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ABSTRACT

Fluorescent metal nanoclusters (Agz, Ags, Ags4, and Cur) were synthesized by reacting aqueous
silver nitrate (AgNOs) or copper nitrate (Cu(NOs)2 solution with equivalent portions of aqueous
sodium borohydride (NaBH,) solution in emulsion system at room temperature. Sodium bis-
(2-ethyl hexyl) sulfosuccinate (AOT) was used to stabilize the microemulsion and 2, 2, 4-
trimethyl pentane (isooctane) was the bulk (oil) phase. By confining the metal ions and reducing
agents to the droplets of microemulsions, the number of atoms available to form metal clusters
after reduction is controlled. This thesis is concerned with the synthesis of small, fluorescent
metal clusters. Ordinarily, reduction of solutions metal salts in the presence of capping ligands
leads to the formation of nanoparticles of diameter in the range of 10 — 100 nm. Such particles

are already metallic, have no bandgap, and do not fluoresce, but exhibit plasmon resonances.

Dynamic light scattering (DLS) measurements of all emulsions indicated a predominant droplet
diameter of 100 nm and a smaller diameter peak in the distribution corresponding to reverse
micelles at 5 nm. Rayleigh scattering measurements were fitted to theory with the droplet
diameter (50 nm) as the sole free parameter. Two reaction concentrations consisting of 90 uM
and 1 mM, with an average of 4 and 40 metal ions per droplet were investigated in detail. As
well as chemical reduction, photochemical reduction of Ag (I) emulsions by UV light (A = 254

nm) was also studied.

UV-Vis absorption spectra did not show plasmon resonance peaks in any of the microemulsion
samples. In addition, all emulsion-synthesized NCs were fluorescent with an average emission
intensity counts per second (cps) in the order of 3.0 x 10° cps. Generally, two emission bands
were obtained at approximately A = 300 nm and A = 430 nm corresponding to optical gaps of
4.13 and 2.88 eV for Ag NCs. A third band at A = 610 nm may be related to aggregation was
also observed. Two emission bands were also observed for the Cu NCs at A = 350 nm and A =
401 nm corresponding to gaps of 3.54 and 3.09 eV. Confocal microscope images confirmed the
luminescence of these MNCs, and together with the transmission electron microscopy (TEM),
as well as, atomic force microscopy (AFM) demonstrated that small, roughly spherical NCs
were synthesized. TEM and AFM results were in agreement for the NaBH4 and photoreduced
Ag NCs with estimated diameters of 1.4 — 2.4 nm. The estimated diameter of the Cu NCs was

~1.0 — 2.4 nm. Electrospray ionisation mass spectrometry (ESI-MS) results provided more the
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molecular formulae of: [Ag2(H20)H]; [AgsB3OsBH3.2H20]; [Ags(H20)a(OH)] and [Ags
(H20)s (OH)] (photoreduced samples), and [Cu7B30s.BH3.2H20]".

Alternatively, fluorescent metal NCs were prepared by reducing metal ions bound to polyvalent
single-stranded deoxyribonucleic acids (ssDNAs) ligands. The concept requires that the ligand
binds both the metal ions and elemental metal atoms. Three single-stranded DNAs of length
22, 29, and 34-bases which had been previously reported to facilitate the synthesis fluorescent
Ag NC were chosen for investigation: (1) 5-TGACTAAAAACCCTTAATCCCC-3'
(2) 5'-AGTCACCCCAACCTGCCCTACCACGGACT-3’ (3) 5-GCAGGTTGGGGTGACTA
AAAACCCTTAATCCCC-3'.

Reduction of ssDNA-bound of Ag (I) ions disfavours aggregation in bulk solution and favours
instead, the formation of small, fluorescent clusters. Two prominent emission bands were
obtained with sSDNA1 in microemulsion, however one broad, but weak emission at 350 nm, in
associated with a complex band comprising of four peaks with a maximum at 401 nm were
observed for both the ssDNA2 and 3. However, emission spectra of the three sSDNA-Ag
samples in 99 % deuterium oxide (D20) solution was different from those of the emulsion
samples, with a common band at 388 nm, followed by a very broad one at 590 and 630 nm for
the DNAZ2 and 3 respectively. Apart from the 388 nm emission, which was generally ascribed
to the ssSDNA molecules, no other band was seen in the spectrum of the sSSDNA1-Ag sample in
D-0.

The results of this study demonstrate that stable NCs of specific cluster sizes could be made by
adapting the reaction conditions to confine the metal ions to small reaction volumes in

microemulsions or on single-stranded DNA molecules.
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Chapter One Hector Henry Oyem

1 CHAPTER ONE

1.1 Background

Nanoparticles (NPs) are materials within in the size range of 1 — 100 nm.%? These include
nanoclusters, which are at the lower end of the nano-scale (<2.0 nm). Nanoclusters (NCs) are
therefore much smaller in size and so contain fewer number of atoms, hence, they are regarded
as a “cluster of atoms”. They display molecule-like, size-dependent optical properties that

distinguishes them from the larger NPs which show metallic properties.

Metal nanoclusters (MNCs) have attracted attention for their unique opto-physical properties.
In this light, many optical and biological applications of these nanoclusters are associated with
their luminescent properties in relation to their very small nanosizes and consequently their

large bandgaps, which allows for radiative electronic transition.*

The production of fluorescence in material science is connected with small clusters.>® The
synthesis and stabilization of these small clusters is challenging, since they are known to grow
spontaneously in the absence of stabilizers into larger and more stable nanoparticles with the
attendant loss of luminescence. For the purpose of clarity, in this study, metal nanoclusters
(MNCs) refer to luminescent metal clusters, and metal nanoparticles (MNPs) are the larger,
non-luminescent metal particles. MNPs may also be used as a general term to refer to materials

in this 1 — 100 nm region.
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Figure 1.1: Size-dependent physical properties changes in materials.

The diagram in figure 1.1 explains the differences that arise in the physical properties of
nanoparticles and nanoclusters on the basis of size variations. Irrespective of the physical
property being studied, there are always three regions of the curve obtained. The first, at the
upper particles size scale represents bulk materials. The nature of the curve in this region, shows
that the properties remain constant and independent of their sizes. But as the particles size
decreases from the bulk size, a point is reached where the properties begin to change in response
to the size decrease. As the size decrease get to the nanoscale, a gradual change in the physical
properties begins. At very small nanosizes (clusters), discrete energy levels are formed and the
particles assume molecule-like properties. Addition of a single atom at this point leads to a
profound effect on the physical property, to the extent that “magic number” effects are
observed.

Thermodynamically speaking, it is unfavourable to have small nanoclusters because of their
very high surface-to-volume ratio and energy*1%112 which renders them unstable towards
aggregation.'® Thus in the absence of stabilizers, nanoclusters would irreversibly interact with
one another to form larger particles thereby effectively reducing their surface energy.'* This is

represented thermodynamically by equation 1.1.

AG = yAA (1.1)
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where AG is the change in Gibbs energy (at constant temperature, pressure and composition)

that occurs when the interfacial surface area changes by an amount AA. The surface tension y

is defined as:

r=(2),0n (12)

As these clusters grow easily into different sizes and shapes over time, there is an increasing
variability of physical properties accompanying these size growth®'® as the particles gravitate
towards the bulk metals. Hence, the production of luminescent nanoclusters requires very
careful control of the reaction conditions and the methods of synthesis, so as to be able to tune
the sizes of these clusters in order to obtain specifically desired optical properties for

applications.®

Attempts at stabilizing these particles have led to the application of a varieties of passivating
ligands most of which are predominantly organic in nature. Some of these include, sulphur and
phosphine ligands, many of which are toxic to both man and the environment. Besides these,
polyvalent bio-molecules like DNA have also been employed as stabilizing ligands for

nanoclusters.

Besides the problem of consistency in size of the NCs, there is also the issue of consistency in
the in the morphology of the MNCs.}” This is one of the challenges faced by synthetic
nanochemists. Microemulsion (ME) systems have recently been employed to provide the type
of reaction medium necessary to establish some form of size and morphology control in the
synthesis of metal clusters.*® Through the microemulsion system, it is possible to make
monodispersed particles. Microemulsions have also been demonstrated to confer stability
against the spontaneous growth of nanoparticles post-synthesis®® arising from the mutual
electrostatic repulsion between the lipophilic end-groups of the surfactant molecules. The need
to produce homogeneous MNCs with size-dependent characteristics is crucial to achieve tailor-

made sensors.
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This exercise is geared towards making metal nanoclusters of a given core size and optical
properties according to the concentration of M™ ions present in water droplets of a particular

diameter at room temperature and under specific reaction stoichiometry.

1.2 Nanoparticles

Metal nanoparticles have received tremendous attention because of their size-dependent optical
properties leading to their applications in optics, optoelectronics, chemical and biological
sensing.’>1820 They are renowned for having high surface-to-volume ratio and exhibit
remarkable surface activities suitable for application in catalysis*?1:?? and surface-enhanced
Raman scattering.'®2*2* Nanoscience and technology have since burgeoned into a very wide

interdisciplinary industry over the years.*

1.2.1 Classification

Materials can be classified into metals, semiconductors, and insulators on the basis of electronic
conduction and bandgaps (Fig. 1.2). Metals have overlapping energy levels because of the high
density of state, hence they form continuous energy bands with no bandgaps. Semiconductors
have closely separated (discrete) energy levels and hence small bandgaps. But insulators are
associated with much larger bandgaps making it rather impossible to promote electrons from
the valence to the conduction bands because of the enormous amount of energy required for

this to be accomplished.
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Bandgap

Energy

Meital Semiconductor Insulator

Figure 1.2: Energy level diagram of metals, semiconductors, and insulators.

On the basis of size, metals can be classified into bulk metals, nanoparticles, metal nanoclusters
(MNCs), and single atoms. Bulk metals, have free moving (delocalised) electrons from a large
number of atoms, due to an increased density of state and the consequent overlap of the
electronic energy levels of the valence and conduction bands into a continuous band.® Metal
nanoparticles have sizes typically in the 10 - 100 nm range.® Although, they contain lesser

number of atoms, their properties already tend towards those of the bulk metals.

Figure 1.3: Surface plasmon resonance of nanoparticles in response to excitation energy.
Source: Sigma Aldrich.*?
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Metal nanoparticles therefore interact with light of appropriate energy resulting in the collective

oscillation of surface electrons (Figure 1.3) in response to the incident photon, a phenomenon

known as surface plasmon resonance (SPR).116:23:25:26

Further reduction of the sizes of nanoparticles to less than two nanometres (~2 nm)?20:2728:29 g
a consequence of the decrease in the density of state, results in the splitting of the continuous

(overlapping) valence and conduction bands, and an energy level gap is thus formed.

Metal Metal Cluster Metal Nanoparticle Bulk Metal
Atom (Quantized (Surface plasmon (Delocalized
(Single energy levels) resonance of conduction valence electrons)
valence band electrons)
electron) 4 4 A
+ gl [T g g
o ————— w =
8 s s

— L —
Density of State Density of State Density of State
L L L L L L
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I P3¢
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Size-quantized energy levels
allows for electronic transition

Figure 1.4: Size-dependent energy level diagram of metals, semiconductors, and insulators.
Adapted from Isabel Diaz and Robin Ras.!?®

This energy gap is referred to as “bandgap”. The conduction and valence bands are comprised
of discrete energy levels. Metal nanoclusters because of their limited number of atoms3%3! are
characterised by having discrete pockets of energy levels and bandgaps (figure 1.4) Their
interactions with light therefore results in electronic transitions from the valence to the

conduction band as electrons acquire the requisite energy to cross the “forbidden” bandgap.?

1.3 Quantume-size effect

As a result of their characteristic small sizes, nanomaterials demonstrate quantum-size

confinement properties.®® Quantum effect is readily explained by the confinement of electron

and hole pair in a potential well of very small volume with size corresponding to the Bohr
6
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exciton radius.®® Perhaps, it is better described by the particle-in-a-box model where a
probability of finding a particle is defined by the potential barriers of the box. The energy of
the particle can be defined by its mass and quantum number as well as the dimension of the

box.®*

Small Molecules Ulira-small Semiconductor Quantum Dots
Nanoclusters
01-10mm —p— 1.0-3.0nm 3 0-56.0nm
Quantum Confinement: Quantum Confinement:
Strong Medium

Figure 1.5: Quantum size-dependent classification of materials according to the zone of
confinement.

Higher energies of excitation are required as the sizes are reduced and materials become more
confined.3* Quantum dots are examples of materials whose sizes (3.0 — 6.0 nm) are typically in
the medium zone of confinement (figure 1.5).14*! Hence quantum dots provide an opportunity
to study molecule-like properties of materials in the zone of confinement.#%! Nanomaterials
typically in the 1.0 — 3.0 nm size scale (figure 1.5) often referred to as ultra-small nanoclusters
(USNCs) or as ultra-small quantum clusters, belong to the zone of strong quantum
confinement.®>* However, the Bohr’s radius is dependent on the material in question and
varies from material to material, thus every material has its quantum confinement at different

sizes.®®

1.4 Wave Function

Quantum systems are associated with wave function,*®4748 since electrons according to DeBroglie’s
equation have a dual nature as both a particles and wave. Electrons are therefore associated with
wave function which is described by the Schrodinger’s equation. This is a complex mathematical
function that effectively describes the properties and position of an electron at any given time and space

in quantum mechanics.*
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A= (1.3)

Equation (1.3), proposed by DeBroglie, relates the wavelike nature of a quantum particle in
terms of its wavelength A to the particle-like nature described by its momentum, p. h is Planck’s

constant whose value is 6.626 x 104 J s.

For a rectangular box of dimension a x b x ¢ along each side (the particle-in-a-box model) at an
amplitude of zero, the wave function would coincide with the boundary of the box
(confinement).”® The individual discrete energy levels will be represented by the equation

below:*®

20,2 2 2 2
E="(2+2+X) (1.4)

2m \a? b2 2

Where a, b, and c represents the dimensions of the box in the X, y and z directions, and nj are

integer values, h is Plank’s constant, while m is the mass of the electron.

At these ultra-small sizes, the wave functions of the electrons extend beyond the core of
confinement as the kinetic energy of the exciton overcomes the coulombic interactions between
the exciton and its hole-pair.>® Thereby extending the electron wave function beyond the metal-
core®® 5! into the bordering ligand monolayer and possibly coupling with those of their nearest
neighbouring atoms.>? In this way, excitons are in essence delocalized.>® This delocalization of
excitons from the core of confinement causes a reduction of the bandgap and a consequent red

shift of emission peak maximum.05?

As the sizes of the material increase, the wave function become gradually and increasingly less
extended. The extent of delocalization also decreases and effectively diminished, lying within

the zone of confinement.
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1.4.1 Bandgaps

The discontinuation of the energy band between the valence and conduction bands in
nanoclusters and semiconductors as the material size decreases open up an energy level gap
already described as bandgap (figure 1.6). An inverse relationship exists between bandgap and
cluster size (number of atoms), hence, the bandgap varies with cluster size.>* Bandgap is
actually the difference between the highest energy level of the valence band and the lowest

energy level of the conduction band®*® in semiconductors.

Bandgap

Energy

Figure 1.6: Energy level diagram showing bandgap.

Therefore, relatively large energies will be required for the transition of electrons in ultra-small
clusters which would correspond to the blue regions of the spectrum of light.

1.5 Fermi Level

The Fermi level, denoted by Er+ is described as the highest occupied level at zero Kelvin (0 K)
absolute temperature.®® In a metal, it is the highest occupied molecular orbital (HOMO) of the
solid/nanoparticles/cluster at its ground state. Thermodynamically, it represents the amount of
work required to add or remove an electron to or from a material (a body)®’ also referred to as

the chemical or electrochemical potential.®® Since electrons cannot exist in the same energy
9
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level at the same time (Pauli’s principle), they occupy available lowest energy states and form

a sea of Fermi electrons.®®

Energy

Metal Semiconductor Insulator

Figure 1.7: Fermi level diagram of metals (conductors), semiconductor, and insulators (broken line
representing the Fermi Level).

The level at the top of this sea of electrons is called the Fermi level (figure 1.7). Below this
level, electrons do not have enough energy to go above it.>> But at a higher temperature and
with sufficient energy, electrons can be moved above the Fermi Level onto the conduction band.
In metals, the Fermi level lies in either of the two overlapping valence or conduction band. It
lies at the centre of the bandgap for semiconductors (intrinsic).>® The bandgaps of metal
nanoclusters are similar to those of semiconductors hence in many contexts they are referred to

as semiconductor nanoclusters (particles) (SNCs).>%-52

1.6 Fluorescence

The absorption of photons of energy by a material, leading to electronic excitation and
transitions to an excited state higher energy level, where the exciton undergoes stages of
vibrational relaxation, before eventually returning to the ground state energy level by the loss
of the loss of residual energy through re-emission is generally known as photoluminescence;
this comprises fluorescence and phosphorescence®® (see figure 1.8 below). Whereas

10
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fluorescence is characteristically more transient in comparison with the phosphorescence,
which spans much longer times (between 103 to 10° seconds or even longer) arising from
intersystem crossing,®*®° which corresponds to a transition between states of different spin (the
triplet excited state and the singlet ground state). The process involves simultaneously flipping
the spin of an electron as well as emitting a photon and is less likely than fluorescence which

involves a transition between states of the same spin (S1 and So).

r'y
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Figure 1.8: Jablonsky diagram showing the fluorescence phenomenon. The blue arrow represents
absorption, yellow arrow represents dark-phase internal conversion phase, red is fluorescence, black
(horizontal) represents intersystem crossing and pink is phosphorescence.

Fluorescence occurs when light energy at relatively short wavelengths, is absorbed by a
substance and results in the projection of electrons from the ground state to the excited state
level and undergoes a process of vibrational relaxation (a non-radiative (dark phase)) resulting
in some energy loss, and subsequently returning back to the ground state by losing its residual
energy through re-radiation of light of longer wavelengths (figure 1.8).4% Fluorescence is
characterized by light absorption in femtoseconds (10° sec) time frame and re-emission of
residual light at longer wavelengths in pico- to nanoseconds (1022 to 107 sec) later,54%%%¢ with

an average lifetime of 10°® sec in the excited state.®

11
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Figure 1.9: Combined schematic representation of both the fluorescence excitation (blue) and
emission (red) spectra.

The absorption and emission energies and spectra of a molecule are its unique identity, thus, its
absorption and emission spectra are of great analytical significance.®® Fluorescence
spectrometer measures the intensity of the emitted light which is related to the concentration of

the sample.®*

Both the absorbance and emission bands maybe mirror images of themselves if an exciton is
excited from the singlet ground state (So) to the singlet excited state (S1) and then returns back
to the So, so long as there is a weak solvent and fluorophores interaction. This is referred to as
the mirror-image rule (figure 1.9).51:6

1.7 Electromagnetic radiation and spectrum

Electromagnetic radiation is a combination of electric and magnetic wave oscillating at the
speed of light through space, carrying quanta (photons) of energy and momentum with which
it interacts with matter.%” The interaction between electromagnetic radiation and matter has
become the basis of the study and characterization of matter in the field of science known as
spectroscopy.®’ This interaction results in certain peculiar physical changes in matter in relation
to the absorption of quanta of electromagnetic energy.% The quantized energy of a photon at

higher frequencies are related to each other by equation 1.5 presented below:

12
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E = hf (1.5)

E is the energy of a photon, h is the Planck’s constant, and f is frequency.

The properties of the electromagnetic radiation are described by its frequency and wavelength.
Its speed of propagation is also related both to its frequency and wavelength by the equation
1.6:

c=Af (1.6)

c is the speed of the electromagnetic wave, A is the wavelength, and f is frequency. From the
above equation, frequency is inversely proportional to wavelength; equation 1.6 therefore

becomes:

f== (L7)
Equation (1.4) above can be rewritten as:
hc
E=— (1.8)

1.7.1 Electromagnetic Spectrum

The electromagnetic spectrum is an array of the different components of the electromagnetic
wave in the order of their increasing wavelengths. According to the increasing wavelengths,
electromagnetic spectrum is classified into: gamma ray, Xx-ray, ultra-violet, visible, infra-red,

microwave, and radio waves (see figure 1.10 below).

13
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Figure 1.10: Electromagnetic spectrum. Source: Cyberphysics.®

From equation 1.8 above, energy is inversely proportional to wavelength. Thus, those
components of the electromagnetic wave with shorter wavelengths have characteristically more
energy and so are able to affect matter more drastically, causing ionisation and heat.®"
Whereas, those components with longer wavelengths possess comparatively less dramatic
energy and do not result in ionisation when interacting with matter.®%7# Interaction between

high energy ionising radiation results in chromosome damage in living cells.”3 7580

Molecular spectroscopy is concerned with studying the interactions of the non-ionising energy
with matter, which results in the excitation, translation, vibration, and rotation of electrons,
bonds, molecules and nuclei upon absorption of the requisite photons of light energy.5>¢° The

total energy of the system can be represented by the equation:®1:6

E totat = E translation + E vibrational + E rotational + E electronic + E electronic spin orientation + E nuclear spin orientation

(1.9)

14
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1.8 Emulsion

Emulsion is a dispersion of an insoluble liquid in another.8282 An example is water in oil. Since
emulsions comprise of two immiscible liquids, therefore, they are not stable (do not mix), and
often phase-separate from each other (figure 1.11).83# Such phase-separated emulsions are
described as “broken”.8>%® The stability of emulsions depend on the inherent physico-chemical
properties of the component liquids, such as pH, temperature, viscosity, size of droplets, and
electrostatic interactions.81:87:888% However, the introduction of substances called surfactants, or
emulsifiers, help bring stability to emulsion systems®.® by reducing the interfacial energy
between the immiscible liquids.8**° The sizes of the dispersed-droplets in emulsion systems are

in the region of hundred to tens of micrometres.348°

5 &

«— O1l
<+t+—— Surfactant
«+t+—— Water

& o

Figure 1.11: Component parts and order packing of the emulsion systems comprising the emulsifier
(surfactant).

Density differences between the two phases of an emulsion system may cause the dispersed
droplet phase to rise or drop in the medium, a process known as creaming and sedimenting.%
Creaming is said to occur when the dispersed phase has a density less than that of the continuous
phase, and the reverse being the case for sedimentation to occur.®>® Sedimentation may occur
where the droplet size exceeds 5 um.® The movement of droplets is predominantly controlled

by the sizes of the inherent colloidal droplets.848
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01l

Water droplets

Figure 1.12: Water-in-oil emulsion system showing dispersed water droplets in the oil phase.

At droplet sizes below 5 pm, Brownian motion predominates, and such systems are
characteristically stable (figure 1.12).2° There are two types of emulsion systems basically,
depending on which of water or oil is the dispersed or continuous phase. These are: the water-
in-oil, or the oil-in-water emulsion, denoted by w/o and o/w respectively (figure 1.13).85%
Examples of oil-in-water emulsion are fat globules in water, while milk and butter are examples
of water dispersed in oil (water-in-oil).%%%!
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Figure 1.13: (a) Micelle in water continuous phase (b) reversed micelle in oil continuous phase.

1.9 Role of Emulsifiers

Two important factors govern and describe the role of emulsifiers in emulsion systems. These

are the hydrophilic (water-loving) and hydrophobic (water-hating) factors. Emulsions have

already been described as a mixture of oil and water dispersions. Oil is hydrophobic, and water

the hydrophilic, the reason these liquids do not readily associate.®! But with the aid of an

emulsifier, they can be made to “mix” by forming interfacial “wall” around droplets and

reducing their surface energies.®%8 This also prevents coalescence of droplets, and ensuring

thermodynamic stability,10-1187.92

Hydrophilic Head

v
Emulsifier —— @@\ SN N
? <

Hydrophobic Tail

Figure 1.14: Component parts of an emulsifier. Source: Gesescience.?
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An emulsifier ( or surfactant) is a substance with an amphiphilic (hydrophilic and hydrophobic
head and tail) groups (figure 1.14), which enables it to associate easily with both water and oil
phases of the emulsion,® to form a colloidal solution.®* Emulsifier are therefore the third
component of the emulsion system. Its polar head is typically attracted towards water and other

polar solvents, and the tail usually of long hydrocarbon chain is attracted to the oil phase.

