in-plane C-H
def.
1408 1404 C-C str. (L4)
1448 1448 Ring str. (C-C, C-N) + inter-ring
str. + C-H in-plane def.
1495 1495 C-C str. (L4)
1559 Ring str. (C-C, C-N)
1597(br) 1596(br) Ring str. (C-C, C-N)
1624 Ring str. (C-C, C-N)
1930 1910 Re-(C=0) carbonyl str.
2035 2029
2927 2927 Alkyl C-H str.
3074 3074 C-H str. (Alkyl + dithiolane ring)

Stretching = str. Deformation = def. (br)=broad

5.6.2 Attempts at DNA Sensing from Solution using
[Re(R)(CO)s(L3)]" SENS

To assess whether the binding of DNA to the [Re(L2)(CO)s(L3)](BF:) and
[Re(L4)(CO)3(L3)](BF4) SENS was possible, initial studies were conducted where 100
pl droplets of a DNA solution at a concentration of 127 um per base pair, was dropped
onto SENS formed via complex modification of Ag NPs with the respective complexes.
Initial attempts at DNA detection using the [Re(L2)(CO)3(L3)](BFs) SENS showed no
variations in the SERS response which suggests no observable interactions were

occurring (Fig. 5.22).
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The anticipated interaction of the [Re(L2)(CO)s(L3)](BF4) complex with DNA is
expected to be via minor groove binding or through interaction with sugar phosphate
backbone. The results describing attempts at anion sensing in aqueous media, (Section
4.5.3) indicate that the L2-H>PO4™ interaction was not observed due to competitive
hydrogen bonding. It is thought likely that the same issue is occurring here with the

aqueous environment inhibiting binding.
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Figure 5.22: The SERS spectra of the [Re(L2)(CO)s(L3)](BF4) SENS treated with aqueous tris buffer
(-) and after treatment with an aqueous tris buffer DNA solution (127 uM per base pair) (-). Excited at
532 nm

Additions of the DNA tris buffer solutions (127 uM) were also made to the
[Re(L4)(CO)3(L3)](BF4) SENS. The relative SERS intensity of the complex on the film
after treatment with DNA is approximately double when compared with a similar film
treated with just the buffer solution (Fig. 5.23). There is a subtle variation in the metal

centred carbonyl vibration with a more prominent peak appearing, slightly shifted at
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1902 cm™. There are no features that can be attributed to the direct presence of the DNA
which suggests that it is not present on the surface.®® It is not apparent if these changes
are a result of DNA binding to the reporting unit as the anticipated result was expected
to impact vibrations of the complex. Studies on the resonance Raman of L4-containing
ruthenium complexes and their interaction with DNA described a loss of Raman
intensity of the complex after binding which is not observed here.*” It is possible that
the variations in the SERS response of the SENS are a result of DNA-complex

interaction however further investigation is necessary before any conclusions can be

made.
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Figure 5.23: The SERS spectra of the [Re(L4)(CO)3(L3)](BF4) SENS (-) and after treatment with DNA
(127 uM per base pair) (-). Excited at 532 nm

Testing using a higher concentration of DNA in tris buffer (127 mM) on the
[Re(L4)(CO)3(L3)](BF4) SENS did show a decrease in SERS intensity of the complex.
The intense bands of the complex are still visible at 498, 724, 1053 and 1314 cm™

however the signal to noise ratio does not allow for identification of any of the other
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bands including any vibrations associated with DNA. As such, it is difficult to conclude
whether or not binding has occurred. Accurately focusing on the SENS surface was
found to be more difficult with the higher concentrated DNA solution in comparison
with the tris buffer reference spectrum. The observed poor Raman intensity of the
[Re(L4)(CO)3(L3)](BF4) SENS is consequently thought to be a result of the viscosity

of the DNA sample and not as a result of binding.
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Figure 5.24: The SERS spectrum of the [Re(L4)(CO)3(L3)](BF4) treated with tris buffer () and treated
with the higher concentration of DNA (127 mM per base pair) (-). Excited at 532 nm

Overall, the preliminary attempts at DNA sensing using rhenium functionalised
interfacial films appear to not be successful in the current format. A possibility is that
the pre-fabricated films are unsuitable for use in this manner however, Chapter 2
indicated that rhenium complexes could be used as labels that bind to an unlabelled
SENS film. Any future investigation could explore the possibility of labelling the DNA
with the preferred Re complex and seeing whether DNA detection could be achieved

via this route.
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5.7 Conclusions

The incorporation of the bis-(benzimidazole)-4,4"-bipyridine, L2 to the rhenium centre
was investigated for possible detection of dihydrogen phosphate in solution. Absorption
and emission titrations of the [Re(L2)(CO)s(pyr)](PFs) complex with a number of
different TBA salts confirmed an observable interaction with dihydrogen phosphate.
This is a stepwise quenching of emission and demonstrates cooperative binding,
achieved via hydrogen bonding in the cleft of the L2 ligand. The same complex also
displays a hydrogen bonding interaction with acetate and a “turn off” fluorescence

quenching.