Depending on the balance between the hydrophilic and lipophilic (hydrophobic) components,
also known as HLB (hydrophilic and lipophilic balance) whose value represents the measure
of the size and strength of these component parts.*®°® An HLB value of 1-6 gives rise to w/o
emulsion, whereas, values above 8 produce o/w emulsions.® Therefore, depending on the
packing capability of the emulsifier as represented by the HLB value, either of the (w/0) and
(o/w) types may be formed.8* The packing capability determines the tendency of the emulsifier
molecules forming an interfacial-monolayer and curving around the water or oil to form
droplets, or indeed remaining unaffectedly planar®* as the case may be (see figure 1.11). In this
way, hydrophilic emulsifiers give rise to o/w emulsions while lipophilic ones produce w/o

emulsions.8

Pickering® also used the idea of the extent to which the surfactant particles are wetted by either
of the two composing liquids in the emulsion to demonstrate what type of emulsion was formed.
According to him, if the particles of the emulsifier are more wetted by the oil, then a water-in-
oil emulsion was formed; and the reverse (o/w) if the emulsifier particles were better wetted by

water.?*

Since phase-separation of the liquid components of the emulsion is a thermodynamic response
to lower the surface energy between immiscible liquids,® therefore to maintain the balance in
the stability of emulsions, energy would be required by way of constant agitation of the system,
or the incorporation of surfactants to overcome this energy need® without which the system

reverts back to phase separation.®>%

1.10 Microemulsion

Emulsions are classified according to the size of the dispersed droplets they contain®® and by
their kinetic stability.® Bucak and Rende classified emulsions as those whose dispersed phase
comprised of particles between 0.1 to 10 um. A size range of 30 to 100 nm dispersed droplets
is classified as miniemulsion. Microemulsion then are those with dispersed droplets sizes
between 1 to 30 nm® or 5 — 50 nm according to Capek®” and Eastoe.®’
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Due to their droplet size, microemulsions comprise of droplet particles which undergo
Brownian motion and are essentially stabilized by their inherent small droplet size as well as
by electronic repulsion of surfactant molecules, hence require no agitation. Microemulsions are

thermodynamically very stable, isotropic, colloidal mixtures of water, oil, and emulsifier,848%9%

1.10.1 Thermodynamic stability

Considering that microemulsion contain small dispersed droplets in a dispersion medium, then

the entropy change for the dispersed droplets can be represented by equation 1.10:%"%

AScont = -nkg [Ing + {(1 — 2)/ 8}In(1 — 2)] (1.10)

Where n is the number of dispersed phase droplets, @ is volume fraction of the dispersed phase,
and kg is the Boltzmann constant. According to Tadros'® the Gibb’s free energy equation can

be expressed as:1®

AGform = AAY = TAS (111)

AG is the Gibb’s free energy, v is the surface tension of the interface, AA is the change in

interfacial area (where A is the area of a sphere, A = 4nr?), of interface, and T is the absolute

(Kelvin) temperature, AS is the entropy change. Equation 1.11 therefore represents the sum of

the area of interface, and the entropy of the droplet.*®

Since there is an increase in entropy of the system by the dispersal of droplets, the entropy term
AS is therefore positive. In order for the microemulsion system to be stable there has to be a
concomitant reduction of the surface tension (y) of the interface.®” This is where the surfactant
comes in. The ability of the surfactant to cause the reduction of the interfacial surface tension
to a significantly low value, so as to obtain a negative Gibb’s free energy change is crucial for
the thermodynamic stability of the microemulsion system. This can be achieved if the surfactant
can significantly reduce the interfacial surface tension so that the energy component (AAy) is

significantly reduced to a small positive value and AG becomes negative.
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Two-tailed®”101192 and some non-ionicl®

surfactants have been observed to have an advantage
over the single-tailed in being able to reduce the interfacial surface tension to such low values
necessary to achieve thermodynamic stability of microemulsion systems,®"101.102103 The single-
tailed surfactant is limited in this respect because they reach the critical micelle concentration
(CMC) before they are able to attain the low interfacial surface tension, hence, they often

require a co-surfactant.®’

1.11 Micelles

Surfactant are surface active agents. They act on the surfaces of the liquid by lowering the
surface tension (section 1.10.1).8* As the surfactant concentration increases, the number of
molecules on the surface of the monolayer increases correspondingly, until it reaches a state
whereby some of these molecules become progressively solubilized into the water
medium.®+1% Further increases in surfactant concentration, results in an increase in the number

of the “solubilized” surfactant molecules (figure 1.15).84104

I |
ST

Figure 1.15: Processes of micelle formation. Source: Hunter, 1993.1%
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Figure 1.16: Schematic diagram of a micelle. Source: European Chemistry Thematic Network.?’

Figure 1.17: Reverse micelle.

This process continues until the concentration of the solubilized molecules reaches what is
described as the CMC and micelles are formed (figure 1.16) in aqueous solution whose
orientation depend on the hydrophilic environment of the liquid. Usually, the first micelle
aggregates formed are spherical in geometry (figure 1.15 and 1.16).8* Above this CMC, further
increments in surfactant concentration result in the addition (solubilisation) of more emulsifier
molecules onto the spherical micelles in the aqueous medium which grows further into larger,
non-spherical morphology while the concentration at the monolayer of the liquid, remains

relatively constant.34

In the water-in-oil emulsion (oil as the dispersed phase), the surfactant molecules typically form
reverse micelles with the hydrophilic head forming a layer of aggregates around the water
droplets (curving towards water) according to the hydrophilic/hydrophobic and wetting
properties of the surfactant. The polar head-groups tend towards the water pool and the

hydrophobic tail align with the oil phase forming reverse (or inverted) micelles (figure
21
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1.17).84%* Thus, being better wetted by the oil than by the water, and also having a larger contact
angle, (between the surfactant molecules and the oil) the orientation of the surfactant molecules
favours the oil phase. According to Tanford, the reverse micelle formation is driven by the
hydrophobic effect.1% Reverse micelles are also known to have a diameter of between 2 — 20

nm according to Eastoe et al.,® and Walde et al.*%

1.12 Deoxyribonucleic acids, DNA

Deoxyribonucleic acid (DNA) is a polymeric molecule which exists naturally in chromatin in
the nucleus of eukaryotic cells.1%1% |t contains the transmitted generic codes necessary for the
development and proper functioning of living organisms.!® DNA is primarily composed of
three chemical groups of phosphate, sugar (ribose), and nitrogen-containing bases.'®® The first
two groups make up the DNA backbone®®1%-111 giving it the rigid structure. The nitrogenous
bases make up the centre of the molecule.%®112 DNA contains four types of nitrogenous bases
viz: adenine (A), cytosine (C), guanine (G), and thymine (T).1%8199112 |t is different from
ribonucleic acids (RNA) by having the oxygen atom belonging to the hydroxyl group of the
second carbon atom (C2) in the ribose sugar removed in DNA. This is the reason for the prefix
(Deoxy-) in the name deoxyribonucleic acids. Besides, it is also different from RNA by the
replacement of one of the nucleobases of RNA, uracil (U) by thymine in DNA 108109112

1.12.1 Structure and nomenclature of DNA

As has already been mentioned, DNA is composed of these component units: a phosphate, a
ribose sugar, and nitrogenous bases with the following chemical structures (figure 1.18 and
1.19):
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Figure 1.18: Non-nucleobase components of DNA (a) phosphate ion (b) sugar. The red hydrogen
atom of DNA replacing the OH (hydroxyl group) of ribonucleic acids (RNA), emphasizing its
difference from RNA.
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Figure 1.19: DNA nucleobases (a) cytosine (b) thymine (c) adenine (d) guanine. The atoms in red
colour represent the bonding site between the nucleobases and the ribose sugar group.
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According to their chemical structures, these nitrogenous bases can further be classified into
two groups: the first, is a pyrimidine group, and the second is a purine group consisting of a
pyrimidine ring combined with an imidazole ring (figure 1.20).

a) b)
S N </ ﬁN
S~ N f)
N H N
Pyrimidine Purine

Figure 1.20: (a) pyrimidine (b) purine component ring structure of DNA bases.

Sugar Sugar Sugar

Figure 1.21: Binding sites (pink/red lone pair of electrons) of the four DNA nucleobases showing
points of metal ion (electrophilic) attack,1128-140

The pyrimidine is a single, six-membered ring bearing two nitrogen atoms at the 1 and 3
positions, whereas the purine structure has a five-membered imidazole ring attached to the six-

membered pyrimidine ring with a total of four nitrogen atoms at the 1, 3, 7 and 9 positions
(figure 1.21).

A DNA nucleobase binds to a ribose sugar molecule (without the phosphate group) to form a
nucleoside.!%®113114 A combination of the phosphate, ribose sugar, and nucleobase is referred
to as a nucleotide. 18199113115 This forms the monomeric unit of DNA known also as a
mononucleotide (figure 1.22 a&b).
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Figure 1.22: DNA mononucleotides (a) adenosine (b) cytidine (¢) DNA dinucleotide (two
mononucleotides combined via the phosphodiester bond).

Thus, a combination of two mononucleotides containing two different bases involves the
linking of a phosphate group of one mononucleotide already bonded to its sugar group at the
C5 position, to another sugar group of the other mononucleotide at the C3 position to form a
dinucleotide. This is a condensation reaction process which leads to the loss of water (H20)
molecule. In a similar way, DNA trimers, tetramers are formed.!*® This eventually gives the
linking pattern now known as the 5°—3° geometry!!2113115 in the DNA molecule with net

negative charges.

But DNA exists naturally as a duplex molecule containing two intertwined strands in a helical
structure.198115 Each individual strand is ordered in exactly the opposite direction of the other
to form an antiparallel orientation (reverse 5’-3” and 3’-5) often referred to as the “plus” and
“minus” or “direct” and “reverse” forms'%!13115 or simply as 3prime to 5prime.''® These
antiparallel strands carrying surplus negative ions give DNA its known hydrophilic properties
which makes it dissolve readily in polar solvents.}*2113115 However, the centre of the molecule
comprising the nucleobases is hydrophobic,!® arising from its methyl (CHs) containing base
113

groups.
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Hydrogen bond

Figure 1.23: DNA polymeric duplex structure showing all detailed component units and bonds.
Source: © 2013 Nature Education: Pray, 2006.’

The resulting duplex (figure 1.23) with a diameter of 20 A has a pair of complementary (Watson
and Crick’s) bases: A-T, and C-G respectively, with each base pairs connected by a number of
hydrogen bonds.!3!1% These hydrogen bonds together with base stacking effectively hold the
strands together in a DNA duplex.!'® Two hydrogen bonds connect the adenine of one strand
to thymine of the other complementary strand. Between cytosine of one strand and guanine of
the other, there are three hydrogen bond interactions.'*?13 Each set of base pairs are separated
from the other by a space of 3.4 A (minor groove), with a distance of 34 A between two major
grooves (known as a helical turn) corresponding to a combination of 10 base pairs (i.e., 3.4 A

x 10)*2 in a molecule of 2 nm diameter.!1®
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1.12.2 Forms of DNA

Three basic forms of DNA have been classified, these are the A, B, and Z-forms,!13114115.119
this is because DNA can assume a number of structural forms (figure 1.24).*'® The A-form
looks closely like the B-form, but is less hydrated (according to X-ray diffraction studies)*®
occurring with less than 75 percent humidity since fewer water molecules are bound to the
phosphate and sugar hydrophilic groups.t!® The A-form of DNA does not exist in living cells.!?3
The B-form is the most commonly found DNA duplex which exist in living cells!*3'5 and is
much longer than the A-form.!® Third, is the one groove Z-form with the phosphate groups
packed more closely together, is formed when DNA temporarily flips from the B-form to the
Z-form in vivo during transcription.'® 113 The Z-form is also different in having a left-handed
duplex helix, with a zig-zag phosphate backbone conformation. 113118

a) b) C)

Side view A form

Figure 1.24: (a) Z-form (b) B-form (c) A-form of DNA bases. Source: Berg et al., 2002.1%

Other forms of DNA are the single-stranded, duplex (already discussed), triplex, and
quadruplex DNAs each of which contains one, two, three, and four strands accordingly as well

as other complex motifs.
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1.12.3 Denaturation and renaturation

When duplex DNA is isolated externally from the cell or made synthetically and studied in
vitro, the component strands can be dissociated by breaking the composing hydrogen bonds
between stacked bases and the subsequent destacking of the base pairs. This is known as
denaturation or melting which can happen under the conditions of increasing temperature,
pressure, pH, and mechanical agitation, the concentration of ions (Na*, K*, Ca?*) as well as
organic solvents like formamide and dimethylsulfoxide.*32012 \WWhen DNA duplex molecule
denatures, two separate strands (single-stranded DNASs) are formed, and the strands attain
random-coil conformations having lost their “rigid” duplex conformation (figure 1.25a).1%2 This

usually leads to a rise in absorbance intensity and a red shift of the absorption peak max.t3123

et

Coaldovy

Figure 1.25: (a) DNA melting into component strands. (b) DNA temperature melting curve (T is the
melting temperature, with approximately 50 % denaturation).

Renaturation occurs when the temperature is reduced (cooling) and the hitherto dissociated
single strands recombine to form the duplex in a hybridisation process known as renaturation*??
at a temperature below the Tm (Figure 1.25b). If the DNA solution is allowed to cool very
slowly, then it is possible to obtain the original duplex, otherwise, a new duplex molecule may
result.t?>12  This reversible process is essential for DNA transcription, replication, and in

polymerase chain reactions.*?123
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2 CHAPTER TWO

2.1 EXPERIMENTAL

2.2 Introduction

This chapter provides experimental details, the various types of chemical reagents used
throughout the course of this project, together with details of the companies from which they
were bought, and their individual state of purity prior to their use for experiments. It includes
also the different instrumental tools of analysis, their respective manufacturers, and the specific
operational settings under which they were used. Furthermore, the specific experiments and
experimental conditions which were undertaken in the course of this exercise, and the
subsequent methods of characterization employed are all carefully and systematically reported.
Finally, the theoretical principles guiding some of the instrumental tools for analyses are also

explained.

2.3 Materials

2.1.1 Silver nitrate (AgNO3, 99 %) (D1685-100G) was bought from Sigma-Aldrich, USA.
Sodium borohydride (NaBHa, 99 %) (213462-25G) also from Sigma-Aldrich, USA. Sodium
bis (2-ethyl hexyl) sulfosuccinate (AOT) (C20H37NaO-S) (D1685-100G) bought from Sigma-
Aldrich, USA. 2, 2, 4-trimethylpentane (Isooctane, 99.8 %) (360066-1L) a product of Sigma-
Aldrich,Germany. Oligonucleotides (DNAL, 22-mer: 5'- TGACTAAAAACCCTTAATCCCC-
3"; DNA2, 29-mer: 5'-AGTCACCCCAACCTGCCCTACCACGGACT-3'; DNA3, 34-mer: 5'-
GGCAGGTTGGGGTGACTAAAAACCCTTAATCCCC-3") all products of Eurofins
Genomics, Ebersberg, Germany. Copper nitrate trihydrate (Cu(NO3)2.3H20, 98 %) product of

Fluka Chemika, United Kingdom. Calf thymus DNA (Type 1, highly polymerized) (D1501-
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1G), a product of Sigma-Aldrich, USA. Deuterium oxide (D20 99.96 %), Sigma-Aldrich, a
product of USA. Adenosine 5’-monophosphate disodium salt (> 99%), guanosine 5’-
monophosphate disodium salt hydrate (= 99%), cytidine 5’-monophosphate disodium salt (>
99%), thymidine 5’-monophosphate disodium salt hydrate (> 99%); nucleotides all products of
Sigma-Aldrich. Agarose was bought from Melford Biolaboratories Ltd., Ipswich, UK. 1
kilobase+ DNA ladders were purchased from Thermo Scientific. All chemicals were used as
purchased without further treatment. Nanopure water obtained from, Millipore Diamond
Barnstead series 1370, model D11931, operated at 100-240V, with a resistivity of 18.2 MQ-
cm. HC330Cu, Holey carbon film on 300 mesh copper, a product of EM Resolutions limited
Essex, United Kingdom. P-type silicon (111) wafer from Virginia Semiconductors, Virginia,
USA. Resprep SPE (solid phase extraction) cartridges (see Appendix fig. 8.2) by Thames
Restek, Pennsylvania, USA, with a bonded reverse phase hydrophobic silica-based adsorbent
for extracting non-polar materials from polar matrices.! It has a tube size of 1 mL, C18 (high
load, endcapped), with a bed weight of 100 mg. 500 uL Hellma micro-quartz cuvette with all

four clear sides (path length - 10 mm).?

2.4 Instrumentations

2.4.1 Ultraviolet-Visible Spectrophotometer (UV-Vis spectrophotometer):

UV-Vis absorption spectra of the Ag NCs were obtained using Varian Cary 100 Bio
spectrophotometer with a tungsten halogen visible source, and a deuterium arc ultraviolet lamp.
The detector was an R928 (PMT) photomultiplier detector, the maximum scan range was 190

—900 nm, using a 500 pL quartz microcuvette (Hellma UK Ltd).

2.4.2 Fluorescence Spectrophotometer:

Fluorescence emission and excitation spectra were recorded with a SPEX FluoroMax ™
spectrofluorimeter instrument, New Jersey, USA. The excitation source was an ozone-free
xenon lamp. A photomultiplier served as emission detector and there was also a photodiode
reference detector. The emission/excitation range was 200-950 nm in wavelength and

optimized in the ultraviolet and visible regions.
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2.4.3 Confocal microscopy:

The fluorescence microscope images were obtained using ZEISS Axioskop2 plus model
instrument with 100 W halogen lamp for transmitted light and 50 W HBO mercury short-arc

lamp reflected fluorescence light source, with a power supply rated at 100 — 240 V.

2.4.4 Dynamic Light Scattering (DLS):

Particle size measurements were obtained using a Malvern high-performance particle-sizer
(HPPS) incorporating non-invasive backscatter technology (NIBS) technology dynamic light
scattering instrument. The laser was He-Ne devise, 3.0mW, wavelength of 633nm, and an
avalanche photodiode served as the detector. The instrument was equipped with a silicon
photodiode laser monitor, and a thermo-electric Peltier heater/cooler element. The instrument

runs on 90 — 240 V power supply.

2.4.5 Atomic Force Microscopy (AFM):

AFM images were by Bruker MultiMode 8 High-Performance AFM instrument, with High-
Speed ScanAsyst operated at peak force tapping mode using NanoProbe tips (Vecco Inc.). Data

obtained were analyzed using Gwyddion 2.41 software.

2.4.6 Transmission Electron Microscopy (TEM):

The Philips CM 100 transmission electron microscope with 40 — 100 kV tungsten filament,
with a single-tilt goniometer stage, a compusstage, and high-resolution digital image capture.
Data obtained were further processed by ImageJ software (NIH, Maryland, USA).

2.4.7 Electrospray lonisation Mass Spectrometry (ESI-MS):

A Waters LCT Premier Electrospray ionization mass spectrometer with Masslynx ™ 4.1
software was used. The instrument has a time of flight (TOF) analyzer and a microchannel plate
(MCP) detector. A mains power supply of 100/240 V runs the instrument, and leucine
enkephalin is the reference sample. The University of Manchester, United Kingdom, mass
spectrometer software tool: http://fluorine.ch.man.ac.uk/research/mstool2.php was used for

data analysis and simulations of spectra.
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2.4.8 X-ray Photoelectron Spectroscopy (XPS):

X-ray photoelectron spectroscopy data of the samples were taken on a Kratos AXIS Nova
insrument (Kratos Analytical), Manchester, United Kingdom at the NEXUS facility, Newcastle
Univerisity, UK. It has an aluminum Ko (AlKa) monochromatic x-ray source, with an x-ray
energy of 1486.6 eV and a delay-line detector (DLD) comprising of multichannel plates above
two delay-line orthogonal plates in association with electronic control units. It runs at a source
voltage/current/power rating of 15 kV/15 mA/225 W. CasaXPS software (casaxps.com) was

used to process and analyze the data.

2.4.9 Infrared Spectroscopy:

Infrared spectroscopy data were taken using an IRAffinity — 1S Fourier Transform Infrared
Spectroscopy, Shimadzu Corporation, Japan. 220/230/240 V~ 50/60 Hz, 150 VA power
specification with LabSolutions IR series software. It has a high-energy ceramic light source, a
He-Ne laser for the interferometer, and a DLATGS (Deuterated Lanthanum a-Alanine doped

TriGlycine Sulphate) detector with temperature control mechanism.

2.4.10 Nuclear magnetic resonance (NMR):

The spectrometers used were a Bruker 500 and 700 MHz Avance Il HD with 11.7 Tesla
spectrometer for the 500 MHz, an auto-sampler, with 5 and 10 mm probes range for virtually
all active NMR nuclei; and the 16.4 Tesla spectrometer, with triple resonance nitrogen-cooled
TCI Prodigy cryoprobe covering the *H, $3C, °N, and *°F nuclei for the 700 MHz instrument.?
Chemical shifts are reported in ppm referenced to TMS (trimethylsilane) for the 'H spectra
acquired on the 700 MHz instrument, run with suppression of the H>O frequency, with dl = 2s
and a 90-degree pulse angle, at a sweep width of 16 ppm and offset of 4.7 ppm. While the 3P
spectra were obtained from the 500 MHz instrument operating at 202.46 MHz with an external
reference of 85 % phosphoric acid (H3POs). An HMBC (heteronuclear multiple bond
correlation) pulse sequence with optimization of J = 8 Hz was used for the 3!P-H correlation

experiments.

2.4.11 Rayonet Photochemical Reactors:

The photoreaction experiments were done in the Rayonet ultraviolet photoreactor by The South
New England Ultraviolet Company, Connecticut, USA. It has an A.C power source of 120 V,

50/60 Hz, and a mercury source light with major emission wavelength of 254 nm.
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2.4.12 EmStat® Electrochemical Interface:

Cyclic voltammetry data were taken with PSTrace 4.7 software using EmStat® interphase by

PalmSens BV, Electrochemical Sensor Interfaces, Netherlands.

2.4.13 Electrophoresis:

Electrophoresis analysis was done in BIO-RAD wide mini-sub cell GT gel box, powered by
Hoefer Mighty Slim SX 250 system, with an output of 250 V, 200 mA, a product of Hoefer
Pharmacia Biotech Inc. CA, USA. Images were obtained using UVITEC UVI-UV.BOX/1
model comprising transilluminator and 1.4-megapixel scientific grade CCD camera with SONY
chip, and an emission filter for use with ethidium bromide (EtBr) and other fluorophores that
emit in the 590 nm range; with UVIproMW advanced image analysis software (UVIproMW
version 11.02 for windows, © 1999 - 2003).

2.5 Synthesis of silver (1) complex with ssDNAL (22-mer) and reduction with

sodium borohydride.

0.5 mL 90 uM aqueous AgNOs solution was added to another 0.5 mL aqueous 15 pM ssDNA1
and mixed by vortexing for 2 minutes then kept in the dark for 20 - 30 minutes. It was reduced
afterward with 0.5 mL equimolar (90 pM) aqueous NaBHs solution, shaken vigorously and
then stored at room temperature in the dark for 24 hours.*

2.5.1 Absorbance and fluorescence determinations

40 L of the synthesized Ag/ssDNA1 complex was pipetted into a 500 pL micro-quartz cuvette

and made up to the “meniscus” with nanopure water for optical measurements.

2.6 Synthesis of silver (I) complex with ssDNA2 (29-mer) and reduction with
sodium borohydride.

To an aqueous solution of 0.5 mL (15 puM) ssDNAZ2 in a glass vial, 90 uM (0.5 mL) aqueous

AgNOs solution was added and mixed for two minutes, then stored in the dark for another 20

minutes, before being reduced by equimolar 0.5 pL aqueous solutions of NaBHa. The resulting

solution was mixed for two minutes and then stored in the dark for 24 hours.
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2.6.1 Absorbance and fluorescence measurements

40 uL of the synthesized Ag/ssSDNA2 complex was pipetted into a 500 pL micro-quartz cuvette

and made up to the mark with nanopure water for optical measurements.

2.7 Synthesis of silver (1) complex with ssDNAS3 (34-mer) and reduction with

sodium borohydride.

15 pM (0.5 mL) aqueous ssDNA3 and 0.5 mL 90 uM aqueous AgNO3 solutions mixed by
vortexing for 2 minutes and kept in the dark for 30 minutes before being reduced afterwards by
0.5 mL equimolar (90 uM) aqueous NaBHj4 solution; shaken vigorously and then stored at room

temperature in the dark for 24 hours.

2.7.1 Absorbance and fluorescence measurements

Absorbance and fluorescence measurements were taken as explained in preceding sections

above.

2.8 Synthesis of silver nanoclusters in microemulsion
90 uM Ag NCs

0.2223 g AOT was dissolved in 5 mL isooctane in a clean 50 mL beaker by sonication and the
resulting solution shared into two equal portions in separate 15 mL clean glass vials. Then 90
MM equivalent 45 pL aqueous solutions of AgNOz and NaBH4 were each prepared and poured
into either of the two AOT/isooctane solutions to form two AgNO3z/AOT/isooctane and
NaBHJ/AOT/isooctane microemulsions. A clean magnetic stirrer was inserted in the former on
a magnetic plate while the other portion of NaBH4/AOT/isooctane is added within 30 seconds.
The solution is kept on the stirrer for another five minutes at 450-500 rpm until any resulting

colour change becomes stable.

1 mM Ag NCs

1.1114 g AOT was dissolved in 18 mL isooctane by sonication, share the resulting solution into
two equal portions in separate 30 mL clean glass vials. Then prepare 1 mM equimolar 450 pL

aqueous solutions of AgNOs and NaBH4 each in separate vials and add to either of the portions
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of AOT/isooctane earlier prepared. Insert a clean magnetic stirrer and proceed as in the section

above for the 90 uM Ag NCs sample.

2.8.1 Absorbance and fluorescence determinations for 90 uM and 1 mM silver

nanoclusters in microemulsion

Absorbance readings for the samples were obtained after synthesis by withdrawing 500 pL
aliquots into the 500 pL micro cell quartz cuvette and then ran in the UV-Vis spectrophotometer

with isooctane as background.

Fluorescence data were obtained for both samples scanning from 280-750 nm, exciting at 280,
300, 320, 340, 360, 380, 400, 420 nm.

2.8.2 Dynamic light scattering (DLS) measurement of 90 uM and 1 mM silver

nanoclusters in microemulsion

200 pL portion of each samples was taken for DLS measurement of the droplet size and

measurement were taken at 25 °C. Several repeating scans were done and readings recorded.

2.8.3 Fourier Transform Infra-red (FTIR) analysis of 90 uM and 1 mM Ag NCs in

microemulsion

10 pL solution of each sample was pipetted onto a piranha-cleaned silicon wafer and dried

overnight prior to analysis.

2.8.4 Atomic force microscope imaging of 90 uM and 1 mM silver nanoclusters in

microemulsion

The as-synthesized (Restek cartridge separated) samples were dotted on 1 cm? area silicon
wafer, pre-cleaned by soaking for 15 minutes in 3:1 (H2SO04:H203) acid piranha solution and
then rinse off thoroughly with copious amounts of deionized water before drying with N gas.

The samples were allowed to dry overnight and then analysed on the AFM instrument.

2.8.5 Fluorescence microscope imaging of 90 uM and 1 mM Ag NCs samples

The same samples for AFM above were used for photoluminescence imaging.
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2.8.6 Transmission Electrons Microscopy (TEM) of 90 uM and 1 mM Ag NCs samples

TEM images of the samples spotted and dried on clean carbon grid supported on copper disk

(holey carbon) were obtained.

2.8.7 Separation of aqueous from the organic phase liquid in the emulsion system using

a restek chromatography cartridge

ESI-MS analysis of the microemulsions was not possible directly on the as-prepared samples
because of the large concentration of isooctane and AOT. The aqueous phase was therefore

separated using a Restek chromatography cartridge, Restek Corporation, U.S.A.

To separate the aqueous from the organic phase in the microemulsion, 500 pL (or 1 mL) of the
90 uM Ag NCs sample was pipetted into a clean separating funnel mounted on a retort stand
and another 500 pL deionized water was added to it to achieve phase separation. This was
allowed to stand for 3-5 minutes before withdrawing the aqueous phase (denser of the two) at
the bottom of the flask into a clean glass vial.

The cartridge was fitted with a plastic cork into a Buckner funnel connected to a vacuum pump.
Then 1 mL deionized water was put into the cartridge and then eluted with the help of the
vacuum pump into a small glass vial earlier inserted in the conical flask. This is process is called

conditioning.!

Next pipette 1 mL of the water phase (denser fraction) from the separation flask into the
cartridge and allow to elute slowly under vacuum (one drop at a time) until no more clear

droplets are left, without allowing white surfactant froths.

2.8.8 Electrospray ionization mass spectrometry (ES1-MS) analysis of 90 uM and 1
mM Ag NCs samples

1 uL of the cartridge separated samples were diluted in 199.0 pL water at a dilution factor of
1:200 (and 1:1000 for the 1 mM sample) and spectra run in the ESI-MS instrument with

nanopure water as solvent background. Deionized water was obtained from a Barnstead

NanopureTM purification train (model DH 931), Barnstead International, Dubuque, lowa,

USA) with nominal 18.2 MQ cm resistivity.
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2.8.9 X-ray photoelectron microscopy (XPS) of 90 uM and 1 mM samples

2 UL drops of these samples were deposited on acid-piranha cleaned silicon wafer (1 cm?area),

covered up in a petri dish and allowed to dry overnight before XPS analysis.

2.8.10 Boron NMR analysis of 1 mM Ag NCs prepared by microemulsion

About 2 mL of the as-synthesized Ag NCs was pipetted into a separating funnel and 1 mL
nanopure added to achieve phase separation. The resulting denser aqueous phase was passed

through the restek cartridge and eluted with 1 mL water.

1.5 mL of the resulting eluent was put in the NMR tube and analyzed for *Boron in the 500
MHz instrument at 298 K and with boron trifluoride diethyl etherate, BFs.O (C2Hs)2 as a

reference.

2.9 Syntheses of aqueous solutions of silver nanoparticles (no

microemulsion)
90 uM Ag NPs

45 uL (90 uM) aqueous solutions of AgNOs and another 45 pL (90 pM) aqueous NaBH4
solution were both prepared from their stocks solutions. Then the 45 uL NaBH4 was carefully
added to the aqueous AgNOs solution in an Eppendorf tube with gentle shaking to form a pale

yellow coloured solution of Ag NPs.

1 mM Ag NPs

In a similar way, 450 pL (1 mM) aqueous solutions of AgNOz and NaBH4 were made from
their stock solutions. Again, the NaBH4 was carefully added to the AgNO3 solution to reduce

Ag"ions to Ag NPs giving a rich yellow solution.

2.9.1 Absorbance and fluorescence of 90 uM and 1 mM aqueous solutions (control) (No

microemulsion)

Absorbance readings for the control samples were measured after syntheses by withdrawing 10
puL aliquot portion into the 500 puL micro cell quartz cuvette and then ran in the UV-Vis

spectrophotometer with water as background.
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Fluorescence data was obtained for the 90 uM and 1 mM aqueous solutions, scanning from 280-
750 nm, exciting at 280, 300, 320, 340, 360, 380, 400, 420 nm.

2.9.2 Dynamic light scattering (DLS) measurement of 90 uM and 1 mM aqueous
solutions (control) samples

200 pL portion of the 90 uM and 100 pL of the 1 mM samples (made up to 200 pL with water)
were taken for DLS measurement of particle sizes. All measurements were taken at 25 “C using

micro-quartz cuvette. Several repeated scans were done and readings recorded accordingly.

2.9.3 Infra-red analyses of 90 UM and 1 mM aqueous solutions (control) samples

These also followed similar protocol as with the microemulsion samples.

2.10 90 and 900 pL water in oil microemulsions (in 5 and 18 mL oil, no

analytes) — (control samples)

90 and 900 pL water were added to 5 and 18 mL isooctane solutions containing 0.2223 and
1.1114 g (AOT) respectively to form microemulsions containing neither AgGNO3z nor NaBHa.

2.10.1 Absorbance and fluorescence of 90 and 900 pL water in oil microemulsions

(control) samples

500 pL of these microemulsion control samples were studied under the UV-Vis and
fluorescence spectrophotometers to observe any optical properties with isooctane as

background (for the UV-Vis) as was done with the analyte-containing samples.

2.11 Syntheses of 90, 150, 250, 500, 750, and 1000 uM Ag NCs in 5 mL

microemulsion (at fixed ® values)

Omega () is the coefficient of the ratio of the molar concentration of water to that of the

surfactant.

Six different solutions of AOT/isooctane each containing 0.2223 g AOT in 5 mL isooctane
were prepared with each equally shared into two portions of 2.5 mL after dissolution. Then six
portions of AgNOs in the following concentrations 90, 150, 250, 500, 750, and 1000 uM each
in separate 45 pL aqueous solutions of water were subsequently prepared and poured into

48



Chapter Two Hector Henry Oyem

separate (2.5mL) AOT/isooctane solutions, until we have six different 45 L aqueous solution
concentrations of AgNOs in six 2.5 mL of AOT/isooctane solutions each. Similarly, another six
sets of aqueous solutions of NaBH4 with same concentration range as above (90, 150, 250, 500,
750, and 1000 uM) in 45 pL water in 2.5 mL isooctane solutions each per concentration type
were prepared. These were used to reduce their corresponding pair of Ag* ion solution (ina 1:1
molar ratio) to form Ag NCs in microemulsion at room temperature by mixing both reagents
and stirring with a magnetic stirrer at 450-500 rpm for 5 minutes until any resulting colour
change becomes stable.

2.11.1 Absorbance and fluorescence determinations for 90, 150, 250, 500, 750, and 1000

UM Ag NCs in 5 mL microemulsion

Absorbance readings for the sample were obtained after synthesis by withdrawing 500 pL
aliquots into the 500 pL micro cell quartz cuvette and then ran in the UV-Vis spectrophotometer

with isooctane as background.

Fluorescence data were obtained for both samples scanning from 280-750 nm, exciting at 280,
300, 320, 340, 360, 380, 400, 420 nm.

2.11.2 Dynamic light scattering (DLS) measurement of 90, 150, 250, 500, 750, and 1000
MM Ag NCs in 5 mL microemulsion

200 pL portion of the sample was taken for DLS measurement of the droplet size and

measurement were taken at 25 °C. Several repeating scans were done and readings recorded.

2.11.3 Fourier Transform Infra-red analyses of 90, 150, 250, 500, 750, and 1000 uM Ag

NCs in 5 mL microemulsion

Infra-red analyses of these clusters were undertaken by spotting 20 uL of the individual oil
separated samples on cleaned (1x1 cm?) silicon wafer and allowing them to dry overnight before

analyses.

2.12 Syntheses of 90, 150, 250, 500, 750, and 1000 pM Ag NCs in

microemulsion (at varied ® values)

90, 150, 250, 500, 750, and 1000 uM Ag NCs were prepared in 5.0, 7.5, 10.0, 12.5, 15.0, 18.0

mL isooctane with 10, 12, 14, 16, 18, 20 m-values respectively, in six different microemulsion
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systems. These were all prepared in similar ways as in section 2.13.0 above only that in this
case, the m-values (and [AOT]) for each sample type is different; as well as the reaction
volumes, whilst maintaining the same 1:1 stoichiometric ratio of [Ag*] and [BH47] in all the

reactions.

2.12.1 Absorbance and fluorescence determinations.

These were taken in exactly the same way as in section 2.13.1 above again with isooctane as

background.

2.12.2 Dynamic light scattering (DLS) measurement.

200 pL portion of the sample was taken for DLS measurement of the droplet size at 25 “C.
Several repeating scans were taken for each sample and readings recorded before being plotted

out on Microsoft Excel.

2.13 Photochemical syntheses of 90 uM and 1 mM Ag NCs by reduction of

Ag™ ions in microemulsion

90 uM Ag NCs sample

90 uM AgNOs3 in 90 pL aqueous solution was prepared from stock 1 mM solution and then
added to 5 mL isooctane solution, containing 0.2223 g (0.0005 M) AOT.

1 mM Ag NCs sample

Similarly, 1 mM AgNOz in 900 pL aqueous solution was prepared from stock 1 M solution and
added to 18 mL isooctane solution containing 1.1114 g (0.0025 M) AOT to form 1 mM aqueous

microemulsion.

Both samples were then subjected to UV-light illumination in a photochemical reactor for 6-10

hours.

2.13.1 Absorbance and fluorescence measurements of 90 uM and 1 mM Ag NCs samples

500 pL aliquots of both samples were taken every 1-hour intervals for UV-Vis and fluorescence

analyses. Data obtained is recorded and plotted out in Microsoft Excel.
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2.13.2 Dynamic light scattering measurements of 90 uM and 1 mM Ag NCs samples

Samples particles sizes were observed on the DLS as with the borohydride reduced analogues.

2.13.3 Electrospray ionisation mass spectrometry (ESI-MS) 90 uM and 1 mM Ag NCs

samples

Molecular mass and form pLa of the samples were obtained from the ESI-MS using the dilution
factor of 1:200 for the 90 uM sample, and 1:1500 for the 1 mM sample.

2.13.4 Transmission electron microscopy (TEM) of the photoreduced samples

TEM images of the photoreduced samples were obtained in a similar way as the NaBH4 reduced

emulsion samples after separation with the restek cartridge.

2.13.5 Photoluminescence imaging of photoreduced microemulsion samples

Again, these were obtained by drying the samples on clean silicon chips prior to fluorescence

imaging under similar conditions as was the case with the borohydride reduced samples.

2.14 Synthesis of aqueous solutions of 90 uM and 1 mM Ag NPs (without
microemulsion) by photochemical reduction
5 mL solutions each of 90 uM and 1 mM AgNOs were prepared from 1 mM and 1 M stock

solutions in aqueous medium only (without microemulsion) and photoreduced in the

photochemical reactor for a period of 8 hours duration.

2.14.1 Absorbance and fluorescence measurements of aqueous (control) photoreduced

samples

Absorbance data was obtained by withdrawing 500 pL portions of 90 uM and 1 mM AgNOs
control samples every one-hour interval for 8 hours period to observe the growth of the Ag NPs

being formed.

Fluorescence data for these control samples were taken at the end of the photoreduction process
by scanning from 280-750 nm, exciting at 280, 300, 320, 340, 360, 380, 400, 420 nm.
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2.14.2 DLS measurement of particles sizes

Silver nanoparticles sizes of the aqueous samples were obtained by dynamic light scattering

method in 200 pL volumes.

2.14.3 Electrochemical Cyclic voltammetry (CV) measurement

For cyclic voltammetry measurements, 100 mM sodium nitrate (NaNO3) salt was added to each
of the 90 puM and 1 mM AgNOs aqueous solutions to improve their conductivity. A simple
electrochemical setup was made with Ag/AgCl reference electrode, platinum working
electrode, and the platinum wire counter electrode. Data were obtained by the use of PSTrace
4.6 software, scanning from -0.5 to 0.5 Volts and back, with a scan rate of 0.05 V/s.

A control cyclic voltammetry measurement of control samples containing no AgNO3 (analyte)

but just 5 mL nanopure water with only 100 mM NaNO:s.

Data were recorded and analysed with Microsoft Excel (2013 version).

2.15 Kinetic study of the rate of formation of Ag NCs in microemulsion

90 uM and 1 mM Ag NCs were prepared in separate microemulsion systems as previously
described. Immediately the borohydride portion was added and shaken, 500 pL portions were
quickly transferred into the cuvette and placed on the fluorimeter already set to run. The
instrument was pre-set at an excitation wavelength of 340 nm (wavelength of highest intensity)
and seven repeated scans were taken for either sample at this wavelength over the next one

hour.

Data were retrieved and plotted out using Microsoft Excel (2013 version).

2.16 Electrospray mass spectrometry analysis of Ag* ions in microemulsion

without photoreduction (control)

Both 90 uM and 1 mM Ag" ions solutions of 90 and 900 pL were prepared from their stock
solutions and added to 5 and 18 mL isooctane solutions containing 0.2223 and 1.1114 g AOT
respectively. These were then oil separated in a separating funnel and then through the restek
cartridge before aliquots of both samples were taken at a dilution factor of 1:1000 and 1:2000
for ESI-MS analyses.
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2.17 Syntheses of 90 pM and 1 mM Ag NCs on ssDNA1l (1:4) in

microemulsion

90 uM sample

90 UM Ag NCs was prepared on ssDNA1 (22-mer) ligand in 5 mL microemulsion. 0.2223 ¢
AOT was dissolved completely in 5 mL isooctane and the resulting solution shared into two
portions, 2.5 mL each. Then 90 uM aqueous AgNOs in 45 pL volume was obtained from a
stock 1 mM AgNOs solution and added to one of the 2.5 mL AOT/isooctane solutions, Then,
10 pL solution of 15 uM ssDNAL was added to it, and properly wrapped up with aluminium
foil, shaken and allowed to stand in the dark for 30 minutes. Afterward, a magnetic stirrer was
inserted into it and placed on a magnetic plate set at 450 rpm and reduced with the other (second
2.5 mL) microemulsion portion containing 90 uM NaBH4 in 35 pL aqueous solution. This was
stirred with the magnetic stirrer on the magnetic plate for ~5 minutes and then incubated for 24

hours in the dark.

1 mM Ag NCs sample

The 1 mM Ag NCs on ssDNA1 was prepared similarly, from 1 M aqueous stock AgNOs
solution, 450 pL containing 1 mM AgNOs solution was made, by adding 100 pL 167 pM
sSDNAZ1 solution, and then reducing with 350 pL, 1 mM NaBHg4 solution, in 18 mL isooctane
in which 1.1114 g (0.0025 M AQT) had previously been dissolved.

2.17.1 UV-Vis and fluorescence measurements

500 pL of the as-synthesized 90 uM and 1 mM Ag NCs on ssDNAL1 was taken for UV-Vis and

fluorescence measurements.

2.17.2 Dynamic light scattering measurements

100 pL aliquots of the samples were withdrawn and diluted with another 100 pL nanopure

water for DLS measurement.

2.17.3 Fluorescence microscope imaging

Aliquots of the cartridge separated samples were deposited on piranha pre-cleaned silicon chip

and dried overnight before imaging on the instrument.
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2.17.4 Transmission electron microscope imaging

About 2 pL oil-separated solution of both samples were spotted on different new holey carbon
grids (EM Resolutions Ltd., Sheffield, UK) and allowed to dry prior to TEM imaging.

2.17.5 Electrospray ionization mass spectrometry measurement

From the restek cartridge oil-separated 90 uM sample, 200 pL solutions were prepared by
taking 1 pL sample and adding in 199 uL water (dilution factor of 1:200) for electrospray mass

spectrometry analysis.

1 pL of the 1 mM Ag NCs on ssDNA1 was diluted up to 1000 pL with water (1:1000) for mass

spectrometry analysis of the cartridge oil-separated sample.

2.18 Syntheses of 90 uM and 1 mM Ag NPs on ssDNA1 (1:4) in aqueous
solution (control)
(a) 90 uM and Ag NPs on ssDNAL (1:4) in aqueous solution

From 1 mM stock AgNO3 solution, 90 uM AgNOsz (500 pL) solution was made to which
another 500 pL of 15 pM ssDNAL1 solution was added then shaken, wrapped up in aluminum
foil and allowed to stand in the dark for 30 minutes before being reduced with 90 uM 500 pL

aqueous NaBHs solution. Shaken yet again and allowed to stand in the dark for 24 hours.

The 1 mM Ag NPs on ssDNA1 was prepared similarly, from 450 pL (1 mM AgNOs solution),
100 pL 167 puM ssDNAL solution, and 1 mM NaBHa in 350 pL solution, in 18 mL isooctane
in which 1.1114 g (0.0025 M AQOT) had previously been dissolved.

2.18.1 UV-Vis and fluorescence measurements

10 pL each of the as-synthesized 90 uM and 1 mM Ag NPs on ssDNA1 (controls) were made
up to 500 pL in the quartz cuvette and taken for measurement on the UV-Vis and fluorescence

instruments.

2.18.2 Dynamic light scattering measurements

100 pL aliquots of the two samples were separately withdrawn and diluted with another 100

ML nanopure water for DLS measurement.
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2.18.3 Fluorescence microscope imaging

2 UL aliquots of the samples are deposited on a pre-cleaned silicon chip and dried overnight

before imaging on the instrument.

2.18.4 Transmission electron microscope imaging

About 2 pL solution of the sample was spotted on the new holey-carbon grid and allowed to

dry prior to imaging.

2.18.5 Electrospray ionization mass spectrometry measurement

1 pL of the 180 uM aqueous sample in 199 pL nanopure water (dilution factor of 1:200) was

prepared for electrospray mass spectrometry analysis.

2.19 Syntheses of 90 pM and 1 mM Ag NCs on ssDNA2 (1:5) in

microemulsion

A 90 pL solution containing 90 uM Ag NCs was prepared on sSDNA2 (29-mer) template in 5
mL microemulsion. Again as in the synthesis of 90 UM Ag NCs in 5 mL microemulsion in
section 2.9.0; 0.2223 g AOT was dissolved completely in 5 mL isooctane and then shared into
two equal portions (2.5 mL each). Then 90 pmole AgNOs in 45 uL was obtained from a stock
1 mM AgNOs solution and added to one of the 2.5 mL AOT/isooctane solutions, 10 uL solution
of 15 uM ssDNA2 was added to it. This was then properly wrapped up with aluminum foil,
shaken and allowed to stand in the dark for 20 minutes before being reduced with 35 pL (90
UM NaBHoa) previously prepared in the other (second 2.5 mL) portion of the AOT/isooctane
solution. The resulting solution was stirred with the aid of a magnetic stirrer on a magnetic

plate set at 450 rpm for 3-5 minutes, and then incubated for 24 hours.

The 1 mM Ag NCs on ssDNA2 was prepared similarly, from 450 uL (1 mM AgNOs solution),
100 pL 167 pM ssDNA2 solution, and 1 mM NaBH3 in 350 pL solution, in 18 mL isooctane
in which 1.1114 g (0.0025 M AOT) had previously been dissolved.

2.19.1 UV-Vis and fluorescence measurements

500 pL of the as-synthesized 90 uM and 1 mM Ag NCs on ssDNA3 was taken for UV-Vis and

fluorescence measurements.
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2.19.2 Dynamic light scattering measurements

100 pL aliquots of the samples were withdrawn and diluted with another 100 pL nanopure

water for DLS measurement.

2.19.3 Fluorescence microscope imaging

Aliquots of the cartridge separated samples were deposited on a pre-cleaned silicon chip and

dried overnight before imaging on the instrument.

2.19.4 Transmission electron microscope imaging

About 2 pL oil separated solution of the samples were spotted on new holey carbon grid and

allowed to dry prior to TEM imaging.

2.19.5 Electrospray ionization mass spectrometry measurement

From the restek cartridge oil separated 90 uM Ag NCs on ssDNA2 sample, 200 pL solution
was prepared by adding 1 pL sample in 199 pL nanopure water (dilution factor of 1:200) and

for electrospray mass spectrometry analyses.

1 pL of the 1 mM Ag NCs on ssDNA2 was diluted up to 300 puL with water (1:300) for mass

spectrometry analysis of the cartridge oil-separated sample.

2.20 Syntheses of 90 uM and Ag NPs on ssDNAZ2 in aqueous solution (control)

(a) 90 uM and Ag NPs on ssDNA2 (1:5) in aqueous solution

From 1 mM stock AgNOz solution, 90 uM AgNO3 (500 pL) solution was obtained to which
500 pL of 15 uM ssDNA2 solution was added well shaken, wrapped up in aluminium foil and
allowed to stand in the dark for 30 minutes before being reduced with 90 uM 500 pL aqueous
NaBHj solution. Shaken yet again and allowed to stand in the dark for 24 hours.

2.20.1 UV-Vis and fluorescence measurements

10 pL each of the as-synthesized Ag NPs on ssDNA2 (controls) were made up to 500 pL in the

quartz cuvette and taken for measurement on the UV-Vis and fluorescence instruments.
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2.20.2 Dynamic light scattering measurements

100 pL aliquots of the samples were withdrawn and diluted with another 100 pL nanopure

water for DLS measurement.

2.20.3 Fluorescence microscope imaging

Aliquots of the samples are deposited on a pre-cleaned silicon chip and dried overnight before

imaging on the instrument.

2.20.4 Transmission electron microscope imaging

About 2 pL solution of the sample was spotted on new holey carbon grid and allowed to dry
prior to TEM imaging.

2.20.5 Electrospray ionisation mass spectrometry measurement

200 pL solution of and 217 uM samples obtained by adding 1 pL sample in 199 pL nanopure

water (dilution factor of 1:200) was prepared for electrospray mass spectrometry analysis.

2.21 Syntheses of 90 pM and 1 mM Ag NCs on ssDNA3 (1:6) in
microemulsion

Dissolve 0.2223 g (AOT) in 5 mL isooctane and divide into two equal portions. Then pour 45

ML aqueous solution of 90 uM AgNOz to one of the two portions of AOT/isooctane portions

and add 10 pL 15 uM ssDNA3, shake vigorously and keep in the dark for 30 minutes. This was

later reduced with 90 UM NaBH4 35 pL aqueous solution and stored away to age in the dark

for 24 hours.

The 1 mM Ag/ssDNA3 NCs sample was again prepared in a similar manner as in section 2.20.0
for 1 mM Ag/ssDNA2 NCs in microemulsion.

2.21.1 UV-Vis and fluorescence measurements

500 pL of the as-synthesized Ag NCs on ssDNA3 was taken for UV-Vis and fluorescence

measurements.
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2.21.2 Dynamic light scattering measurements

100 pL aliquots of the samples were withdrawn and diluted with another 100 pL nanopure

water for DLS measurement.

2.21.3 Fluorescence microscope imaging

An aliquot of the cartridge oil-separated sample is deposited on a pre-cleaned silicon chip and

dried overnight before imaging on the instrument.

2.21.4 Transmission electron microscope imaging

About 1 pL solution of the oil-separated sample was spotted on new holey carbon grid and
allowed to dry prior to TEM imaging.