Both the charged rhenium  complexes, [Re(L2)(CO)s(L3)](BFs) and
[Re(L2)(CO)s(pyr)](PFe) demonstrate an ability to form MeLLFs through both the
promotion and the modification of Ag NPs. The [Re(L2)(CO)s(pyr)](PFs) complex does
not possess a functional group that can appropriately bind to the nanoparticle surface.
Therefore, it is assumed the positive charge sufficiently neutralises the charge that
stabilises the colloid in a similar manner to the TBA salts described in Chapter 1 and 2.
The incorporation of the pyridyl tail ligand, L3, appears to form the interfacial films
more efficiently as fewer nanoparticles remained in the aqueous layer after film

formation.

Preliminary attempts at the detection of H2PO4 using [Re(L2)(CO)s(pyr)](PFe)
functionalised MeLLFs were deemed to be unsuccessful due to disruption from the
aqueous environment. However, the [Re(L2)(CO)3(L3)](BF2) SENS does display SERS
response to the presence of both H,PO4 and OAC™ in acetonitrile. With HoPOy', there
are visible changes to the vibration attributed to the Re-C stretch with a slight

wavenumber shift of one of the ring centred vibrations. This is also coupled with the
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appearance of a vibration at 900 cm™ which is attributed to the P(OH); stretching. The
response to OAC™ is a significant shift of a number of the ring centred vibrations to lower
wavenumbers. Additionally, a peak is observed at 924 cm™ which strongly correlates
to the C-C stretching of OAc". Subsequent testing of the [Re(L2)(CO)3(L3)](BF4s) SENS
with aqueous solutions of both anions appears to confirm that the hydrogen bonding

interaction is obscured by solvent.

The overall aim of this work was to develop a SERS platform that would interact with
large molecules of biological importance. The complexes, [Re(L2)(CO)3(L3)](BF4) and
[Re(L4)(CO)3(L3)](BF4) containing the bis-(benzimidazole) bipyridine (L2) and
dipyridophenazine (L4) are likely to bind to DNA, through minor groove and
intercalation respectively. Both complexes also possess the ability to form the
interfacial SENS films however attempts at DNA binding in solution using these films
did not present any observable changes to the SERS spectra. DNA binding using the
[Re(L2)(CO)3(L3)](BF4) is thought to be susceptible to the same hydrogen bonding
issues observed in the attempted sensing of dihydrogen phosphate in aqueous
conditions. The binding of DNA is incapable of displacing water from the cleft of L2.
With respect to the [Re(L4)(CO)3(L3)](BF4) complex, it is possible that binding is
sterically hindered by the complex being in close proximity to the surface. The packing
of the complex on the surface means that intercalation between the base pairs may not
be possible. Despite not achieving the desired result, there are further avenues that could

be explored that could employ Re labels and interfacial films for DNA detection.
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Conclusions

The work detailed in this thesis describes a novel, modular approach that generates Re(l)-labelled
silver substrates for sensing using surface-enhanced Raman spectroscopy (SERS). The method
described herein, demonstrates the first example of SERS sensing using functionalised interfacial
films using Re(l) complexes that possess both a chemical sensor and a nanoparticle binding
moiety. The complexes featured, can be used to label the SERS surface for detection which is
achieved by observable changes to the Raman fingerprint of the complex after interacting with the

analyte.