2.21.5 Electrospray ionisation mass spectrometry measurement

200 pL solution obtained by adding 199 pL nanopure water to 1 pL portion of the cartridge
eluted sample (dilution factor of 1:200) of both 90 uM and 1 mM samples were prepared for

analyses on electrospray mass spectrometer.

2.22 Syntheses of aqueous Ag NPs on ssDNAS3 (control) sample solutions

(a) 90 uM and Ag NPs on ssDNA3 (1:6)

90 uM Ag NPs were templated on ssDNA3 in exactly the same way as that of sSSDNA2 in
section 2.21.0.

2.22.1 UV-Vis and fluorescence measurements

10 pL each of the as-synthesized Ag NPs on ssDNA3 (controls) samples were made up to 500
ML in the quartz cuvette and taken for measurement on the UV-Vis and fluorescence

instruments.

2.22.2 Dynamic light scattering measurements

100 pL aliquots of the samples were withdrawn and diluted with another 100 pL nanopure

water for DLS measurement.
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2.22.3 Fluorescence microscope imaging

Aliquots of the samples are deposited on a pre-cleaned silicon chip and dried overnight before

imaging on the instrument.

2.22.4 Transmission electron microscope imaging

About 1 pL solution of the sample was spotted on new holey carbon grid and allowed to dry

prior to TEM imaging.

2.22.5 Electrospray ionisation mass spectrometry measurement

200 pL solution of the 255 puM sample obtained by adding 1 pL sample in 199 pL nanopure

water (dilution factor of 1:200) was prepared for electrospray mass spectrometry analysis.

2.23 Gel electrophoresis experiment of the microemulsion synthesized Ag
NCs on ssDNAs

The oil separated cartridge eluents were loaded onto a 1 % agarose gel earlier prepared. 1x
Tris/Borate/EDTA (TBE) and 50: 50 EDTA were used as running and loading buffers
respectively, in the presence of 6x loading dye comprising 2.5 % Ficoll-400, 11 mM EDTA,
3.3 mM Tris-HCI (pH 8.0 at 25 °C), 0.017 % sodium dodecyl sulfate (SDS) and 0.015 %
bromophenol blue.

The apparatus was then connected to a voltage source set to run at 100 V, 100 mA, and 10 W
for 1 hour. Afterward, the gel was removed and post-stained with 1 pug/pL solution of ethidium

bromide, then placed under the ultraviolet transilluminator of 314 nm fixed wavelength.

2.24 Synthesis of ssDNAL1 in deuterated water for *H, 3C, 3P NMR, COSY,
HSQC, and HMBC analyses

0.8 mL D.O was added to a sample vial containing 193 nmoles ssDNAL salt under argon gas
to form 0.241 mM (5.31 mM base concentration) concentration of the ssDNAL solution. This

was carefully transferred to a mini NMR tube for NMR analyses.
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2.24.1 Addition of Ag* ions to the ssSDNA template

0.0850 g AgNOs salt was weighed out and dissolved in 0.5 mL D20 to give a 1 M stock solution.
From this, 1.33 mM AgNOs solution in 100 pL D20 was prepared and added directly under
argon gas to 0.4 mL (0.241 mM ssDNAL) solution earlier prepared so as to have a 1:4 ratio of
Ag: ssDNAL. This solution was then wrapped up in with aluminium paper and the lid wrapped
as well with paraffin film to reduced atmospheric moisture addition, then shaken vigorously for

2 minutes before standing in the dark for 20 minutes prior to *H, 3C, and 3P NMR analyses.

2.24.2 Reduction of Ag*ssDNA1 complex with NaBH4

1 M stock NaBH3 solution was made in 125 pL D20, from which 1.33 mM NaBH4 in 100 pL

D20 solution was then prepared.

The 1.33 mM equivalent portion of NaBH4 was added to the Ag'ssDNA1 solution whilst
flushing with Argon gas in order to reduce the Ag* ions to AgP. The resulting solution was again
placed in the NMR tube for *H, 3C, and 3P NMR analyses.

2.25 Synthesis of Ag*/ssDNAZ2 in deuterated water for *H, 3P, and *C NMR

analyses

0.4 mL D0 was added to a sample vial containing 87 nmoles sSDNA2 salt under argon gas to
form 0.218 mM (6.308 mM base concentration) concentration of the ssDNA2 solution. This

was carefully transferred to a mini NMR tube for *H, 3C, 3P and other NMR analyses.

2.25.1 Addition of Ag* to the ssDNA2 template

0.0850 g AgNOs salt was weighed out and dissolved in 0.5 mL D20 to give a 1 M stock solution.
From this, 1.262 mM AgNO3 solution in 100 pL D20 was prepared and directly added under
argon gas to 0.4 mL (0.218 mM ssDNAZ2) solution earlier prepared so as to have a 1:5 base
ratio of Ag: sSSDNAZ2. This solution was wrapped up in aluminium foil after sealing the lid with
paraffin film to eliminate atmospheric moisture, then shaken vigorously for 2 minutes before

standing in the dark for 20 minutes prior to *H, 3C, and 3P NMR analyses.

2.25.2 Reduction of Ag*ssDNA2 complex with NaBH4

1 M stock NaBHj solution was made in 125 pL D20, from which 1.262 mM NaBH4 in 100 pL

D20 solution was then prepared.
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The 1.262 mM equivalent portion of NaBH4 was added to the Ag*/ssDNA2 solution whilst
flushing with Argon gas in order to reduce the Ag* ions to Ag’. The resulting solution was again
placed in the NMR tube for 'H, 13C, and 3P NMR analyses.

2.26 Synthesis of Ag NCs/ssDNA3 by reduction with NaBH. in deuterated

water for *H, 3P, and *C NMR analyses

0.4 mL D20 was added to a sample vial containing 67.9 nmoles ssDNA3 salt under argon gas
to form 0.170 mM (5.772 mM base concentration) concentration of the sSDNAS3 solution. This
was carefully transferred to a mini NMR tube, sealed with paraffin film and taken for *H, 3C,
and 3P NMR analyses.

2.26.1 Addition of Ag* ions to the sSDNA3 template

0.0850 g AgNOs salt was weighed out and dissolved in 0.5 mL D20 to give a 1 M stock solution.
From this, 0.962 mM AgNO3 solution in 100 pL D20 was prepared and added directly under
argon gas to 0.4 mL (0.170 mM ssDNAS3) solution earlier prepared so as to have a 1:6 ratio of
Ag: ssDNA3. This solution was then wrapped up in with aluminium paper and the lid wrapped
as well with paraffin film to reduced atmospheric moisture addition, then shaken vigorously for

2 minutes before standing in the dark for 30 minutes prior to *H, 3C, and 3P NMR analyses.

2.26.2 Reduction of Ag*ssDNA3 complex with NaBH4

1 M stock NaBHjs solution was made in 125 pL D20, from which 0.962 mM NaBHs in 100 pL

D-0 solution was then prepared.

The 0.962 mM equivalent portion of NaBHs was added to the Ag'ssDNA1 solution whilst
flushing with argon gas in order to reduce the Ag* ions to AgP. The resulting solution was again
placed in the NMR tube for *H, 13C, and 3P NMR analyses.

2.27 Syntheses of Ag NPs on adenosine, cytidine, guanosine, and thymidine

5’-monophosphate disodium salts in D20.

1 mg (0.0010 g) of each nucleotide salt was dissolved in 1 mL D»O to form stock solutions of
2.56, 2.72, 2.46, 2.73 mM of adenosine, cytidine, guanosine, and thymidine respectively. From
each of these, 0.256, 0.272, 0.246, and 0.273 mM accordingly were reacted with appropriate

portions (0.128, 0.136, 0.123, & 0.683 mM) Ag* concentration in a 1: 2 Ag: base ratio. These
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were studied by *H, 3C, 3P NMR analyses after shaking for 2 minutes and then allowed to

stand wrapped in aluminium foil-paper in a dark cupboard for 30 minutes.

They were subsequently reduced with equivalent portions of NaBH4 in DO solution ina 1:1
Ag*: BH4 ratio before repeating the *H, 3C, 3'P and other NMR analyses. All reactions took
place under gentle air flushing with argon gas.

2.28 Syntheses of Cu NCs in microemulsion

90 uM Cu NCs

Again, 0.2223 g AOT dissolved in 5 mL isooctane and then shared into two equal portions in
two separate glass vials, after which 45 pL aqueous solution containing 90 uM Cu(NO3). was
added to one of the two portions of the AOT/isooctane solutions. 45 pL aqueous NaBH4
solution containing 90 UM was poured into the other glass vial of 2.5 mL AOT/isooctane
solution. Insert a magnetic stirrer into the Cu(NOs3)2 containing vial and place on a magnetic
plate set at 450 rpm, before reducing with the 90 uM NaBH4 in microemulsion and stirred for
3-5 minutes before being taken down.

1 mM Cu NCs

Dissolve 1.1114 g AOT in 18 mL isooctane and divide into two equal portions of 9 mL in two
separate 30 mL glass vials. Then, from 1 M aqueous stock Cu(NO3)2 solution, 1 mM Cu(NOs):
in 450 pL solution was prepared and added to one of the 9 mL AOT/isooctane solutions.
Another 1 mM aqueous NaBHs4 solution in 450 pL was added to the second 9 mL
AOT/isooctane solution. This was used to reduce the Cu?* ions by mixing the two
microemulsions together and stirring with a stirrer on a magnetic plate at 450 rpm for 3-5

minutes.

2.28.1 UV-Vis and fluorescence measurements

500 uL of the sample was put in the quartz cuvette and its optical density measured in the UV-

Vis instrument with isooctane as background.

Fluorescence measurement was taken of the 500 pL sample in the quartz microcuvette at the
following excitation wavelengths: 280, 300, 320, 340, 360, 380, 400, 420, 440, 460, 480, and
500 nm, scanning from 280-750 nm.
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2.28.2 Dynamic light scattering measurements

200 pL of the samples were taken for DLS measurement.

2.28.3 Fluorescence microscope imaging

Portions of the oil-separated Cu NCs were deposited on clean silicon chips and dried overnight

before imaging on the instrument.

2.28.4 Transmission electron microscope imaging

1 pL of the oil-separated samples was dropped on new holey carbon grid and allowed to dry
prior to TEM imaging.

2.28.5 Fourier transform infrared (FTIR) measurement

Dry samples on clean silicon wafers were used for infrared measurement.

2.28.6 Electrospray ionization mass spectroscopy measurement

Aliquots of the cartridge separated Cu NCs sample in a 1:100 pL dilution factor was taken for
ESI-MS measurement.

2.29 Syntheses of 90 uM and 1 mM aqueous solutions of Cu NPs (control)

90 uM Cu NPs

45 uL of 90 uM aqueous Cu(NOs)2 solution was prepared and then reduced with another 45 pL
equimolar aqueous portion of NaBH4 solution to form 90 uM Cu NPs.

1 mM Cu NPs

1 mM aqueous Cu(NOs)2 in 450 pL solution was reduced with another 1 mM aqueous NaBH4

solution to form Cu NPs in aqueous solution.

2.29.1 Absorbance and fluorescence measurements of the 90 uM and 1 mM Cu NPs

control samples

10 pL aliquot portion of the samples were put in 500 pL micro cell quartz cuvette and then ran

in the UV-Vis spectrophotometer with water as background.

63



Chapter Two Hector Henry Oyem

Fluorescence data was obtained for the 90 uM and 1 mM aqueous solutions, scanning from 280-
750 nm, exciting at 280, 300, 320, 340, 360, 380, 400, 420 nm.

2.29.2 Dynamic light scattering (DLS) measurement of 90 uM and 1 mM Cu NPs

aqueous solutions (control) samples

200 pL portion of the 90 uM and 1 mM samples were taken for DLS measurement of particle
sizes. All measurements were taken at 25 °C micro-quartz cuvette, and several repeating scans

were done.

2.29.3 Infra-red analyses of 90 UM and 1 mM Cu NPs aqueous solutions (control)

samples

These also followed similar protocol as with the microemulsion samples.

2.30 Principles of instrumental methods of analyses

2.30.1 Fluorescence spectroscopy

Beam Splitter
Henon  fee— Excitation I \
Arc | Monochromator Sample
| Lo 1 /®
- Slits
Emission
Monochromator
Feference
Detector
Detector . Amplifier | Display

Figure 2.1: Schematic diagram of fluorescence spectrometer.

Once the instrument is turned on and the necessary experimental parameters are set up at a
given excitation wavelength, light from the xenon bulb source streams through the first

(excitation) monochromator which allows light at the set wavelength of excitation to pass
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through the slit and onto the beam splitter (figure 2.1). At the beam splitter, some of this light
is reflected off and recorded by the reference detector, this allows correction for the variation
of source intensity with wavelength. The rest is transmitted through to the sample in the sample
cell (cuvette). For this reason, fluorescence excitation spectra are usually corrected for
distortions caused by spectral variations in the transmittance/reflectance ratio of the beam
splitter.> The sample fluorophores are thus excited to the higher singlet excitation state, then
undergo levels of vibrational relaxation with consequent loss of energy, before eventually
returning to the ground state by losing excess excited energy through fluorescence.® The
fluorescence emission passes through another slit to the emission monochromator and to the
detector, then to the amplifier from where a digital program converts this to a spectrum before

it is displayed on the monitor.

2.30.2 Dynamic light scattering

This uses the He-Ne laser as its light source with a wavelength of 633 nm.” The instrument
sends a laser jet at this wavelength through the attenuator to the sample in the cuvette whose
particles diameters are to be measured. The attenuator controls the amount of light entering the
sample according to how dilute or concentrated the sample solution is. As the light hits the
sample particles which are in constant Brownian motion in solution, the incident light is
scattered according to their individual sizes.” Smaller particles move faster and the light
intensity fluctuations are of higher frequency. Analysis of the fluctuations gives the diffusion
coefficient of the particle.® Hence, the hydrodynamic radius of the particles are linked to the
viscosity, refractive index, and temperature of the sample solution and cuvette as shown in the

Stokes-Einstein equation:

kT
6mnD

Dhyd = (21)

Dnyd is the hydrodynamic radius, k is Boltzmann constant, T is absolute (Kelvin) temperature,

n is solvent viscosity, and D is diffusion coefficient.
The scattered light, which is the attenuation of the incident light is collected through a

converging lens by a photodiode detector placed either at 90 or 173-degree angle to the incident

light (figure 2.2 below). The intensities of light scattering and the frequency of fluctuation with
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time of the light intensity by the various individual particles are correlated by the Correlator
which uses a software to display the data.

@ /t.‘_. — .In" ™,

S A

Aftenuator

Detector

Correlator Dizplay

Figure 2.2: Dynamic light scattering instrument’s operational schematics.

Characteristically, the frequency of the fluctuations of the intensities the scattered light with
time is higher for smaller particles, and lower for the larger (see the graphs in figure 2.2). The
instrument works by measuring the fluctuations in the intensities of the scattered light against
time at a time t, and at another short time interval of t later; and then calculates the correlation
function (CF) from the equation below:

1(ty)I(to+T) _

0 >=CF (2.2)

A plot of the CF against the log of the time delay is made as shown below:
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Correlation function (CF)

0.01 0.1 1 10 100

to
Delay time (1)

Figure 2.3: Chart of correlation factor (CF) versus delay time.

With the curve in figure 2.3 (above) corresponding to ¢ "to. Several repeated light scattering

intensity measurements are made at different time delays and the instrument tries to fit these to
the CF curve. Each of these cumulatively combines to form a Gaussian curve distribution for
the particles of a given size. Thus, a polynomial expression is obtained for CF in the form of:®

CF=a0e “t+are Yt+ane Yh+ase "h+aune ... ane 7 (23

Where a is particle type, T is a time delay, to,1,2..» is time at different constants for exponential

decay corresponding to different size particles. For example, t; means particle 1 is fast and
small.

The instrument’s software collects all the t’s and plots them as a size distribution.

67



Chapter Two Hector Henry Oyem

2.30.3 Electrospray ionisation mass spectrometry
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Figure 2.4: Diagram of electrospray ionisation mass spectrometer showing mode of operation.

This is a soft ionisation*® mass spectrometry method in that very little or no fragmentation of
the molecule occurs. It is effective because it produces multiply charged molecular ions and
hence allows for large macromolecules to be analysed.°

It works in either positive or negative mode according to the chosen electrical field applied (i.e
either +ve or —ve). The sample is fed through the capillary tube (figure 2.4) and with the help
of an electric voltage, the liquid carrying the sample is dispersed into a fine aerosol. The high
pressured nebulizer gas, in this case, is inert N2 gas, further assist in dispersing the sample from
the capillary tip into a mist. In order to decrease the droplet size, charged conducting groups
like H" and Na* are usually added. Therefore, as the nebulized droplets reach their maximum
size and number of charges as permitted by Rayleigh limit, the surface tension increases and
the coulombic force eventually overcomes the surface tension of the evaporating solvent.® At
this point, the droplets explode into smaller, more stable droplets containing fewer analytes and

charges. Hot inert N2 gas is passed into the chamber to cause the evaporation of the aerosolized
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sample-solvent thus leaving the analytes in the gaseous phase with different charges. These then
move into the vacuum chamber and onto the mass analyser, in this case, the time of flight
analyser, which separates the ions according to their respective molecular masses. They then
move on to the detector where a software converts the signals into a mass spectrum according

to the intensities of their relative abundance and their mass-to-charge ratios.
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3 CHAPTER THREE

3.1 RESULTS AND DISCUSSION |

3.2 Synthesis and Characterization of silver nanoclusters (Ag NCs) in

Microemulsion

3.3 Introduction

This chapter focuses on the synthesis and characterization of silver nanoclusters (Ag NCs) from
silver nitrate (AgNO3) solution by reduction at room temperature, with equivalent portion of
sodium borohydride (NaBHs) solution in microemulsion, using sodium bis-(2-ethyl
hexyl)sulfosuccinate (AOT) as stabiliser.

Samples of 90 uM and 1 mM silver nanoclusters were synthesized in two different experiments
in microemulsion at room temperature, containing different concentrations of surfactant, water
and oil (see Experimental Chapter (Two)). NaBH4 was chosen for its strength as a reducing
agent,»?>* leading to the rapid production of Ag NCs without the requirement of heat, to

produce small, monodispersed nanoclusters.

A microemulsion system was used in order to control the reaction by restricting the reactants
into small thermodynamically stable (nano/micro-sized) water droplets, often referred to as
nanoreactors.® Thereby avoiding the randomized bulk reduction of Ag* ions in aqueous solution
which quickly results in the growth of large non-fluorescent nanoparticles in the absence of

stabilizers.1578

A number of Ag NPs of diverse Ag-core sizes have been reported in the literature over the last
decade. Suarez and co-workers® in 2007 documented the synthesis and characterization of
monolayer-protected Ag NCs in microemulsion by reducing aqueous solution of AgNO3z with
a solution of sodium hypophosphate monohydrate (NaH2PO2.H.O). ESI-MS results indicated

the formation of AgsO», Ags, and Age which were fluorescent. In 2010, Udayabaskararao and
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Pradeep reported the syntheses and characterization of Agz and Ags clusters by the reduction of
AgNO:s solution with NaBHj4 in the presence of mercaptosuccinic acid as ligand to produce
fluorescent Agz(H2MSA); and Ags(H2MSA)s (H2MSA: mercaptosuccinic acid).!’ They
followed this up with the solid-state synthesis of an Ags cluster, again with mercaptosuccinic
acid as capping ligand. Baksi et al. 2014, synthesized Agii- glutathione cluster (Ag11(SG)7)
(SG:glutathionate) from the reduction of AgNOz with NaBHjs in the presence of the tripeptide,
glutathione (GSH) to produce fluorescent Ag NCs.!! Recently in 2015, Buceta and co-workers
announced the synthesis and characterization of Ag. and Ags clusters on DNA template,*? this
in their opinion being the first synthesis and characterization of specific Ag cluster size
stabilized by DNA using an electrochemical technique without the use of surfactants or capping
agents. In a pioneering work in 2004, Petty et al.,* documented the successful synthesis of
Ag> to Ags NCs templated on a 12-mer DNA by reduction with NaBH4 in aqueous solution.
However, the need to prepare tailor-made Ag NCs of a given cluster size and optical properties
suited for specific applications remains a major challenge. Ag NCs with unique optical
properties find applications in optoelectronics, catalysis as well as nano-biophysical research'*
29 catalysis®®31%2 electronics®® photonics® biological tagging®’ and surface-enhanced Raman

scattering.>%%6:37

3.4 Aims

This chapter aims at exploring the synthesis of precise-size (of a given cluster size) fluorescent
silver nanoclusters suitable for specific applications by careful control of the reactants
concentrations and the reaction stoichiometry, as well as temperature, and the droplets size,
with the view to producing ultra-small, precise-size, fluorescent Ag NCs passivated by

inorganic ligands, instead of DNA, thiol- or phosphorus-containing organic ligands.

3.5 Microemulsion reaction scheme for Ag NCs synthesis

Ultra-small Ag NCs were produced by dissolving appropriate amounts of AQNO3z and NaBH4
salts in a given volume of deionized water to obtain stock solutions from which 90 uM and 1
mM of the AgNOz and NaBH4 were obtained by serial dilution. Each of the reagents was put
into two different isooctane solutions, containing dissolved AOT surfactants to obtain water-

in-oil microemulsions. These were then mixed together (figure 3.1 below) and stirred for five

72



Chapter Three Hector Henry Oyem

minutes at about 500 revolutions per seconds (rps) on a magnetic stirrer with the aid of a clean

stir bar inserted into the mixture (see Experimental Chapter (Two).

Ag NCs

-
.
20T (surfactant)

Water droplet (Nanoreactor)

Figure 3.1: Reaction scheme for Ag NCs synthesis by mixing microemulsions (A) AgNOs in oil +
water + AOT, and (B) NaBHjs in oil + water + AOT (C) Ag NCs all in microemulsion.

3.6 Ultraviolet-visible spectroscopy

Figure 3.2a is a typical spectrum showing surface plasmon resonance (SPR) peaks of metallic
silver nanoparticles obtained from the reduction of Ag* ions by sodium borohydride in aqueous
solution. It is apparent that the intensity of the plasmon resonance peak increases with
increasing Ag NPs concentration. The pictures inset further highlight the difference in the

concentration of the Ag NPs in aqueous solution.
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Figure 3.2: Plasmon resonance peak of 90 uM and 1 mM Ag NCs in (a) samples synthesized in bulk
aqueous solution (not microemulsion system) (b) microemulsion-synthesized samples.

Figure 3.2b is the UV-Vis spectra of the 90 uM and 1 mM Ag NCs microemulsion samples.
Inset is the picture of both samples, the near colourless (left) is the 90 uM sample, and the 1
mM is the pink sample on the right. The spectra of both samples do not show the usual
resonance plasmon band of large metallic Ag NPs. This demonstrates that we have not produced
large Ag NPs, rather, it indicates that small clusters of Ag have been synthesized. Silver
nanoparticles (Ag NPs) are known for their characteristic resonance plasmon peak around 420-
430 nm. 11133840 The phenomenon of surface plasmon resonance (SPR) is consistent with large
Ag NPs which contains more than 20 or 30 silver atoms*'#? with no bandgap, which are

expectedly nonfluorescent.

The reduction of Ag (1) ions in water-in-oil microemulsion system ensured that small Ag NCs
were formed, comprising of fewer than 10 atoms of silver.>*> These Ag NCs were also
prevented from aggregating to large NPs by the restriction proffered by the water droplets. This
is why the prominent SPR band usually observed in the bulk phase was not observed in the UV-
Vis spectra of the emulsion-synthesized samples as can be seen in figure 3.2b. However, under
the same reaction conditions but this time in the aqueous bulk phase (without the emulsion
system) the intense SPR peaks is prominent in the spectra of the samples (figure 3.2a), this is
typical of large nonfluorescent Ag NPs which are known for their yellow colouration.**
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Figure 3.3: UV-Visible spectra for (a) 1 mM Ag NCs in microemulsion, observed for 96 hours period
(b) 90, 150, 250, 500, 750, 1000 UM Ag NCs in microemulsion.

Figure 3.3a shows the change in the UV-Visible absorbance band of the 1 mM Ag NPs for a
period of 96 hours post-synthesis in order to investigate the effect of ageing on the absorbance
intensity of the surface plasmon peak. This showed a marginal increase in intensity over the

course of time, suggesting that particles may be aggregating.

Meanwhile, increases in the concentration of silver ions [Ag*] in the droplets of the emulsion
system led to a corresponding increase in the concentration of the resulting Ag clusters as was

represented by the resulting absorbance values which can be seen inset in figure 3.3b (above).

Both samples synthesized by the microemulsion method, and the bulk (aqueous) system show
a peak at approximately 280-290 nm (encircled in red in Figure 3.3a&b). This peak is attributed
to Ags®* clusters reportedly formed immediately following the addition of NaBH4 by Petit et
al.®® This usually appeared even before the onset of the plasmon band at 400 nm, and gradually
diminishes in intensity as the 400 nm plasmon band intensity increased with time. The
appearance of this peak according to Petit and co-workers!! is indicative of the formation of

this Ags?* soon after mixing the reactants.
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3.7 Fluorescence

It has already been reported that nanoparticles of silver and gold usually larger than the Fermi
wavelength of an electron (~ 0.5 nm) would not be expected to fluoresce. 44 Therefore having
shown already by the absence of a resonance plasmon peak (absorption above), it becomes
necessary to demonstrate that small nanoclusters have been made by observing their

fluorescence properties.
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Figure 3.4: Fluorescence spectra for (a) 90 uM (b) 1 mM Ag NCs in microemeulsion at Aexc. =
280 — 400 nm. Raman peaks and the second order scattering have been removed. (c) Emulsion
only (no AgNOsz and NaBH34) excited at Aexc. = 280 — 320 nm, containing Raman and second order
scattering peaks respectively.

The emission intensities of the 90 uM and 1 mM concentration samples of Ag NCs were studied
by scanning over a wide range of excitation wavelengths, from 260 - 700 nm at consecutive
increments of 20 nm. Results in figures 3.4(a) & (b) show that both microemulsion samples
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fluoresce. However, above 400 nm excitation wavelength, no fluorescence was observed.
Samples notably produced blue fluorescence, consistent with small NCs within the zone of
confinement usually with large bandgaps.*’*® This indicates that light whose energies fall
within the ultraviolet region was absorbed, leading to the translation of excited electrons
(excitons) from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). The absorption of light energy from the ultraviolet region gives a
further indication of the size of these silver nanoclusters, since the size and by extension the
number of atoms in the cluster, correlate with the magnitude of the bandgap.*® A large HOMO
— LUMO gap is a characteristic of ultra-small NCs which, according to Zeiger,> is one factor
together with closed electronic shells, are related to their stability. Figure 3.4(c) is the spectrum
of the emulsion only (without the analytes), this is the control sample. The large cut off peaks

are the second order scattering (between 410 — 700 nm).

Generally, three emission peak distributions are indicated in the emission spectra of the samples
at 305, 430, and 607 nm respectively. A formula reported by Buceta et al,'? relates cluster size

with the emission wavelength in equation 3.1 below:

3

— (Ee
N = (Eg) 31)

Where Er and Eg are the Fermi level (5.4 eV for bulk Ag) and the HOMO-LUMO energy

bandgap, respectively.'?

By this formula (3.1) therefore, the three emission bands in the spectra above correspond to
two, six, and eighteen atoms of silver respectively. The latter (eighteen) is considered to be
aggregates/coalescents of the smaller clusters. Based on the intensity values (counts per second)
of these bands, the Ag. clusters emitting at ~305 nm (bandgap of 4.1 eV) in Figure 3.4a and
3.4b are obviously higher in concentration. The sharp nature of the 305 nm (Ag.) emission band

shows that these clusters are better passivated.

77



Chapter Three Hector Henry Oyem

D 16 b) 0.7
00 M —00 M
14 {;}Dﬂzfl} 0.6 - {control)
. b 90 pM
a 12 4 E 0.5
L= - (5] -
=~ oM~ 150 uM
g 1+ 2 04
g —250uM & 5
£ 08 d U p g 250 pM
k| ] g 03
» 06 4 =300 uM . e 500 p
S ) s 02
= 04 v |—0m = 750 M
02 . 0.1
1 mhd —1 M
0+ r i 0 r {
387 487 5387 550 650 750
Wavelength (nm) Wavelength (nm)

Figure 3.5: Emission spectra of increasing concentrations of silver nanoclusters (Aexc. = 340 nm) centred
at (a) 430 nm (red arrow indicates decreasing intensity with increasing concentration of Ag) (b) 608.

Furthermore, in order to understand the effect of increasing concentration of Ag ions on
fluorescence and fluorescence intensity, microemulsion samples of 90, 150, 250, 500, 750,
1000 puM and the 90 uM aqueous (control) sample were studied. Intensities at two distinct
emission wavelengths of 430 and 608 nm were monitored and plotted out in figures 3.5 (a) &
(b) above. From these spectra, it can be deduced that the emission intensity decreases with
increasing [Ag]. This is obviously the case in figure 3.5(a) whose trend of decreasing emission
intensity corresponds with increasing concentrations of Ag. That is, there is an inverse
relationship between fluorescence intensity and concentration of silver nanoclusters.>® This
inverse relationship is also associated with the inner-filter effect.®>°3* This trend was not
exactly replicated in the emission intensities of the band at 608 nm (figure 3.5b), possibly
because these 608 nm emission bands are thought to be associated with aggregated particles.
Nonetheless, the least concentrated sample (90 uM) yet again recorded the highest intensity at
608 nm.

Very pertinent to note in figures 3.5a&b is the emission intensities of the 90 uM aqueous
(control) sample at these (430 and 608 nm) observed wavelengths. There was apparently no

fluorescence emission from this (control) sample when compared with the microemulsion
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samples. Rather in fig. 3.5b, what was observed in this case looks seemingly like the Raman

peak for water®.

Meanwhile, with further interest in the emission at 430 nm, an excitation study was undertaken
to ascertain the exact wavelength(s) of absorption responsible for this emission (figure 3.6a). It
was observed that the emission at 430 nm was occasioned by the absorption of light energy at
318.5, 346.5, and 381.5 nm (3.90, 3.58, 3.25 eV) respectively. These imply electron transitions

from different electronic states of the NCs’ valence band to the conduction band.

A large Stokes shift value of 111.5 nm was observed for the clusters. This Stokes shift is an
indication of deep energy trapped states, an observation which is consistent with incomplete
metal-core surface passivation by capping ligands.**®5" Therefore, improving the surface
passivation around the clusters would translate to an increase in quantum vyield (¢f) and
applicability. The relatively narrow emission bandwidth of these clusters gives it an advantage
in it being used as sensors over the usually very broad emission bands of DNA-templated

nanoclusters of approximately 200 nm bandwidth.®
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Figure 3.6: (a) Excitation and emission (blue/orange) spectra of silver nanoclusters at 430 nm, with
Stokes shift value of 111.5 nm. (b) Schematic representation of data in the form of a Jablonsky

diagram.

Figure 3.6b shows the stages of absorption of light energy at 318.5, 346.5, and 381.5 nm which
may correspond to electronic state transitions of electrons from different orbitals of the HOMO

to the LUMO; followed by a series of nonradiative vibrational relaxations and the eventual
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return to the ground (singlet) state accompanied by the release of photons of light energy in the
form of fluorescence with an (emission) energy of 2.88 eV (~2.9 eV) corresponding to 430 nm.
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Figure 3.7: Bandgap energy diagram of the Ag NCs samples, adapted from Dolai et al., 2013.4°

These NCs show the highest energy absorbance at 318.5 nm (~3.90 eV) as earlier reported in
the preceding paragraph, and an absorption (HOMO) band edge of 391.5 nm (3.17 eV) (figure
3.7). It also has a bandgap of 2.88 eV as earlier stated.
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Figure 3.8: Graph of the relationship between fluorescence peak intensity centred at 430 nm vs (a) Ag
concentration and (b) o = ([H20]/ [AOT)).
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The decreasing pattern of fluorescence intensity with rising Ag ion concentration is made
clearer in figure 3.8a. For an increase in Ag atom concentration from 90 - 1000 uM (increase
factor of 11 times), there was a concomitant decrease in intensity by a factor of 2.5 times the
emission value of the 90 pM sample. Thus, intensity is expected to further decrease as
concentration increases, until a near plateau state is reached at high concentrations where

presumably clusters are no longer being formed but increasingly larger non-fluorescent Ag NPs.

On the other hand, when the fluorescence intensity was measured against the increasing ®-
values to see how this varied with the other in terms of the emission intensity maximum (Fig.
3.8b), emission intensity rose to a maximum at an m-value of 10, before dropping down
consistently to a minimum at an ®-value of 20. This indicated that a ®-value of 10 maybe the
most efficient for preparing these Ag NCs in the microemulsion. ® is the ratio of the

concentration of water to that of the surfactant in the emulsion system and dictates the size of
the droplet.>°

3.8 Dynamic light scattering studies

It is difficult to measure directly the particles size of the nanoclusters in the microemulsion.
However, it is rather more plausible to obtain the hydrodynamic diameter of the water droplets

in the emulsion system.
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Figure 3.9: DLS charts of the intensity of light scattering of water droplets in microemulsion 90 and
1000 uM Ag NCs samples.
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Figure 3.10: DLS charts of the intensity of light scattering of water droplets in microemulsion at
varying concentrations (90-1000 uM) Ag NCs.

Table 3.1: DLS samples data for varying o (and AOT conc.) size and changes in physical parameters.

- 10 5615 16.06 1.183 0.0005
12

5.615 11.41 4.393 0.0007
14 5.615 11.16 3.954 0.0010
16 11.70 4.246 8.337 0.0017
18 13.55 5.856 11.11 0.0022
20 4.849 4.694 24.44 0.0025

In figure 3.9, two particles size distributions were obtained: one with an average size of 5 nm
and the other ranging between 100-255 nm. It is thought that the former are reverse micelles,
and the latter, water droplets.®®®* The 5 nm particles size consist of approximately 65 % of the
90 uM sample distribution, while the 100-255 nm size range accounted for approximately 90

% of the 1 mM sample distribution. Rayleigh fitting of the UV-Vis data for both the 90 uM and

1 mM samples to the theory, gave a droplet size of = 50 nm (see Appendix fig. 8.3). Hence, it
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was considered that the 100-250 nm maybe a group of coalesced droplets. Therefore, the @

value of 20, and its surfactant concentration (0.0025 M) was regarded as being ideal in terms
of having = 90 % of the droplets being in this (100-250 nm) size range (figure 3.9). In both the
90 uM and 1 mM samples, the 100-255 nm size dimension was considered to be the reaction
centre for the synthesis of Ag NCs, since the 5 nm reverse micelles may not contain enough
concentration of Ag* ions to form Ag NCs, bearing in mind its volume.

Figure 3.10 confirmed the earlier observation in figure 3.9 that two particles size distribution
were observed irrespective of the w-value and surfactant concentration (see table 3.1). Also in
table 3.1, as the m-values increased and AOT concentration rose from 0.0005 to 0.0025 M, the
trends in the intensities of the scattered light reversed after an ®-value of 14 in favour of the

larger 100-200 nm particles (peak 2) as the percentage proportions of this larger particle size

increased.

30 -
25 - o _
~ Intensity (Peak 1)
£ 920 L .
2 Intensity (Peak 2)
§ 15 o , _ :
= Linear (Intensity
S Linear (Intensity
= 5 (Peak 2))
0 L] L] L]
0 10 20 30

®

Figure 3.11: DLS peak intensity vs @ (AOT concentration).

A plot of peak intensity (for peaks 1 and 2), vs m-values in table 3.1 above, show a good trend
between intensity and  (increasing AOT concentration) (figure 3.11). It is apparent from table
3.1, that whereas the intensity of the scattered light by mobile “particles” of the 5 nm dimension
(peak 1) decreased with rising w-values, the intensities of the scattered light by the > 100 nm
size “particles” of peak 2 increased with increasing m-values. This further strengthens our

proposition that the Ag NCs are more likely to be resident in the larger droplets (Peak 2).
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Closer observation of the values of the reverse micelle diameter at the 5 nm region for both the
90 uM and 1 mM samples (see table 3.1), shows a contraction in reverse micelle size (4.85 nm)
for the 1 mM sample from 5.62 nm in the 90 puM. This has been attributed to the effect of
increased concentration of monolayer-forming surfactant molecules around the water droplets.
This is thought to be responsible for the shrinking effect observed in the 1 mM droplet-size at

the 5 nm region. Similar observation was reported by Pietrini.

3.9 Fluorescence microscopy

a)

Figure 3.12: Fluorescence images of emulsion samples of Ag NCs deposited on clean silicon
wafers (a), (b), are 90 pM. (c) & (d) are 1 mM samples.
|

Emission properties of the Ag NCs were further studied by fluorescence microscopy, having

excitation and emission wavelengths of 365 and 420 nm respectively and an exposure time of

52 s and 47 s for the 90 uM and 1 mM respectively. Images obtained (figure 3.12 above) show
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fluorescence from both samples. These demonstrate that the samples contain luminescent Ag

NCs as anticipated.

3.10 Transmission electron microscopy (TEM)
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Figure 3.13: TEM images of (a) 90 uM and (b) 1 mM Ag NPs on holey-carbon grid; and particles size
distribution histograms (below).

TEM images and particles size distribution of the samples are displayed in figure 3.13 above,
showing Ag NPs enmeshed between surfactant molecules. Some of these particles can be
observed lined along the fringes of the samples on the carbon grid in figure 3.13b. Statistical
analyses of these particles sizes revealed mean diameters of 1.5 + 0.3 nm for the 90 uM and 1.9
+ 0.6 nm for the 1. mM samples. A modal particles size of 1.4 nm for both samples was recorded
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as can be seen in the histograms of both samples. Indicating that the bulk of the particles is of
this 1.4 nm size going by the frequency counts, even though other larger particles sizes above
that were also observed which are considered to be indications of coalescence/aggregation. The
process of drying up the samples after spotting on the grids prior to measurement may further
promote aggregation. Besides, there is also the issue of the instrument’s limitation to precisely
differentiate particles of less than 0.3 nm size differences; besides, the NCs are also known to
melt under the intense electron beam.®%% Meanwhile, the average Ag NCs diameter of 1.4 nm
obtained in this study are close to the less than 2.0 nm size obtained for Agz, Ags, and Ags in a

previous study by Diez et al.*®

3.11 Atomic force microscopy (AFM)
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Figure 3.14: AFM images (a) 90 uM (b) 1 mM Ag NPs drop-casted on clean silicon wafers. Inset:
Probability chart of particles sizes.

Figure 3.14, show results of Atomic Force Microscopy (AFM) analyses of the Ag NCs samples.
These 3D images further confirm the synthesis of silver nanoparticles as well as verifying the
particles sizes. The charts inset of both images represent a probability function which predicts
the size of the particles under the Gaussian curve. Thus, the peak of the area represented by the
Gaussian curve represents the mean particle size. The coordinate of this point on the y-axis

represents the probability value. Therefore, the probability of finding particles of 1.90 and 1.58
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nm (figures 3.14a&b) respectively is ~ 1. The particle sizes obtained from the AFM

measurements corroborates those earlier obtained from the TEM.

3.12 Electrospray ionization mass spectroscopy
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Figure 3.15: ESI-MS spectrum of both 90 uM and 1 mM Ag NCs corresponding to
[Ag:B30s.BH3.2H;0] ~ i.e. [AgsB.O7H/]".

Electrospray ionization mass spectrometry (ESI-MS) result is presented in figure 3.15 (above)
showing a series of nine peaks within the m/z range of 465 to 595 of immediate analytical
significance. The peaks at m/z 465, seem to correspond to AgsBs. While the next sets of five
peaks (m/z 465 to 545) are consecutively different from each other by an m/z factor of 16
(15.9998) corresponding to one oxygen atom, therefore giving a total of five atoms of oxygen.
This is followed by another set of peaks different from the former by a mass increment of 14
(13.999) at m/z 559 representing to the (BH3) group. Finally, there are two consecutive m/z
gains of 18 (17.9988) which translates to two molecules of H>O (from m/z 577 to 595).

No clusters of silver was detected in the lower m/z below 465 to 595 m/z range. Beyond this
(m/z 595) also, no Ag peaks were observed in the higher m/z 600 — 1400 range, a likely
indication of the absence of larger cluster sizes. Hence the peak at m/z 595 is referred to as the

parent peaks.
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Also deduceable from the spectrum is the separation between successive Ag peaks of the same
isotopic abundance, which gave a value of A = 2 units. This corresponds to a charge of “1; the
scan having been done in the negative ion mode. The positive mode did not reveal any

discernible information.

In conclusion therefore, the parent peaks at m/z 595 in the spectrum corresponds to
[AgsB305.BH3.2H,0] i.e [AgaBsO7H7]. This experimental result matched well with the
simulated (calculated) version presented inset in figure 3.15b. The simulated results were
obtained using the University of Manchester Fluorine-chemistry software, as well as the
Water’s ESI instrument software (see Appendix fig. 8.8). The as-synthesized Ag NCs were
comprised of four atoms of silver all in the oxidation state of zero, with borate, borane, and two

water molecules as ligands with the compound having a net charge of 1.

3.13 Calibration curve for concentration vs number of silver atoms
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Figure 3.16: Calibration curve of number of atoms of silver per droplet (using the 50 nm droplets size
obtained from Rayleigh curve fitting) against increasing [Ag*] concentration.

Fitting the UV-Vis data with the Rayleigh theory gave a droplet diameter of 48.3 nm for the
samples (see Appendix fig. 8.3); having already concluded that there were no silver atoms in
the 5 nm particle size which has already been assigned to reverse micelles in the DLS results.

Taking an average droplet diameter of 50 nm for the 90 uM and 1 mM samples therefore, the
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number of silver atoms per sample was calculated from the concentrations of the silver ions. In
this way, the total number of silver atoms contained in the concentration ranges of 90, 150, 250,
500, 750, and 1000 pM were determined per droplet and plotted out in figure 3.16 to obtain a
straight line curve. From this, the 90 uM sample would have a 4-atom cluster of silver (Aga),
or two 2-atom Ag clusters per droplet, and the 1 mM, approximately 40 Ag atoms comprising
ten 4-atom clusters. The concentration-dependent decreases in the fluorescence emission (max)
intensities of the 90, 150, 250, 500, 750, and 1000 uM samples were shown in Fig. 3.5 above,
this tallies with the increasing number of Ag atoms (concentration) in the calibration curve

above and points at inner filter effect.

Notwithstanding the number of Ag atoms produced, it appears that certain “magic number”
cluster sizes (in this case, Ag. and Ags) were favoured as indicated by the similarities in
emission spectra for both the 90 uM and 1 mM Ag NCs samples presented in Fig. 3.4 above.

Invariably therefore, these reactions followed the mechanism presented below:

AQa" + g —» Ag (3:2)

This then complexes with another Ag™ ion in solution

Ag’+Agt —> Ag’ (3.3)
Ag,* dimerises

Ag" + Agt —> Ags®* (3.4)
Lastly, reduction of Ags**

Agi?t+2e —> Agd (3.5)

Notice that this mechanism favours the formation of Ags from Ag», preferring instead to
dimerise rather than forming the intermediate Ags. A similar mechanism has been reported by
Antoku, and Hilpert et al.®*® This would suggest that Aga is energetically more stable than
Ags. More so, if it is considered that the structure of Agz may likely entail a higher degree of
“ring” strain (bond length and angle) than that of Ags as a result of a tighter acute angles,
assuming a triangular planar structure for Ags, and a rhombus for Aga as already supported by
density function theory (DFT). This hypothesis was confirmed by Linnert and co-workers,5
and Antoku in 2007%° using silver electrode as a function of the agglomeration number of

silver,®* the standard potentials of silver atom, silver dimers and silver trimers were calculated
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by Linnert et al.,% from the thermodynamic properties of the gas phase clusters and the free
enthalpy of silver using data obtained from previous works by Hilpert et al., and Henglein.®%5
Besides, evidence already exists of the formation of Ags®* following the reduction with
borohydride in the UV-Vis spectra,* all of which support the formation of Aga clusters.

The conclusion drawn from these therefore is that there are basically two cluster types of Ag:
and Ags in all the six samples synthesized. This is considered to be thermodynamically
favourable. The 90 uM sample contained approximately four atoms per the 50 nm droplet. But
as the concentration of the Ag™ ions increased, the proportions of these Ag atoms increased as
well from 4 to 6, 10, 20, 30, and 40 atoms per droplet for the 150, 250, 500, 750, and 1000 uM
concentration, corresponding to 1.5, 2.5, 5.0, 7.5, and 10.0 increment factors of Ag atom
respectively. According to the observed intensities of the 305 and 430 nm emissions for the Ag»
and Aga clusters in figure 3.4a&b, there are seemingly twice the Ag: clusters than there are of
the Aga in the 90 uM sample, and approximately four times Agz clusters than there are of the
Ags in the 1 mM Ag nanoclusters sample. All of these point at an evolution of Ags from Ag:
clusters, the former being the equilibrium cluster size.

3.14 Fourier transform infrared spectroscopy
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Figure 3.17: Fourier transform infrared spectra of (a) 90 uM (b) 1 mM dried samples of Ag NCs on
clean silicon wafer. The red asterisks represent some peaks assigned to the surfactant.

Fourier transform infrared (FTIR) analyses of the samples were performed to determine the

nature of the capping ligands on the Ag nanoclusters by the appearances of signature vibrational
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bonds in figure 3.17 above. The peak at 2322.3 and 2376.3 cm™ are assigned to the terminal B-
H stretching modes of the BH3 group. This is consistent with those observed by Golub et al. in
a study of the borohydride ligand.%® The conspicuous absence of any peak at ~2268 cm™
(singlet) which is a signature for the BH4™ group®° is a clear indication of the hydrolysis and
oxidation of the BH4™ ion in the system. Also, both bands at 1099.4 and 1192.0 cm™ are
associated with the BH3 symmetric and asymmetric bend modes. These two bands are
particularly synonymous with complex molecules containing the BHsz group.’>’2 The presence
of the1099.4 and 1192.0 cm™ bands demonstrate that BH3 is associated with OH-group, thereby
forming the BH3OH™ moiety. This was formed from the oxidative hydrolysis of the BH4 ion in

aqueous solution as expressed in the mechanism below:%"3

BHs~+ 80H™ — BO2 ~ + 6H20 + 8¢~ (2)
BHs~+ H20 — BH3 (OH) ™ + H2 (3)

Another band whose frequency of vibration appeared at 1516.1 cm™ was also identified. This
has been ascribed to the B-O bond stretch vibration of the borate (BOs) group’’ which
expectedly should appear at a lower frequency relative to the borane ligand above arising from
its higher reduced mass. Also, a series of peaks can be observed within 400 — 1100 cm™ in the
1 mM spectrum. The bands at 500 — 750 and 750 — 1100 cm are typical of different BO3
bending vibrations, and the B-O and B-O-B stretching vibrations respectively.”™

Furthermore, there is the in-plane B-O-H bending mode at 1242.0 cm™, and the B-O stretch at
1396.5 cm of the BO2 group, and the stretching vibrational band of the B-O-B mode.®® The
peak at 1647.2 cm™ has been assigned to HO bending vibration as well as the weak peak (not
well resolved due the dry sample used) in the 3380 — 3500 cm™ region for H,O stretching

vibration.”™
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3.15 1 Boron NMR
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Figure 3.18: !B NMR spectrum of [Ag4Bs;0s.BH3.2H,0] ~ aqueous solution at 298 K, with boron
trifluoride diethyl etherate, BF3.0 (C2Hs) as a reference.

"B NMR analysis of the / mM sample was undertaken to establish the presence of boron as a
constituent of the ligand. The higher (/ mM) rather than the 90 UM sample was used for this
analysis in order to obtain better spectrum resolution. A broad !'B peak was observed from this
measurement as can be seen in the spectrum of figure 3.18 above. Peak broadening about this

chemical shift position for !'B is typical of three-fold coordinated boron atoms.”
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3.16 X-ray photoelectron spectroscopy (XPS)
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Figure 3.19: XPS charts of [AgsB30s.BH3:.2H,0] ~ (a) Boron. See (inset) survey spectrum in
Appendix section) (b) Oxygen.

Furthermore, X-ray photoelectron spectroscopy (XPS) of the 90 uM and 1 mM samples were
analyzed on cleaned silicon wafer. Results obtained are presented above in figures 3.19 (a), (b),
for boron, and oxygen. Signals were too weak to determine the presence of silver because of
the high noise background. However, the information obtained was also critical to confirming

the chemical composition and environment of the capping ligand on the cluster metalcore.

Figure 3.18a has boron peaks at 182.02, 187.33, 192.73, and 199.83 eV bhinding energies
respectively. These four boron peaks seem to imply that there are four boron chemical
environments in the molecule according to the molecular formula of the clusters

[Ag48305.BH3.2H20] ~.

The bands at 187.33 and 192.73 eV can readily be assigned to the B — H (BH3) "® and the B203
(borate) group;’”"® but the other bands at 182.02 and 199.83 eV could not be immediately
assigned. However it is thought that these bands may be associated with the BO2/BO (boron

oxide) and possibly an Ag-B bond.