Chapter 3 evaluated the use of interfacial nanoparticle self-assembly and photocatalytic reduction
of Ag salts for the formation of Re(l) labelled SERS surfaces. Ag substrates fabricated using
photoreduction were successfully formed with nanostructures visible on the surface. However,
attempts at labelling were inconclusive due to difficulties confirming the presence of the
[Re(L1)(CO)sBr] complex. The surface modification of citrate-stabilised silver nanoparticles was
achieved using a 0.1 mM solution the [Re(L1)(CO)sBr] coimplex, generating both the metal liquid-
like films (MeLLFs) and the surface-exposed nanosheets (SENS). SERS measurements of both
surfaces display the Raman fingerprint of the complex, highlighted by the Re—CO vibrations at
510, 1909, 2025 cm*. Further investigation was conducted using a mixed thiol approach to assess
whether interfacial films could be formed using lower concentrations of the complex. This was
successful as MeLLFs formed using a combination of 1 mM heptanethiol and 0.01 mM
[Re(L1)(CO)3Br] in solution, formed a film with the fingerprint vibrations of the complex. An
investigation was conducted into the deposition of unlabelled MeLLFs onto glass plates which was
deemed unsuccessful as recognition of the complex was difficult, as vibrations owing to the
complex are masked by other peaks likely caused by contamination. Despite this, the response of

the glass-deposited MeLLFs highlight the sensitivity of these films.
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MeLLFs formed through modification using the ligand L1, showed a SERS response to Fe?*, Co*?
and Zn?" evidenced by changes to vibrations attributed to metal coordination to the bipyridyl
group. The [Re(L1)(CO)zBr] complex shows a sensitive and selective response to the presence of
Hg?* shown by sequential changes to both absorption and emission response with structural
changes also observed using *H NMR spectroscopy. The spectroscopic responses also showed that
the counterion influences the nature of the interaction as Hg(ClO4)2 and Hg(NO3)2 induce different
changes to the spectrum. Hg?" is thought to facilitate the removal of the bromide from the metal
centre followed by the coordination of solvent. The interaction was also observable via SERS
using [Re(L1)(CO)sBr] functionalised MeLLFs through changes to the Re—CO vibration at 510
cm™* coupled with the addition of a broad peak at 330 cm™. Recognition of Hg?*-induced changes
using the MeLLFs were possible at 1 mM concentrations of Hg?*. SERS sensing of Hg?* was also
possible using [Re(L1)(CO)sBr] functionalised SENS. Addition of Hg?" causes a reduction of
overall intensity of the SERS response of the complex on the surface with greater sensitivity than
the MeLLFs. The [Re(L1)(CO)sBr] SENS showed a larger sensitivity to the presence of Hg?* with

recognizable changes observed at 0.1 mM.

The [Re(L2)(CO)3(pyr)](PFs) complex shows a selective response to both dihydrogen phosphate
and acetate via hydrogen bonding to the L2 ligand. H.PO4 causes sequential changes to the
absorption and emissive response of [Re(L2)(CO)s(pyr)](PFe) resulting in fluorescence quenching
while OAC™ causes an almost immediate “switching off” of fluorescence. The fluorescence
response to HoPO4 is sigmoidal, suggesting cooperative binding. The complexes,
[Re(L2)(CO)s(pyr)](PFs) and [Re(L2)(CO)3(L3)](BF4) demonstrated form the interfacial films,
illustrating that charged complexes can also induce interfacial positioning. Selective sensing of the

anions is possible using [Re(L2)(CO)s(L3)](BF4) SENS. H2PO4 interactions are evidenced by the
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appearance of a vibration at 900 cm™, attributed to the P(OH)_ vibration and an additional peak in
the Re—CO region. OAc™ binding causes the observation of a peak at 924 cm™ coupled with

wavenumber shifts of the ring centred vibrations.

Attempts at SERS sensing of DNA using [Re(L2)(CO)3(L3)](BF4) and [Re(L4)(CO)3(L3)](BFa)
functionalized SENS were also conducted. This was deemed unsuccessful as no discernable
differences to Raman fingerprint of either complex was observed. Changes in overall intensity
were observed using the [Re(L4)(CO)3(L3)](BF4) complex however, it is not clear that is resulting

from a complex-DNA interaction.

This work provides a proof of concept that suitably functionalised transition metal complexes can
be employed for both targeted sensing and inducing self-assembly of nanoparticles. The result
being a labelled SERS-active sensing surface possessing a tailored interaction for a specific
molecule. Future studies could aim on refining the method, with a view to improving the sensitivity
of the system so that ultrasensitive detection can be fully realised. Further work could also look to
use this as a framework to investigate other transition metal complexes for SERS based sensing as
chemical sensors are not limited to Re(l) complexes. With regards to possible applications,
investigating the detection of molecules of biological importance could lead to sensors that may
be beneficial to areas such as drug delivery and diagnostics. These devices provide a new gateway
for the development of new SERS-based sensing platforms which could help take ultrasensitive

detection out of the lab, and into the real world.
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