Figure 3.15b shows the binding energies of the oxygen signals from the Ag NCs samples. Four
signals can be seen at 531.30; 532.40; 534.1; and 536.1 eV corresponding to O1s peaks for
metal oxides (MnOm) or metal hydroxides (M(OH)x);"® organic (ether-oxygen) —(CHs-

CH(OCHo>)-,%81 oxygen of the ketone, sulphonyl group,® or carbonyl sulphur/silver;® or
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oxygen from (hydrated) water (H20);*°#4% and the MO or oxide of nitrogen (NO)%®
accordingly. The absence of an O1s signal at 530.4 eV correlates with the ESI data and
precludes the possibility of Ag(l) in the form of a silver oxide (Ag20) in the synthesized Ag
NCs.8” This further underscores the position that the clusters have all four Ag atoms in the
oxidation state of zero (Ag°). All peaks were assigned with the help of the National Institute of
Standards and Technology (NIST) XPS database and XPS-Photoelectron Spectroscopy

Reference pages (www.xpsfitting.com).

3.17 Conclusion

Ag NCs of ~1.4 nm size have been made from silver nitrate salt and reduced with sodium
borohydride in a 1:1 ratio at room temperature in microemulsion solution with iso-octane (2, 2,
4-trimethylpentane) and sodium bis-(2-ethyl hexyl) sulfosuccinate (AOT) as oil phase and
surfactant respectively. These NCs were not passivated with the usually ubiquitous organic-
based ligands (nucleic acids, sulphur-based, and phosphorus-containing), many of which are
expensive, toxic and environmentally hazardous. These Ag NCs offer rather inexpensive, less

toxic and environmentally safer alternatives.

The NCs are fluorescent with emissions in the blue region of the visible spectrum. They have
large bandgaps characteristic of molecular semiconductor nanoclusters. These clusters have
been observed to be very stable in the microemulsion system over six months post-synthesis

and yet retain their fluorescence.

Furthermore, it has also been demonstrated that we can achieve size control of NCs by careful
control of experimental conditions as well as the concentrations of reactants. Meanwhile, this
is believed to be the first reported case of the synthesis of Ags nanoclusters with inorganic
passivating borate and borane ligand by microemulsion synthesis.
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4 CHAPTER FOUR

4.1 RESULTS AND DISCUSSION I

4.2 Synthesis and Characterization of Silver Nanoclusters in

Microemulsion by Photochemical Reduction

4.3 Introduction

A quasi-green synthetic method of making silver nanoclusters (Ag NCs) in microemulsion
without the use of sodium borohydride (NaBH4) or any chemical reducing agent is considered
in this chapter. More importantly, by avoiding the use of a chemical reducing agent we hope to
generate a cleaner preparation of Ag NCs that would be simpler to analyse because of the lack
of additional reagents. Silver ions are readily reduced to Ag® from Ag* ions by solvated

electrons when exposed to light.

Using the method of pulse radiolysis, Mulvaney® synthesized of Ag NCs in aerated aqueous
solution of AgCIO4 containing methanol using high energy y-rays pulse to effect the reduction
of Ag® ions by hydrated electrons. This produced short-lived Ag NCs which readily
agglomerated into large Ag NPs in the absence of a stabilizer. Polymer groups are often
employed as stabilizers of the nanoclusters during photoreduction of metal ion precursors as
demonstrated by Henglein,? with polyphosphates in the production of known concentration of
metal atoms (Ag, Pt) by pulse radiolysis, the development of the metal absorption spectrum is
recorded against time as the clusters coalesced into larger particles which act as catalysts in
photochemical and radiation chemical reactions.? Harada and Einaga,® using poly(N-vinyl-2-
pyrrolidone) (PVP) for the photoreduction of Pt** to metallic Pt° NPs in a study of the

mechanism of the formation of Pt° NPs in aqueous ethanol solution. Petty et al.,* and Copp et
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al.,> and several other researchers with DNA in aqueous solution for the production of Ag NCs
by reduction with NaBH4; and Zhang et al.,® reported the synthesis of fluorescent Ag NCs in
polymer microgels (poly(N-isopropylacrylamide-acrylic acid-2-hydroxyethyl acrylate)) as
stabilizers during photoirradiation in aqueous reactions. Others like Shang’ have used
inexpensive polyelectrolytes like polymethyl acrylic acids (PMAA) and polyacrylic acids
(PAA) to synthesize Ag NCs by photoreduction of the Ag* ions as highlighted by Xu et al., in

their Research News Article in 2010.8

Although, the application of light energy in the production of Ag NCs in solution is not new,
the photosynthesis of silver nanoparticles in microemulsion system has been rarely studied. The
adoption of the advantages of microemulsion systems in controlling reactions in well-defined
nano-reactors®1? (water-droplets) for the synthesis of fluorescent metal nanoclusters makes this

study a compelling one.

The synthesis of Ag NCs in microemulsion by photoreduction under similar conditions of the
NaBH; reduction is undertaken in this chapter. The idea is to reproduce the synthesis of Ag

NCs in microemulsion system using photons of light to effect reduction of Ag™ ions.

4.4 Aim

The aim of this study is to synthesize ultra-small, fluorescent Ag NCs by the photoreduction
method in microemulsion using water molecules as ligands to passivate the Ag NCs in the
absence of the complex boron oxyhydroxide oxidation products of the reducing agent in the
preceding chapter; and to compare the efficiencies of the photoreduction method to the

borohydride reduction.

4.5 Reaction scheme

90 uM and 1 mM aqueous AgNOs solutions were added to two separate 5 and 18 mL isooctane
solutions containing 0.0005 and 0.0025 M AQT respectively to form microemulsion samples.
These were transferred into large 20 mL quartz cuvettes and placed in the photoreactor and
were irradiated with UV-light of 250 nm wavelength for an average of five hours to produce
Ag NCs.
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Figure 4.1: Photoreduction reaction scheme; (A) is AgNOs in microemulsion, (B) is Ag NCs formed
in microemulsion at room temperature in a photochemical reactor with a light source of 254 nm
wavelength.
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4.4 Absorbance
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Figure 4.2: Absorbance of (a) 90 uM and 1 mM Ag NCs in microemulsion, (b) 90 pM and 1 mM Ag
NPs in agqueous solution (control) synthesized by photoreduction of Ag* ions.

Figures 4.2 (a&b) are absorbance spectra of 90 uM and 1 mM Ag NCs in microemulsion and
aqueous (control) samples respectively. The photoreduced microemulsion samples show no
surface plasmon resonance peaks of silver around the 420 nm wavelength.*%112 However, the
appearance of a pale yellow coloration especially in the 1 mM sample (see Appendix fig. 8.1)
is often an indication of the formation of Ag NPs,*14%5 whose colour intensities are linked to

their sizes'™'® and produce surface plasmon resonance at 420 nm.*-447

In the spectra of figure 4.2b, the 1 mM (control) aqueous samples show the presence of
resonance plasmon peak at 429 nm. This is not available for the lower 90 uM sample which is
interpreted not to have formed aggregated Ag nanoparticles, since plasmonic resonance peaks

of silver are attributes of large non-luminescent Ag NPs.1418-21

The use of nanoreactors ensured that controlled synthesis of small Ag nanoclusters (Ag NCs)
was achieved with the conspicuous absence of the SPR peaks. These results give an impression
of the effectiveness of the microemulsion system in controlling the reactions and restricting the
spontaneous aggregation of the particles of silver as they are formed, which is a common feature
of the aqueous reaction. The stabilization of water droplets by molecules of surfactant provides

a convenient environment for the synthesis of ultrafine nanoclusters.??
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The peak ~280 nm peak attributed to Ag+?* which is usually formed immediately after adding
NaBHa to a solution of AgNO3 according to Petit et al'! is absent in the UV-Vis spectra of all
the photoreduced Ag samples.

4.6 Fluorescence

Fluorescence results of the samples are presented in figures 4.3, 4.4, and 4.5. The
photosynthesized microemulsion samples show fluorescence centred at 439 and 453 nm for the
90 uM and 1 mM at an excitation wavelength of 340 nm. These indicate that small NCs of Ag
have been produced, since only small NCs with the characteristic HOMO-LUMO bandgap?®

would show fluorescence.'®

The 1 mM sample appeared to have the highest peak intensity of the two samples (figure 4.3).
This was attributed to a larger concentration of fluorescent Ag NCs in the 1 mM concentration
sample, and so recorded more counts per second in the emission scan. Chen et al.,?* had
observed that increases in AgNOs concentration resulted in the formation of more nuclei of
silver. Emission peak intensities of 50000 cps at 439 nm and 100000 cps at 453 nm were
recorded for the 90 uM and 1 mM Ag NCs. The shift to the higher wavelength (red shift) in the
1 mM Ag NCs sample also suggest the presence of larger Ag nanoclusters.
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Figure 4.3: Emission intensity of (a) 90 UM Ag NCs excited at Aexc = 340 nm (Highest peak intensity at
439 nm). (b) Emission intensity for 1 mM Ag NCs at Aexc = 340 nm by photoreduction of Ag* for five
hours (highest peak intensity at 453 nm).

Other emission bands were observed at 305 and 610 nm for both samples which corresponds to
Ag> NCs and aggregating Ag NCs respectively (Appendix). The observed fluorescence of the
Ag NCs is ascribed to interband transition.*? The emission bands of both samples show broad

peaks respectively of approximately 200 nm spread attributed to deep trapped states.?
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Figure 4.4: Emission intensity at 301 nm excitation of photoreduced agueous solutions (control
samples) of Ag NPs (a) 90 uM (peak max at 468 nm) (b) 1 mM Ag NPs (peak max at 470 nm).

A similar fluorescence study of the 90 uM and 1 mM control samples basically showed no

fluorescence (figure 4.4a&b) except for a little spike at 470 nm. By comparing the emissions
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of the control samples with the microemulsion samples, the near absence of fluorescence
activity in the control experiments can be noticed. This indicates the production of large non-
fluorescent Ag NPs without the requisite bandgap.}*® Large non-fluorescent Ag NPs are
usually prepared in aqueous solution in the absence stabilizers which prevent aggregation?627:28
The weak fluorescence peaks at 470 nm observed in the control samples infers that an weak
proportion of Ag NCs may exist in these control samples. However, the near general plateau
nature of these emission spectra is an indication of the preponderance of Ag NPs in the control

samples.

A plot of intensity at the 453 nm emission peak maximum against photoreduction time for each
of the microemulsion samples (figure 4.5a&b) and their controls (figure 4.6a&b) was made to
investigate the trend in the emission intensities of these samples with time during the
photosynthesis of the Ag NCs. The observation of emission is an indication of the production
of clusters of silver. The highest emission intensity was associated with the optimum

concentration of Ag NCs in the system.
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Figure 4.5: A plot of emission intensity against time for Ag NCs in microemulsion at peak max of
453 nm (a) 90 uM (b) 1 mM samples.

For the microemulsion samples, the time-dependent emission-intensity study of both samples
showed that for the 90 uM sample, the highest intensity (Imax) was attained after one hour of
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light irradiation, before dropping to what may be described as a steady state with no significant
change in intensity four hours later (figure 4.6). The intensity of emission similarly rose steadily
in the first hour of photoreduction of the 1 mM sample and remained steady for another hour
(second hour). The intensity then rose gradually, signifying an increase in the nucleation
process spanning the next three hours before reaching a maximum at the fifth hour of exposure
to light. The difference in the emission-time dependent study of both samples has been
attributed to the difference in the concentration of Ag* ions. In both case cases, the maintenance
of a plateau (steady state) is considered a measure of the stability of the emulsion Ag NCs

against aggregation.
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Figure 4.6: A plot of emission intensity against time for the Ag NCs samples in agueous solution
(control samples) (a) 90 uM (peak max of 468 nm) (b) 1 mM (peak max of 470 nm).

Slightly similar observations were noted for the control samples in figure 4.6 as well, but for a
little variation in the time it took the 90 uM Ag" ions control sample to reach the highest peak
intensity. The highest peak intensity was recorded after the third-hour of a steady rise in
emission intensity. In comparison with the microemulsion sample, this translates to a two-hour
time lag. There was a slow rise in emission intensity of the 1 mM control sample with marginal
increases in intensity in the first four-hours of light irradiation. However, there was a sudden
rise in intensity after the fourth-hour, peaking in the fifth hour before dropping drastically back

to almost its initial value and remaining relatively constant afterwards.

In summary, it took within 1-hour for the 90 pM Ag" ion emulsion reaction to reach its peak

emission intensity while it required three hours for the 90 uM Ag* ion control samples to attain
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maximum intensity. This may be attributed to the dispersal of the Ag* ions in to water droplets
in emulsion which allowed easier access to the incident light, as against the bulk 90 uM Ag*
ion of the control sample. For the 1 mM sample emulsion and control samples, an average of 5
hours was required for the 1 mM sample to attain its maximum emission peak intensity. The 1
mM emulsion-synthesized sample displayed a more significant rise in intensity than the 1 mM
(control) aqueous sample. This again has been attributed to the dispersal of the Ag* ions in
water droplets in the emulsion, therefore affording easier accessibility to light illumination. The
bulk nature of the control sample was again thought to be responsible for the slow response to

irradiation by these sample.

Although more data is required, however indications are that the concentration of the samples
played a role in the time it took the samples to reach the maximum emission intensity (ltmax) as
earlier suggested. The emission intensity of a sample is related to the concentration of the
fluorophores.?® The dip in the intensity of the control samples (especially the 90 uM sample,
and the 1 mM sample after the fifth hour), are footprints of a rapid aggregation process of the

Ag clusters.

4.7 Fluorescence kinetic study

To compare the rate of formation of these Ag NCs with those synthesized by reduction with
borohydride, a fluorescence kinetic study of the Ag® ion reduction with borohydride was

undertaken, and results presented in figure 4.7(a&b) below.

The samples were monitored by fluorescence emission intensity for over one-hour period
immediately following the addition of the equivalent amounts of borohydride solution
according to the reaction stoichiometry (1:1). A plot of the highest peak intensities at 340 nm
excitation wavelength (which resulted in the maximum emission) against time is presented in
figure 4.7(a&b). These show broad emission bands of Ag NCs centred at 440 and 423 nm for
the 90 uM and 1 mM Ag NCs samples. An average emission intensity of 60 000 cps for both
samples was obtained. However, the 1 mM Ag NCs sample had a slightly higher emission
intensity than the 90 uM which again translates to a higher concentration of Ag NCs

fluorophores.
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Figure 4.7: Emission intensity at 340 nm excitation for (a) 90 uM AgK. (b) 1 mM AgK of photoreduced
microemulsion sample. 440 nm at 423 nm respectively. The label AgK denotes “silver kinetic study”,
and the numbers 1, 2,..10 are the number of scans at Aexc=340 nm.
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Figure 4.8: Emission at highest peak intensity (a) at emission wavelength of 440 nm for 90 uM (b)
at emission wavelength of 423 nm for 1 mM Ag NCs. Fluorescence intensity was negligible before
addition of NaBH,4. Both samples were excited at 340 nm.

A similar time-dependent study of the emission peak maximum at 440 and 423 nm wavelengths
for the 90 uM and 1 mM samples was done also to investigate the trend in emission intensity
with time after reduction as presented in figure 4.8 a&b above. These show that the highest
peak intensity of 70 000 cps was attained about 7 minutes from an initial fluorescence intensity
value of zero at time zero for both the 90 uM and 1 mM samples, suggesting that the reaction
had reached completion within the seventh minute of the start of the reaction, after which the
intensity dropped briefly over the course of time. In both samples, the first spectrum was
acquired about 7 min after addition of NaBH4, the sample was non-fluorescent initially and so

the rise in fluorescence intensity occurring during the first 7 minutes represents the rates of
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nucleation and formation of small fluorescence clusters. The slight drop in intensity at the
conclusion of the nucleation process spanning a wide range of time corresponds to the growth
phase (where the clusters gradually begin to grow into bigger cluster sizes) represented by the
horizontal part of the curve in the spectra. This was similarly observed by Solanki et al.'°
However, there were some fluctuations in this growth phase especially for the 1 mM sample
which has been attributed to the growth transitions from Ag. to Agas as the latter was formed
over time as more Ag> NCs became available. Furthermore, the near constancy of the growth
phase (especially of the 90 uM sample) represents the rapid formation of Ags NCs and the
stability offered by the microemulsion system. Meanwhile, the growth mechanism is

synonymous with coalescence rather than aggregation if the horizontal curve is considered.

At time zero, the concentration of Ag® was also zero, but at the peak of the reaction (time = 7
minutes, and assuming the reaction has reached completion at this point), the concentration of
AgP should be at its maximum, after which is the growth phase. Since fluorescence intensity is
a function of the concentration of the fluorophores, then the rate of growth in terms of intensity

change (the rate at which the emission intensity diminishes with time), for the reaction:
n[Ag’] Agr’ @)

will be:

Rate = — 6[‘;‘?0] = —k[Ag°] (2)

Figure 4.8 (a&b) can be represented schematically below:

w

Intensity (cps)

Ly
Time (s)

Figure 4.9: Schematic representation of figure 4.8 a&b.

The rate (speed) of the growth process can be deduced from the change in the emission intensity

from the 7" to the 70" minutes (Fig. 4.9 a&b). This translates to a fluorescent decay rate of
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approximately 3.0 cps? for the 90 uM and 2.0 cps® for the 1 mM Ag NCs samples, both

representing a slow growth (decay) rate with an average of 2.5 cps? for both samples.

4.8 Dynamic light scattering (DLS)

Figure 4.10 is a DLS result for 90 pM and 1 mM Ag NCs synthesized by the photoreduction of
Ag" ions in micro-(nano-) emulsion. These results show “droplet sizes” for both samples of
2.696 and 4.849 nm respectively at the lower size distribution. These diameter values are
comparatively, lower than the borohydride reduced analogues, and maybe adduced to the
absence of the coalescence of droplets and the consequent exchange of contents that takes place
between droplets containing Ag* ions and BH4™ ions in the chemical reduction process. In this
case however, light was used rather than borohydride for the reduction of the Ag* ions. Thus,
instead of having coalesced droplet dimer®® as was with the chemical reduction, there were

monomer of droplets by inference in the photoreduction process.
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Figure 4.10: Hydrodynamic diameter of 90 uM and 1 mM Ag NCs photoreduced samples in
microemulsion with Ag NCs dispersed and water the dispersant phase.

Two major particles size distributions: 5 and the >100 nm range were again observed as was
the case in the previous chapter.3® A notable exception being the 1 mM sample which has a third
peak just before the 1000 nm mark which is often present immediately following
synthesis.313233 The ~3 and 5 nm particle sizes are again thought to be small reverse micelles,

while the second peak at 43.8 nm for the 1 mM sample are assigned to droplets; the latter at 300
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nm attributed to aggregates of coalesced droplets.®® The polydispersity index (PDI) would
expectedly be high as was actually recorded (Figure 4.10), especially for the 1 mM sample.

These size distribution pattern also show that large reverse micelle populations were obtained
with the higher reaction concentration.®**%® By fitting the UV-Vis data for these samples with
the Rayleigh theory, we have obtained a value of 40.0 nm for the water droplet size (see
Appendix fig. 8.4) which supports the earlier conclusion that the <10 nm particles were reverse

micelles.
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Figure 4.11: 90 uM and 1 mM Ag NPs photoreduced from AgNO; agqueous solution obtained 24
hours after synthesis.

Results of a similarly photoreduced 90 uM and 1 mM samples studied in aqueous solution
(without the microemulsion) are provided in figure 4.11, which show striking differences with
the photoreduced emulsion samples. Particles sizes close to those of the reverse micelles of the
microemulsion samples were obtained at 2.3 and 5.6 nm for both aqueous samples. In the higher
diameter range, 43.9 and 68.1 nm were recorded for the 90 uM and 1 mM samples. These are
much lower than the reported 255 nm average size of the light-reduced microemulsion samples,
giving credence to the earlier assertion that the >100 nm “particles” were very possibly
coalesced water droplets of approximately 40 — 50 nm in the emulsion system. Meanwhile, the
43.9 and 68.1 nm sizes for the aqueous samples in the absence of a stabilizer suggest that these

particles are large aggregated Ag NPs.
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Figure 4.12: (a) Chart of size (diameter) nm with varying Ag NCs (90 - 1000uM) concentrations at
fixed w. (b) The intensity of scattered at increasing .

To understand the effects of increasing Ag and AOT concentrations at a fixed w-value of the
microemulsion system, a plot of the droplets diameter against  was done for the borohydride-
reduced microemulsion samples at a fixed w-value of 10 (figure 4.12a), and another for

intensity against observed droplet diameters in figure 4.12b.

Figure 4.12a shows that an average reverse micelle diameter of 5.61 nm (~70 % of the time)
was obtained when the @w-value was fixed at 10 (same AOT and water volume all through but

with increasing [Ag]), with slightly higher values of 6.50 and 7.53 nm respectively. These
results also imply that the concentration of silver in the droplets did not significantly affect the

resulting reverse micelles size.
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Figure 4.13: Droplet diameter of (>100 nm) vs varying .
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For the higher particle diameter of above 40 nm (fig. 4.10) which represents the water droplet
size of the microemulsion, we would expect an increase in droplet diameter as the m-values
increased, with corresponding increases in the intensities of the scattered light as demonstrated
in fig. 4.12b. This is in agreement with the theory that large particles scattered light more than
the smaller.®® This was achieved at a varying AOT concentration,*® as was observed in fig.
4.12b. That being the case, the observation of a random distribution of droplet sizes was

observed in figure 4.13 with increasing m-values, alongside the water contents for the six (90,

150, 250, 500, 750, 1000 uM) concentrations studied. It seems to indicate that at lower w-
values of 10 — 14, random variations of droplet diameters were obtained but this assumed a
more definite increasing pattern with further increases in water content from m-value of 16 —
20. The physical properties of bound water are expected to increasingly approach those of pure
bulk water as the volumes/concentration proportions of the bound water increases.®’” The
physical properties of both reverse micelle-bound water and free bulk water have been
established to be different on the basis of size (volume) according to Pietrini,*® and Higuchi et

al.¥’
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4.9 Transmission electron microscopy
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Figure 4.14: TEM images of photosynthesized Ag NCs in microemeulsion (a) 90 uM and (b) 1 mM
Ag NCs; particles size analysis histogram is placed below each sample.

TEM images of both samples show small, monodispersed, nanoparticles of silver. These
nanoparticles can be seen enmeshed in surfactant molecules in figure 4.14b, with a higher
concentration of samples. Both of these images display what looks like spherical Ag NPs
dispersed on holey carbon-coated copper grids. Particles size analysis indicate an average size
of 1.40 £ 0.57 and 2.40 £ 0.94 nm for the 90 uM and 1 mM samples respectively. These values
are slightly different from the values obtained for the particle sizes in the preceding chapter.
There is a larger average particles size in the 1 mM sample, which can be associated to its higher

sample concentration and the droplet size as can be seen in the DLS data, and hence a better
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chance of forming bigger particles by aggregation. Liu and Anderson et als.,%° reported that
by increasing the m-values (droplet size), the average MNCs size increased as well, resulting

in larger size distribution and aggregates.'® Furthermore, Sharma et al.,*® noted that there is a

linear relationship between droplet size and the resultant particles size.

4.10 Cyclic Voltammetry
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Figure 4.15: Cyclic voltammograms of (a) 90 uM and (b) 1 mM Ag NCs in microemulsion with 100
mM NaNO; with Ag/AgCl reference electrode and scan rate of 0.05 V/s at room temperature.

Electrochemistry measurements of the samples were done to establish that we have produced
particles of Ag® and to determine particles size, oxidation state and bandgap of these particles
electrochemically. The cyclic voltammograms of both samples in microemulsion were obtained
in the presence of 100 MM NaNOs to enhance the electrical conductivity of the solution. In the

absence of Ag* ions in solution, only the oxidation peak of Ag® — Ag* + e should be obtained,
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but we still see weak reduction peaks in the voltammograms in figures 4.15a & b. These show

that there were still unreacted Ag™ ions in the system which hindered further analyses.

4.11 Electrospray ionization mass spectrometry
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Figure 4.16: Electrospray ionization mass spectrometry spectrum of photosynthesized 90 uM
and 1 mM Ag NCs samples.

ESI-MS analyses of both samples showed a high silver abundance in the m/z region of 435 to
565 (figure 4.16). A peak difference (A m/z = 2) was observed between peaks of the same
isotopic abundance which indicated a net charge of "1 for both samples obtained in the
instrument’s negative ionization mode. No discernible data was obtained from data in the

positive mode.
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Figure 4.17: ESI-MS spectra of (a) Ags(H20).H7 (b) Ags(H20)OH" (¢) Ags(H20)9.H11™ and (d)
Ags(H20)10.Hy™ . (€) Aga(H20).Hy™ (not included).

A parent peak was assigned to Agas cluster in the m/z position of 557. Using the margin of
separation between each set of successive peaks in the 435 - 565 m/z range, it was deduced that
this parent molecular ion was composed of six water molecules and an hydroxyl ion as capping
ligands. It therefore follows that the samples consisted of [Aga(H20)s(OH)] as the largest silver
cluster, with many variants of [Ags(H20)n(OH)]" smaller cluster groups (figure 4.17) having
several hydrogen atoms replacing the OHgroup in some instances. After the poorly resolved

565 m/z peak, there were no Ag signals in the higher m/z region in the ESI-MS spectra.

Meanwhile, the sets of peaks in the m/z of 220 — 280, and 365 — 371 which represent peaks of
Ag> clusters at m/z of 233 for Ag2(OH)", and m/z of 348 for Ags(H20).H7™ were also observed.
It is apparent that both the 90 uM and 1 mM samples have a mix of Agz, Ags and Aga clusters
(figure 4.17 b-e). Although, it is not certain if these Ag. and Ags clusters are fragments of the
parent clusters. However, it has already been established in the preceding chapter that Ag4
clusters were formed from the dimerization of Agz. The assignment of molecular weights and
formulae to the Ag NCs were done using the University of Manchester Fluorine-chemistry
(Mass spec) software, as well as the Waters ESI instrument’s software, which showed good

match with the experimental results (see figure 4.17 and Appendix section).

The negative charge on the clusters are indications of the loss of a proton during ionization,
which implies yet again that similar to the borohydride-reduced microemulsion Ag NCs

samples, these photosynthesized Ag NCs have all silver atoms in the oxidation state of zero
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(Ag®):2, (Ag”)s and (Ag®)s, with both metal core and capping ligands held together by coordinate

bonds.

4.12 Conclusion

We have demonstrated to the best of our knowledge the first time the syntheses of Ag NCs by
photoreduction of Ag" ions in microemulsion system. These Ag nanocrystals are
monodispersed, and fluorescent. The size of the water droplets (nanoreactors) in the case are
smaller than those obtained from the borohydride-reduced samples; which is understandable

considering that the complementary droplets containing borohydride were absent.

Mass spectrometry data of these nanocrystals indicated three diversities of clusters —the (Ag°)2,
Agsz and Ags with average diameters of 1.4 and 2.4 nm for the 90 uM and 1 mM samples. All
the Ag NCs were capped by a number of water molecules and a hydroxyl group in one case, as
ligands, or they may have only water molecule(s) with a number of hydrogen atoms replacing
the hydroxyl group. The latter seeming to have been formed as a product of the ionization of
water molecule arising from the loss of a proton. Hence, the Ag NCs come as anions with a net
charge of -1, having the general formula: Agn(H20)m(OH) or [Agn(H20)mHo], wheren =2, 3
or 4, mranging from 1 — 9, and 0 = 1 — 7 as the case maybe, with metal core and ligands in a

coordinate bonding.

These clusters have been observed to be stable and remained fluorescent for about six months
in the emulsion, and can be used as precursors for various applications especially with labile
passivating ligands. In terms of the production of three groups of clusters, the photoreduction
in microemulsion systems are similar to those formed via borohydride chemical reduction,
however the duration of the process is a little drawback. Although, UV-Vis analysis showed
that the highest absorbance was usually obtained in the first one-hour of photoirradiation. But
if the reaction requires the elimination of the borate group, then this method can be considered

as efficient as the chemical reduction in producing monodispersed, fluorescent Ag NCs.
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5 CHAPTER FIVE

5.1 RESULTS AND DISCUSSION 11

5.2 Synthesis and Characterisation of Cuz NCs in Microemulsion

5.3 Introduction

In a study of Cu NPs, Vasquez et al.,! noted that copper clusters of 2 — 13 atoms were
fluorescent, while those above Cuis (Cun with n > 13) were not, being already too big (>3 nm).!
In that and several other similar studies, there was no mention of the synthesis of any particular
Cu NCs for detailed study. Fewer papers on Cu NCs have been documented in the literature
and these are typical by their lack of detailed study and characterization of specific number of
Cu NCs isolates in contrast to those of gold and silver which have been more intensively
investigated.?2* While a number of these studies consisted essentially of data from a range of
Cu NC sizes, %27 many others'?6-3 fell short in detailed molecular characterization of Cu

NCs with n number of atoms per cluster, where n is an integer value (n=2, 3, 4, ...).

In 2009, Vazquez et al., reported what they observed was the first microemulsion synthesis of
Cu NCs by the reduction of Cu?" ions using very low, non-stoichiometric proportions of
aqueous sodium borohydride (NaBHa) solutions, using a non-ionic sodium dodecyl sulphate
(SDS) as surfactant. This is the only notable report of the synthesis of Cu NCs by the
microemulsion method as supported by YiZhong et al., in their review paper in 2012.%" In a
more recent review paper by Siraj et al., in 2016,*° on the synthesis of Cu NPs, Chen and co-
workers were reported to have synthesized Cus(GSH)3 using hydrazine as a reducing agent
under alkaline condition, and glutathione (GSH) as the capping agent.*® Using bovine serum
albumin (BSA), Qing et al., 2013 (in Siraj et al., 2016) prepared Cu NCs templated on 30-mer
poly(thymine) with fluorescence emission centred at 615 nm. Wang et al., 2014 (in Siraj et al.,
2016) reported the synthesis of stable, but weakly fluorescence Cu NCs using hydrazine hydrate

as reducing agent under alkaline conditions.*® Zhang and his group (in Siraj et al., 2016),
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announced the sonochemical synthesis of Cu NCs stabilized by glutathione (GSH) with
paramagnetic properties.>® Ghosh et al., 2015 (in Siraj et al., 2016), reported the synthesis of
blue emitting Cu NCs (emitting at 414 nm) passivated by human serum albumin (HSA). Apart
from the Cue(GSH)z reported by Chen et al., all others were not characterized to the molecular

details.

Copper like gold and silver is a coinage noble metal. Unlike silver and gold, it is relatively more
abundant in the Earth crust,** hence cheaper and more available.*> Nonetheless, its nanoclusters
are less studied probably because of their susceptibility to oxidation and the problem of
synthesizing small clusters of metals.?” However, they have a number of important industrial
applications in catalysis, where cheap, ultra-small, monodispersed, metallic particles with high
conductivity are essential.?®2%3%  Therefore, the need to synthesized stable, precise-sized,
fluorescent Cu NCs of known molecular composition for application in catalysis and

biomedical research is crucial for these industries.

54 Aim

The aim of this study is to synthesize and fully characterize ultra-small, monodispersed, precise-
sized, fluorescent copper nanoclusters (of fewer than 13-atoms) passivated by inorganic ligands

using the water-in-oil microemulsion system with AOT as a stabilizer.

5.5 Method

Cu NCs were synthesized in two separate reactions comprising 90 uM and 1 mM agueous
solutions of Cu(NO3z)2 and NaBH4 microemulsion systems. Each emulsion solution of 90 uM
and 1 mM metal precursor was reacted with its equivalent portion of NaBH4 microemulsion
solution in a 1:1 ratio as shown in figure 5.1 below. A magnetic stir bar was inserted into the
sample solutions and placed on a magnetic stirrer set at 500 rpm for five minutes. The 90 uM
and 1 mM emulsion samples contained 0.0005 and 0.0025 M AOQOT surfactant respectively,
previously dissolved in 5 and 18 mL isooctane (oil phase) and divided into two equal portions.
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Cu NGCs

e
g %
JVYO  AOT (surfactant)

Water droplet (Nanoreactor)

Figure 5.1: Reaction scheme for the synthesis of Cu NCs in microemulsion at ambient temperature
(A) copper nitrate (B) sodium borohydride (C) Copper nanoclusters.

Equation of the reaction:

CU(NO3)2.(aq) + 2NaBHas(aq)+ 6H20 — Cug) + 2NaNO3z(q) + 2H3BO3(aq) + 7H2(g)

127



Chapter Five Hector Henry Oyem

5.6 Absorbance

) g9, ho i

/ 1.6 -
0.7
1.2 1
g 054 00 uM Cu NCs £ 90 uM Cu NCs
;,; 1 mM Cu NCa E 08 1 mM Cu NPz
5: 0.3 A §
0.4
0.l -
—_— ; A 0 ; o ]
20 400 600 800 200 400 600 800
Wavelength (nm) Wavelenght (nm)

Figure 5.2: Absorbance spectra of 90 uM and 1 mM Cu NCs (a) in microemulsion (b) aqueous
solution. Red arrows indicate the ligand-to-metal charge transfer transition for [Cu(H20)e]?*
cations.

Figure 5.2 is the UV-Vis spectra of the emulsion samples and the aqueous-synthesized (control)
samples both of which did not show plasmon resonance peaks. These are pointers of the
formation of small clusters of copper and not copper nanoparticles Cu NPs. Lisiecki and
Pileni,?®? had observed that strong absorption bands due to plasmon resonance excitation or
interband transitions in the ultraviolet and visible region of light are typical of colloidal metal
nanoparticles (above 3 nm). Resonance plasmon bands of Cu NPs are usually positioned around
560 — 570 nm wavelength,?32° with a characteristic secondary peak due to CuO layer usually
observed at 800 nm.% * Similarly, the peak associated with CuO NPs usually found between
400 — 700 nm centred at 510 nm was not observed in the UV-Vis spectral** in figures 5.2 a &
b respectively. The absence of Cu,O peak has been ascribed to the effect of the strong NaBH4
reducing agent.! The band at 560 nm progressively evolves as the copper cluster size

increases,?®? that is, as the clusters aggregate and grow in size over time.

Meanwhile in figure 5.2, a sharp band is observed at 240 nm, this according to Zhao et al.,*® is
associated with hydrated [Cu(H20)s]** ions in aqueous solution. The ligand-to-metal core
charge transfer transition is responsible for this 240 nm band.*® Vazquez et al.,! reported

difficulty in observing bands of small, planar clusters in the UV-Vis spectra of Cu NCs because
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of the screening effect of the strong 240 nm band of [Cu(H20)s]?* cations still remaining in

solution.

5.7 Fluorescence

Fluorescence measurements of the 90 uM and 1 mM Cu NCs samples show similar
photoluminescence spectra (Figure 5.3 a&b). Peaks corresponding to different wavelengths of
excitations were observed in the emission spectra. A broad but weak emission band occurred at
350 nm for both Cu NCs emulsion samples. Weak fluorescence of Cu NCs have previously
been reported by Chen, and Wang et als., in water*%4® as have been observed in this study. For
both the 90 uM emulsion and control samples, two bands of emission were observed at 350 and
430 nm. The 430 nm band is covered by a collection of sharp peaks immediately following the
350 nm band in the spectra of the emulsion samples. These band of sharp peaks are thought to
be associated with the surfactant (AOT). The presence of the 430 nm band suggests the
evolution of thermodynamically more stable clusters, more so, as the energy of emission is
inversely related to the cluster size.*”4¢ Meanwhile, no fluorescence was observed for the 1 mM

control samples, which is an indication of the formation of large nonfluorescent Cu NPs.
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Figure 5.3: Fluorescence emission spectra of (a) 90 uM Cu NCs in microemulsion (b) 1 mM Cu
NCs in microemulsion. (Encircled are peaks indicating aggregated particles) (c) 90 uM Cu NCs in
aqueous solution (Raman peaks removed), and (d) 1 mM Cu NPs in aqueous solution (spectrum
only contains unremoved Raman peaks for water). Excitation wavelengths are shown in the legends.
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Two excitation wavelengths of 290 and 310 nm are responsible for the emissions with peak
maxima at Aemi = 350 and 430 nm. These excitation wavelengths are consistent for small clusters
with large bandgaps*® and show blue emissions.?” Vazquez and co-workers reported the
fluorescence of Cu NCs at 333 nm upon excitation at Aexc = 290 nm in a similar study. The 90
UM samples produced the higher emission intensity (>1.1 x 10° cps) of the two emulsion
samples, signifying a higher concentration of the clusters with emission centred at 350 nm.
There appear to be weak bands at the 550 and 618 nm wavelengths in the 1 mM Cu NCs sample
that has been assigned to larger aggregating Cu NCs. These were not present in the 90 uM
emulsion sample. However the low intensities of these 550 and 618 nm bands is a pointer to

the preponderance of the smaller Cu NCs observed at shorter wavelengths.

The absence of the formation of oxides of copper is again ruled out by the absence of a strong
emission band at the 493 nm position and a broadband in the 400 — 700 nm region centred at
510 nm.** Besides, the formation of copper (1) oxides is unlikely according to Vazquez et al.,

because sodium borohydride is a strong reducing agent.*

The onset of absorption (of excitation energy) at 326 and 394 nm in both emission spectra
indicates bandgaps of 3.80 and 3.15 eV respectively. These are yet again, in agreement with

values obtained for ultra-small blue emitting nanoclusters in a previous study.*

As has already been discussed, analysis of the aqueous solution (control) samples (figure 5.3
c&d) show fluorescence emission bands only in the 90 uM spectrum, although with rather weak
intensities (~7750 and 7000 cps respectively), which are much less intense when compared with

the emulsion analogues.

130



Chapter Five Hector Henry Oyem

5.8 Dynamic light scattering
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Figure 5.4: DLS charts of 90 uM and 1 mM Cu NCs in microemulsion

Two diameter sizes were basically observed for both the 90 uM and 1 mM Cu NCs samples in
microemulsion (Figure 5.4). These consisted of a pair of peaks at 5.6 and 10.0 nm, and one
above 100 nm. While the lower diameter values have been ascribed to reverse micelles, the
higher diameter size (~100 nm) are considered to be water droplets.>52%® However, the
percentage proportions of these larger “particles” are relatively lower in relation to the 5/10 nm

sizes.
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Figure 5.5: DLS chart of 90 uM and 1 mM Cu NPs (control) samples in aqueous solution.

The control samples recorded diameters between 50 — 300 nm (figure 5.5). These are in actual
sense the diameters of colloidal Cu NPs in the aqueous solutions which are already too big to
fluoresce! (see the 1 mM sample (control) spectrum). Nonetheless, the 90 uM sample contained

a small population of fluorescent Cu clusters which were observed in figure 5.3c above.

Both control samples recorded high polydispersity indexes which are a measure of the
variability in particle sizes; therefore, implying that the control samples were generally
inhomogeneous in sizes. Lisiecki and Pileni?® had similarly reported a high polydispersity index

with colloidal nanoparticles in agueous solution.
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5.9 Transmission electron microscopy (TEM)
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Figure 5.6: TEM images of (a) 90 uM and (b) 1 mM Cu samples in microemulsion obtained by drop
casting the samples on holey carbon copper grids and drying overnight before TEM imaging.

TEM images of the 90 uM and 1 mM samples obtained on holey carbon copper grids show Cu
NPs dispersed on the surface of the grid (Figure 5.6 a&b). An average particle size of 2.54 and
1.00 nm were measured for each of these samples accordingly. It should be noted however, that
these TEM images (especially the 90 uM) represent aggregated/coalesced particles since by the

values of their diameters, they would already be composed of hundreds of atoms of Cu, too
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much to be fluorescent. The limitation of the TEM instrument for analysing ultra-small metal
cluster has previously been emphasized by various researchers.>*> Although, copper is
notorious for forming oxide layer due to oxidation,* it is not immediately clear if this affected
the particles sizes obtained from the TEM imaging.

The smaller average particle size of 1 nm for the 1 mM Cu emulsion sample is thought to be
connected with the increase in AOT concentrations used in the synthesis which has been shown
to produce smaller droplets, lower amounts of metal cation precursors.?® Lisiecki and Pileni?®
had observed that increases in the AOT concentration resulted in a decrease in droplets sizes as
well as an increase in the number of droplets. This would also translate to a decrease in the
number (concentration) of copper ions per droplet generally. Consequently therefore, the
decrease in the concentration of copper ions per droplet would invariably translate to smaller

copper clusters per droplet as was observed from the 1 mM TEM sample measurements.

5.10 Atomic force microscopy (AFM)

The AFM images of the samples in figure 5.8 also show aggregated Cu particles. These are
shown more clearly in the 3D images (figures 5.7 c&f). Further particle size analyses of the 90
MM and 1 mM samples using the probability function of the Gwyddion software, the mean value
of the particle sizes and their probability values were determined from a plot of probability
function against diameter (see figure 5. 7 e&f) next to the main AFM images in figure 5.7 (a&b)
respectively for the samples. A probability value of 0.6 that the 90 uM sample had an average
particle size of 2.50 nm, and a value of 0.9 for the 1 mM sample having an average particle size
of ~1.00 nm was obtained. Such low Cu NCs size have also been reported by Lisiecki and
Pileni?® with a high AOT concentration. Meanwhile, there is also a good agreement between
the AFM and the TEM values for the 90 uM and 1 mM Cu samples.
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Figure 5.7: AFM images of (a) 90 uM and (b) 1 mM Cu NPs in microemulsion.(c) 3D image of 90

1M Cu NPs (d) Probability factor chart of particle diameter (90 uM Cu NPs); (e) 3D image of 1 mM
Cu NPs (f) Probability factor chart of particle diameter (1 mM Cu NPs).
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5.11 Electrospray ionisation mass spectroscopy
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Figure 5.8: ESI-MS spectrum of dilute oil-separated 90 pM and 1 mM Cu NCs in microemulsion
solutions; inset is the peak at 575 (experimental and simulated). The red asterisk are peaks ascribed
to species of Cuy clusters.

Figure 5.8 shows a set of consecutive peaks in the m/z range of 424 - 603 which contains
information of relevant analytical importance relating to the size of the Cu clusters. The
differences in values between each successive set of peaks in this region provide information
on the number and group(s) of atoms of elements comprising the ligand and metal core. A group
of peaks at m/z 575.8 was resolved as [Cu7B30s.H20]". The individual peaks in these bands,
have a separation difference with a value of two (2) between them corresponding to a charge of
one (1). Since the spectra scans were obtained in the negative mode arising from the
deprotonation of the compound, a net minus charge is therefore attached to the molecular
formulae. Furthermore, the peak pattern for this group of peaks matched almost perfectly with
the simulated version (see Appendix fig. 8.12 & 8.13) obtained with the aid of the Fluorine
Chemistry mass spec software provided by the University of Manchester website. The peaks at
m/z 575.8 have tentatively been considered the “parent peaks”, instead of the two peaks above
it at 589.8 and 603.1 respectively which are not well resolved. Even though, their m/z values of
589.8 and 603.1 appear to correspond to the molecular formulae of [Cu7B30s.BHs.H20] and
[Cu7B30s5.BH3.2H20], their peak distribution did not match very well with the simulated

versions, probably due to the poor resolution of these peaks in the spectra of the experimental
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samples. These two peaks have values corresponding to 14 and 18 m/z units consecutively from
the m/z 575 peaks. Meanwhile below the m/z 424, no clusters of copper were observed. Similar
ESI-MS results were obtained for the spectra of both the 90 uM and the 1 mM Cu NCs samples

having produced similar isotopic distributions.

Finally, indications from the ESI results seems to support a Cu NCs model with an empirical

formula of CunBmOoHp, where n=7, m, o, and p are integer values.

5.12 X-ray photoelectron spectroscopy
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Figure 5.9: XPS chart of (a) Boron 1s and (b) oxygen 1s of Cu NPs samples on silicon wafer.

X-ray photoelectron spectroscopy studies of the as-synthesized Cu NCs samples were
investigated in order to establish their elemental compositions and oxidation states, although
the results were rather disappointing in terms of the absence of clear signals of the metal-core
because of the high noise background (see Appendix fig. 8.7). Nonetheless, data recorded for
the other elements were helpful in confirming the elemental nature of the passivating ligands.

In the absence of the usual organic ligands in this study, the Cu NCs are believed to be capped
by the borate (B3Os) and the borane (BHs3) ligands with at least, one or two water molecules
(H20). The first two of these ligands are believed to be products of the oxidation and hydrolysis

of sodium borohydride (NaBH.) in aqueous solution.5¢57

The XPS results confirmed the presence of the expected elemental components of these ligands
(fig. 5.9 a&b). Figure 5.9a did not only indicate that there was boron in the samples but also

137



Chapter Five Hector Henry Oyem

indicated that there were three boron chemical environments. Similarly, oxygen was also
detected in three chemical environments in figure 5.9b. The following peak values were
recorded for boron and oxygen respectively: 183.85, 186.75, and 191.70 eV, and 530.45,
532.35, and 534.65 eV in that order.

Although the signal at 183.85 eV could not be assigned in the literature, but the peak at 186.75
eV have been ascribed to the BHs (borane) group of [(CioH24N4)Cu](BH4)2],%¢ and [n-
C4Hg)sN]s[Cu(B11H11)2],%° while the 191.70 eV signal is thought to belong to the oxide of boron

(B203)®° or some copper- boron oxides [MCuBxO,].%*

The oxygen peaks at 530.45 and 532.35, were assigned to metal dioxide (MO2) or metal trioxide
(M203),%25 and the 534.65 eV peak is associated with the aliphatic organic oxygen (from ester,

organic acid),®? or the oxide of water (H20) respectively.33364

Scrutinizing the XPS results further, the percentage elemental compositions for boron and
oxygen were given as 16.93 and 26.15 % (see the survey spectrum data in Appendix section).
The ratio of these values for (oxygen: boron) is 1.54. This ratio is replicated approximately with
a similar value of 1.50 obtained from the electrospray ionisation mass spectrometry (ESI) result
for oxygen and boron in the proposed molecular formula of [Cu7B30s.BH3z. H2O]". That is, if
you consider that there are 6 oxygen to 4 of boron atoms per molecule. Therefore, the XPS
results seem to support the molecular formula of [Cu7.B30s.BH3.H20]" with a m/z of 589.8

(refer to section 5.11 above).
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5.13 Fourier transform infrared spectroscopy
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Figure 5.10: Fourier transform infrared spectra (a) 90 UM & 1 mM Cu NPs cartridge oil separated
samples (b) 90 uM & 1 mM Cu NPs in emulsion (c) AOT- containing emulsion only (d) NaBHs, all
dried samples on silicon chips.

Fourier transformed infrared (FTIR) spectra generally provide some valuable information as to
the nature of the chemical bonds in a compound. The particular vibrational frequencies of these
bonds are an indication of their presence in the compound. The rather weak concentration of
the samples, made the FTIR measurement a challenging exercise, however several invaluable

information were obtained from this analytical tool.

The Infra-red (IR) bands at 2385 and 2353 cm™* were attributed to the terminal B-H stretching
modes.>” These were observed at 2391.7 cm™ in the spectra of Cu NCs for both the cartridge
cleaned and the crude emulsion (dried) samples; and in the NaBHa4 (control) as well, although,
the latter, at a little lower frequency (2291 cm™) (Figure 5.10). The presence of this B-H stretch
vibrational frequency mode, as well as the bending vibrations at 1045.4 and 1165.0 cm™,%®
provides evidence of the presence of the BH3 group. The slight difference in the vibrational
frequencies of the BH3 group in the Cu samples and the NaBH4 can be attributed to the structure
of the NaBH, with its full complement of four hydrogen atoms in the sodium tetrahydidoborane
compound, in contrast to the fewer hydrogen atoms (three H- atoms) in the trihydridoborane
group of the BH3 ligand. The borane (BH3) group vibrating at higher frequency than the BH4
group, signifying stronger bonds even though their atoms are the same. The frequencies of the

stretching vibrations depend on the mass of the atoms, and the strength/stiffness of the bond.%
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Similarly, it should also be expected to see in the IR spectra of the samples, bands corresponding
to the borate group (B3Os) in the form of B-O bonds in the spectra of the samples. A weak band
can be seen at 725 cm™ which may be assigned to the B-O asymmetric stretch vibration of the
BOs units.5” Another weak band was also observed at 1024 cm™ (especially in the emulsion

sample in Figure 5.1b) and has been assigned to BO4 unit.586%7

The near complete absence of the organic portion in the spectra of cartridge oil-separated Cu
NPs samples (90 uM and 1 mM) is an indication of the effectiveness of the cartridge-separation
process, as most of the bands (the C=0 and CHas especially) present in the blank (AOT-
emulsion only) and the Cu NCs in emulsion samples are essentially gone.

5.14 Conclusion

Cu7 NCs have been synthesized and characterize from copper nitrate precursor by reduction
with sodium borohydride in microemulsion. Sodium bis (2-ethyl hexyl) sulfosuccinate (AOT)
was the surfactant, and isooctane was the oil phase. The syntheses were done at room

temperature with a 1:1 molar ratio of the metal precursor to the reducing agent.

Cu NCs exhibited blue fluorescence and have a characteristic large bandgap of 3.80 eV typical
of ultra-small nanoclusters of the strong zone of confinement. Thus, they displayed molecule-
like spectroscopic properties. TEM and AFM measurements gave a diameter in the region of
1.0 — 2.5 nm for the samples in unanimity. Obviously, this showed that the clusters had
aggregated during the drying process before measurement was taken, besides, the possibility of
these ultra-small clusters melting and mixing up under the impact of the strong electron beam

of the TEM instrument also existed.

Indications are that the Cu NCs did not form oxide of copper according to the XPS, UV-Vis
(absence of the peak at 800 nm), and the ESI data. The ESI results confirmed the molecular
formula of [Cu7.B30s.BH3.H20] ~ for the Cu clusters with a m/z of 575.8 Although, evidence
exists of the molecular formula of [Cu7.B30s.BH3.2H20] ~ at a m/z of 603.1, however, the
spectra peaks at this m/z region were poorly resolved and did not match with the simulated
spectrum. The clusters also have a net charge of -1 which signifies that the compound was in
the anionic form and thought to have been formed by the loss of a proton during ionization.
This would infer that the seven atoms of Cu in the molecule were all in the oxidation state of

Zero.
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6 CHAPTER SIX

6.1 RESULTS AND DISCUSSION IV

6.2 Syntheses and Characterisation of Ag NCs Templated on ssDNA in

Microemulsion

6.3 Introduction

The work in this chapter is a development of the previous chapter (Chapter 3) with the same
reaction conditions, only here there are the introduction of single-stranded deoxyribonucleic
acids (ssDNA) molecules into the water droplets of the microemulsion system. The DNA is
added to the reaction medium at a molar ratio of 1 ssDNA molecule: 6 Ag* ions before reducing
the Ag® ions with equivalent molar portions of NaBHs solution after incubating at room

temperature for 30 minutes in the dark.

Three different ssDNA strands were used, these were:

1. 22-mer (5- TGACTAAAAACCCTTAATCCCC-3' (T5sCsAsG1)),
2. 29-mer (5-AGTCACCCCAACCTGCCCTACCACGGACT-3' (T4C1A7G4)), and
3. 34-mer (5-GGCAGGTTGGGGTGACTAAAAACCCTTAATCCCC-3' (T7CoAsGo))

oligonucleotide sequences. This would give a ratio of 1:4, 1:5, and 1:6 Ag: DNA bases
respectively. Two sets of reactions were done comprising either 90 uM or 1 mM AgNO3z and
NaBHjs solutions in a 1:1 mole ratio, with each of the three sSDNA types. In all, there were six
reactions - 90 uM AgNOs and NaBH4 with DNAL, 2, & 3; and 1 mM AgNOs and NaBH4 with
DNAL, 2, & 3 (see Chapter two- Experimental chapter for more details).

Dickson and co-workers demonstrated that DNA can be used as a template to stabilize
fluorescent Ag NCs in aqueous solution in a pioneering work published in 2004 using NaBH4
as a reducing agent to reduce Ag* ions bound to a 12-base oligonucleotide.* They followed this

up with another paper in a similar study in 2007 this time using a 12-base cytosine (dCi2)
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oligonucleotide (a homopolymer) as a stabilizing ligand for Ag NCs by reducing Ag (1) dC1.
complex with NaBH. in agueous solution.? Antoku also studied polycytosine-encapsulated Ag
NCs using 8-, 12- and 24-base polycytosine DNA oligonucleotide at different pH-values in a
PhD dissertation presented to the Georgia Institute of Technology in 2007.% In 2009, Chang et
al. reported the synthesis of metal (Au and Ag) nanoclusters stabilized by DNA for biomedical
application as biomarkers.* Sharma et al. in 2010 similarly documented the synthesis of Ag
NCs using three strands of varying base lengths of 22, 29, 34, 46, and Cy5-DNA (the first three
of these are being used in this study) in aqueous solution studying the effect of the DNA base
lengths on the emission characteristics of the resulting DNA-Ag NCs.® Yeh et al. in 2011 also
reported the synthesis of guanine-rich oligonucleotide-templated Ag NCs as a molecular probe
which lights up upon binding with target nucleic acids.® Nithyaja et al. also synthesized DNA
stabilized Ag NPs in aqueous solution at room temperature for optical applications in
optoelectronics in 2012.” Between 2013 and now, several other researchers have similarly
published papers on DNA-templated Ag NCs in aqueous solution.8%10111213 However in all of
these studies, one of the concerns are raised is the containment non-fluorescent nanoparticles

during synthesis in aqueous solution.*41°,

Putting DNA at high dilution in small water droplets (nanoreactors),'® creates a situation where
it is likely to have one molecule of ssDNA per water droplet. By carefully controlling the
amount of Ag”* ions in the droplets there would be little possibility of making large (i.e. >10
nm) non-fluorescent Ag nanoparticles (Ag NPs) since there are not enough Ag* ions in the
droplets in the first place. Meanwhile, Ag" ions and ssDNA are both entrapped in the
nanoreactors hence not likely to escape into the oil phase since DNA can only be solubilized in

the aqueous phase of the emulsion system.!’

DNA is present in the chromatin of eukaryotic cells in the condensed form.!” Similar
observation of DNA existing in the condensed form in the water droplets of microemulsion
systems have been reported by researchers.!81920 Therefore, incorporating DNA into water
droplets in microemulsion systems also offers the opportunity of replicating in vitro, such
similar in vivo cellular physiology. Although the incorporation of DNA into microemulsion
systems has been studied and reported by some researchers in recent times, such studies were

however very few and limited only to DNA-containing water-in-oil microemulsion.”2°
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6.4 AIms

The aims of the work in this chapter are to produce small, fluorescent, Ag-nanoclusters bound
to ssDNA in microemulsion systems without, making large Ag NPs, thereby obtaining a cleaner
synthesis of DNA-templated Ag NCs; and to further investigate the interaction of the DNA
containing AgNOgz water-in-oil droplets with NaBH4 containing water-in-oil emulsion as a

means of producing AgP clusters of well-defined sizes.

6.5 Reaction Scheme

+ .

<<NDNA NaBH,

Water Water

Figure 6.1: Reaction scheme for the reduction of Ag"-ssDNA with sodium borohydride in
microemulsion droplets. Droplets containing aqueous solution of DNA oligomer (red portion
representing the sugar and phosphate groups, and the blue portion is the nucleobases), previously treated
with Ag (I) ions were reacted with NaBH. from another droplet to effect reduction and formation of
ssDNA-templated Ag NCs in a larger droplet.
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Ag NCs were prepared by reacting Ag* ions with ssDNA in a 1:6 ratio in microemulsion and
incubating in the dark for 30-45 minutes before reducing the Ag* ions with equimolar
portions of aqueous sodium borohydride in another microemulsion solution (Figure 6.1) and
then stirred for 5 minutes with a clean magnetic stirrer at 450 revolutions per seconds (rps).

6.6 Absorbance

Ultraviolet-visible absorption spectroscopy is helpful in determining cluster size and binding
between metals and ligands.?*?? Figures 6.2, 6.3, & 6.4, show absorbance spectra of DNA-
templated Ag NCs samples (Ag-DNA) in microemulsion (Figure 6.2a, 6.3a, 6.4a) and in
aqueous media as controls (Figure 6.2b, 6.3b, 6.4b). The concentrations of silver ions, DNA,
and borohydride, were the same in all cases these sets of reactions. However, there were three
different DNA sequences, and hence, three oligomer base lengths corresponding to the label:
DNAL, 2, and 3. These three sSDNAs comprise 22, 29, and 34 bases per molecule respectively.
In all, the 1:4, 1.5, and 1:6 ratios of silver to DNA bases (Ag: bases) were obtained for each of
the ssDNAs. There was a pair of experiments for each of these ssSDNAs with the 90 uM the 1
mM Ag" ions in aqueous solution (without the microemulsion). The aqueous solution
experiments served as the control. Altogether, there were six emulsion samples and another six

control samples.

There were no plasmon resonance bands in the UV-Vis spectrum of the 90 uM the 1 mM
microemulsion samples. But the presence of the plasmon resonance peak due to metallic silver
nanoparticles can be observed in the aqueous-reaction samples, particularly with the 1 mM
sample due to its higher silver concentration. Generally, there was a decrease in absorption
intensity of the DNA peak with the addition of Ag* ions, which is in agreement with similar
observation by Mello and coworkers.?® In the control samples however, this decrease is more
pronounced with higher silver concentration even as the silver plasmon band increases. Another
peak present at 240 nm in all the microemulsion emission spectra have been attributed to the

ligand to metal transition.?*
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Figure 6.2: Absorbance spectra of DNAL templated 90 uM and 1 mM Ag in (a) microemulsion (b)
aqueous solution.
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Figure 6.3: Absorbance spectra of DNA2 templated 90 uM and 1 mM Agin (a) microemulsion (b)
aqueous solution.
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Figure 6.4: Absorbance spectra of DNA3 templated 90 uM and 1 mM AgP in microemulsion (a)
microemulsion (b) aqueous solution.

The appearance of prominent plasmon band became more intense with increasing DNA type
(length) for the samples in the control samples. However, only the faintest hint of this band

can be noticed in the 1 mM Ag-DNA3 microemulsion samples (figure 6.4a).

Similar patterns were replicated in the other 90 uM and 1 mM Ag-DNA2 and 90 uM and 1 mM
Ag-DNA3 for both microemulsion and aqueous systems. Although, few variations were
observed with the 1 mM Ag-DNA2 & 3 aqueous (control) samples where the absorbance

seemed to trail off into the near infra-red (IR) region, an indication of light scattering.

The DNA absorption band of the microemulsion samples are comparatively less intense and
slightly blue-shifted as similarly observed by Pietrini and LuisiZ than was the case with aqueous
(control) samples. Similar changes in the wavelength of the DNA absorption peak maximum
upon addition of Ag* ions have been highlighted by Ritchie et al.? Meanwhile, there was no
noticeable light scattering in the UV absorption spectra of all the microemulsion samples,
indicating that the solutions were transparent to light.2° This implies that DNA molecules were

solubilized in the aqueous phase of the emulsion as was expected.
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6.7 Fluorescence

Figure 6.5, 6.6, and 6.7 are emission spectra for each of the three sSDNAs used in this study,
these show that all three DNAs are fluorescent. They all have emissions centred at 375 nm, and
display similar bandwidth of approximately 150 nm, spreading between 320 — 470 nm. Their
excitation energies are also similar and range between 290 — 330 nm in wavelength. Above
this excitation energy ranges, no emission was observed subsequently. In all the three sSDNAs,
the excitation energy at 310/315 nm produced the most fluorescence intensity. The observed
fluorescence of these ssSDNA samples is believed to be associated with contaminants from the

protecting groups during DNA synthesis.

DNAL 375nm

30 L .

E‘ 205 nm
e 315 um
:

E 15 4 335 nm
“

=

310 360 410 460

Wavelength (nm)

Figure 6.5: Emission spectra of agueous solutions of DNA1 only (without Ag). Excitation
wavelengths are shown in the figure legend.
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Figure 6.6: Emission spectra of aqueous solutions of DNA2 only (without Ag). Excitation
wavelengths are shown in the figure legend.
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Figure 6.7: Emission spectra of aqueous solutions of DNA3 only (without Ag). Excitation wavelengths
are shown in the figure legend.

Emission by DNA has similarly been reported by Liu and co-workers? working with 15-mer
poly-nucleotides. Again, Vaya et al., also observed fluorescence with Calf thymus DNA in

aqueous solution.?
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Figure 6.8: Fluorescence emission spectra of (a) 90 uM Ag-DNAL and (b) 1 mM Ag-DNAL in the
microemulsion. The encircled set of peaks are thought to be contaminants from the AOT. Spectra (b)
& (c) were acquired at emission and excitation slits each set at 2 nm in order to improve the signal to
noise quality.
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Figure 6.9: Fluorescence emission spectra of (a) 90 uM Ag-DNA2 and (b) 1 mM Ag-DNAZ2 in the
microemulsion.
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Figure 6.10: Fluorescence emission spectra of (a) 90 uM Ag-DNAS3 and (b) 1 mM Ag-DNAS3 in
the microemulsion.

Figure 6.8 a&b are emission spectra of 90 uM Ag-DNAL and 1 mM Ag-DNA1 microemulsion-
synthesized samples. These show a sharp emission band between ~320-325 nm centred at 315
nm with high intensity, and another at 645 nm which is broad and less intense. Between these
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two emission bands, is a set of complex bands with peak maximum centred at 401 nm which
are thought to be contaminants from the AOT. This was confirmed by determining the
differences in wavenumber between each successive peaks and were found to correspond to
1313.2 — 1517.4 cm™ with an average of 1393.5 cm™. This tallies with the stretch vibrational

frequency of a C—C bond or a C—H bend vibration of an organic compound.?"28

These spectra further indicate that two clusters of Ag® were produced according to their
wavelengths of emission. While the bands at 315 nm are attributed to small clusters, probably

of Agz or Ags?®, the 650/680 nm is ascribed to larger aggregated Ag NCs.!

Figures 6.9 and 6.10 (a&b) are very similar, they are emission spectra of 90 uM Ag-DNAZ2 and
1 mM Ag-DNA2 and 90 uM Ag-DNA3 and 1 mM Ag-DNA3 samples respectively in
microemulsion. They all have a single emission band at ~350 nm which is broad and low in
intensity with a shoulder at ~422 nm for the 90 uM Ag-DNA3 sample. These 350 nm emission
bands have excitation energies at 290 and 310 nm. Again, the similar sets of complex emission
bands were observed within 365 — 465 nm centred at 401 nm in these spectra which has been
assigned to contaminants from the AOT. No other luminescence bands were observed for these

samples.

Thus, there was only one emission band at 315 nm besides the complex set of peaks at 401 nm
for Ag-ssDNA2 and 3 microemulsion samples, and this was observed at relatively higher
wavelengths when compared with those of the Ag-ssSDNAL. The intensities of the 90 uM Ag-
DNAZ2 and 3 were slightly higher than the 1 mM Ag-DNAZ2 and 3 samples. Theoretically, the
large intensities of the signals at 320 and 680 nm are often indicative of a high concentration of
fluorophores,>*3 the wavelength of fluorescence emission is dependent on the electronic

density of state and hence, the size of the metal cluster.3>33
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Figure 6.11: Fluorescence emission spectra of (a) 90 uM and (b) 1 mM Ag NCs in the
microemulsion.

Meanwhile, figure 6.11 (a&b) are emission spectra for the 90 uM and 1 mM Ag NCs in chapter
three synthesized by the emulsion reaction, these did not contain any of the three sSDNAs. The
spectra show three emission bands at 305, 423/447, and 610 nm. The emission at 305 nm
represents the smallest Ag NCs which appear to be more in the solutions. As these clusters grow
in size, a new band appeared at 423/447 nm for both the 90 uM and 1 mM samples respectively,
followed by a third band at 610 nm attributed to larger aggregating Ag NCs.

Compared with the ssDNA-containing samples, these emission bands (figure 6.11) are
inherently different, with the exception perhaps of the Ag-DNA1 samples which look closest
to these, the peak positions of the ssDNA-containing samples are obviously different from those
in figure 6.11. On the basis of the observed differences in both set of spectra (figures 6.8, 6.9,
6.10, and 6.11) therefore, we can infer at this point, that the addition of the sSDNAs to the
emulsion samples changed the emission spectra, and thereby assume that Agn® were bound to

the ssDNAs in the microemulsion droplets.
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Figure 6.12: Emission spectrum of 90 uM Ag-DNAL at an Ag: base ratio of 1:4. Excitation
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Figure 6.14: Emission spectra of 90 uM Ag-DNAZ3 at an Ag: base ratio of 1:6. Excitation
wavelengths are shown in the figure legend.

Figure 6.12, 6.13, and 6.14 are emission spectra for the 90 uM Ag-DNA1, 2, & 3 in aqueous
solution without the emulsion; they are the control samples obtained under the same reaction
conditions as the microemulsion samples above. These samples were prepared by reacting
aqueous solutions of 90 uM of Ag* ions with 15 uM portions of either of the ssDNA1, 2, or 3
to maintain the molar ratio of 1:6 ssDNA molecule: 6 Ag*ions. These were shaken and then
similarly incubated for 30 minutes in the dark and were finally reduced with equimolar solutions
of aqueous 90 UM NaBHa.

The spectra of these samples show two bands of emission at 380 nm which is consistent for all
the ssDNAs, and a second emission band at 560, 510, and 590 for the Ag-DNAL, 2, & 3
respectively. The second emission band at 560 nm is very intense for Ag-DNAL relative to the
Ag-DNAZ2, and 3 samples. However, for Ag-DNAZ2, and 3, the band at 380 nm was more intense
than the >500 nm, meaning that the 380 nm band was more preponderant in both sample
solutions, while the Ag NCs concentration was low. The emission band above 500 nm emission
is generally ascribed to Agn-DNA clusters as supported by the reports of Sharma et al.,® and
Neidig et al.,?® in similar studies. The intensity of the 560 nm band for the Ag-DNA1 sample
was highest compared with the other two samples, implying that the Ag-DNAL1 sample
contained the most proportion of Agn NCs.

Put together, the emission properties of the three Ag-DNAs samples synthesized in

microemulsion and aqueous reactions show wavelength characteristics of Ag-ssDNA NCs
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comprising 2 to 8 atoms of Ag,3*3>2¢ and show red fluorescence in the ~ 500 — 700 nm region
of the visible light spectrum. According to the equation (N = (Er/Eq )®) correlating fluorescence
emission peak maximum with cluster size proposed by Buceta et al.,*” where Er and Eq are the
Fermi level (5.4 eV for bulk Ag) and the HOMO-LUMO energy bandgap, all three emulsion-
synthesized Ag NCs DNA-bound emissions in the 316 - 395 nm region were resolved to

correspond to 2 or 3 atoms of Ag.

Meanwhile, like previous researchers who had worked with these same ssDNAs, we have so
far observed some notable “anomalies” in the fluorescence properties of the Ag-DNA1 sample
which appears to be different from the other two: Ag-DNA2 and 3 with respect their base
lengths. Optical properties of the Ag-DNA2 and 3 samples seem to tally in a progressing
manner comparatively with each other according to their base lengths than did the Ag-DNA1
sample. Sharma et al.,’> and Neidig et al.,® observed notable dissimilarities in the optical
properties of Ag NCs-templated with DNA1 and those of DNA2 and 3 as well. These they
attributed to the DNA1 having formed a much larger number (~30) of Ag atoms per
molecule,!* and also that the differences in the sequences also affected the binding sites of the

Ag NCs on the DNA1,%° hence optical properties of the resulting Ag-DNA complex.

The band at 380 nm in figure 6.12, 6.13, and 6.14, are assigned to emissions due to the
individual ssDNAs; that is DNAL, 2, and 3 respectively. This band is consistent in all of these
samples and has similar characteristics with those of the separate sSDNAs earlier highlighted
in figure 6.5, 6.6, and 6.7. Their excitation energies are very much the same and the excitation
energy range similar. In addition, apart from having the same excitation energy maximum of

310/315 nm, their band width of 150 nm is also congruent, spanning between 290 — 490 nm.

To further confirm that the 380 nm emission was related to the individual sSSDNAs, another set
of experiments were done with a higher Ag: ssDNA-base ratio of 1:2 using a higher amount of
180, 217, and 255 uM Ag* ions per samples while keeping the concentrations of the ssSDNAs
constant at 15 uM, before reducing the Ag*-ssDNA complexes with equimolar aqueous
solutions of NaBHa. These would translate to a general ratio of 1:2 (Ag: DNA bases) for all
three oligonucleotides. The spectra obtained are presented in figure 6.15, 6.16, and 6.17 for the
three samples. While we observed only the 380 nm emission band in all three Ag®-ssDNA1, 2,

and 3 samples, the bands above 500 nm totally disappeared.
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Figure 6.15: Emission spectra of 180 uM Ag-DNAL at an Ag: base ratio of 1:2. Excitation
wavelengths are shown in the figure legend.
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Figure 6.16: Emission spectra of 217 uM Ag-DNAZ2 at an Ag: base ratio of 1:2. Excitation
wavelengths are shown in the figure legend.
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Figure 6.17: Emission spectra of 255 uM Ag-DNAS3 at an Ag: base ratio of 1:2.
Excitation wavelengths are shown in the figure legend.

These results imply that Ag-ssDNA clusters were not present in the 1:2 samples thus, indicating
that there were too many Ag® ions in the solutions which resulted in the formation of
nonfluorescent Ag NPs instead. More importantly however, is that the results further support
the initial assumption that the 380 nm emission was associated with the individual ssDNAs and
not attributd to DNA templated Ag NCs which are generally known to have emissions between

~ 500 — 700 nm as earlier stated.®
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Figure 6.18: Emission spectra of (a) 90 uM Ag NPs in aqueous solution in the absence of DNA (b)
absorbance spectrum of the same 90 uM Ag NP aqueous solution sample. The peaks indicated by red
arrows and asterisks (fig. 6.18a) are assigned to Raman peaks of water, and the second-order scattering
respectively.
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When the ssDNAs were removed from the reactions, leaving the 90 uM Ag" ions, and then
reducing this with equimolar aqueous BH4 solution, no fluorescence was observed (figure
6.18a). The absence of the ssDNAs is confirmed by the absence of the 380 nm band in the
spectrum. Also, the absence of any emission band similarly infers the absence of fluorescence
activity ascribed to Ag NCs more so, as any Ag NCs formed would be expected to rapidly
aggregate in the solution in the absence of a stabilizer. Furthermore, the absence of emissions
of Ag NCs in the spectrum in figure 6.18a, is confirmed by the appearance of a plasmon
resonance peak at 416 nm in the UV-Vis spectrum in figure 6.9b which is the signature of Ag
NPs.

6.8 Dynamic light scattering

Evidence are available from previous studies that DNA is encapsulated in water compartments
in water-in-oil microemulsions.}’~%° These have been possible because DNA is known to be
very soluble in aqueous solutions.!’~2° Literature report is unanimous in observing a condensed
form of DNA in water droplets.}”2° The condensation being driven by a combination of factors
which include compartment effect and strong coulombic interactions!® in the droplet

environment.
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Figure 6.19: DLS spectra of 90 pM and 1 mM Ag-DNAL microemulsion samples.
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Figure 6.20: DLS spectra of 90 uM and 1 mM Ag-DNA2 microemulsion samples.
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Figure 6.21: DLS spectra of 90 uM and 1 mM Ag-DNA3 solutions in the microemulsion.

All samples were analysed by dynamic light scattering (DLS) method and the results presented
in figures 6.19, 6.20, and 6.21 representing each pair of 90 uM and 1 mM Ag-ssDNAL, 2, and 3
samples. Generally, the three DNA-templated silver nanocluster samples show small (particles)
sizes of ~5.00/~10 nm and ~150 nm. However, a much larger “particle” size of ~1000 nm scale
can be observed especially if DLS measurement was obtained immediately after synthesis as
was the case for the samples in figure 6.19. These have been described as temporarily coalesced
droplets which have been reported to disappear much later (usually after 24 hours) post-
synthesis, thereby, leaving the predominant 5 and 100 nm sizes seen in figures 6.20 and 6.21.%

The 1 mM samples essentially formed large droplets of above 100 nm with only a very small
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proportion of the less than 10 nm reverse micelles. The observed size distributions are quite
similar with those reported by Sarkar and Pal,!” Swami et al.,*® Budker et al.,*® and Pietrini and
Luisi.?® It has been documented that for DNA-containing microemulsion droplets, two size
populations at the 5 and >100 nm sizes were obtained several hours post-synthesis.1”1%20 A
third “particle” size at ~1000 nm is not unusual (as was observed in figure 6.19 for 90 uM and
1 mM Ag-DNA1 samples)."1920

However, previous studies on DNA encapsulation in water droplets of microemulsion with
AOT as a surfactant unanimously reported that DNA is usually contained in the second droplet
size of >100 nm.1"12% This was confirmed by observing subsequent increases in droplet
diameter with corresponding increases in the concentrations of solubilized DNA,"-2° reaching
a maximum size at 50 - 60 nm after which there was no further concentration-size increase
effect.’® The conclusion was that the smaller 5/10 nm reverse micelles were “empty” and do
not contain solubilized DNA ~2° even though it is rather difficult to distinguish reverse
micelles with DNA from those without DNA in these (5/10 nm) sizes.’ ~2° DNA is reported to
be easily encased in water droplets sizes much smaller than its radius of gyration (~200 nm) for
calf thymus, lambda, and 5865-kb plasmid DNAs.*8:1°

Data from this study show basically two droplet populations, with the exception of the Ag-
DNAL samples whose DLS data were obtained less than 24 hours after synthesis. This
apparently explains the appearance of the third peak at 1000 nm in line with observations
mentioned previously in similar studies.}”1%? There were no changes in droplets sizes as a
function of DNA base lengths judging by the DLS measurements. According to reports by
previous researchers'’ 2 therefore, we may infer that DNA in the microemulsion samples
would be expected to reside in the 100 nm droplets and not the ~5 nm “droplet’. Although, the
90 uM Ag-DNA samples had a higher percentage of droplets in this 5 nm size category (65 -
100 %) and the reverse the case for the 1 mM Ag-DNA samples. A droplet diameter of ~50 nm
as supported by Rayleigh curve fitting of the emulsion data have already been reported in
chapter three. This would suggest that the emulsion reactions for the DNA templated Ag NCs

occurred essentially in the larger ~100 nm droplets.
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6.9 Transmission electron microscopy

Figure 6.22: Transmission electron microscopy images of (a&b): 90 uM Ag-DNA1 (c&d) 1 mM Ag-
DNAL.
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10 nm

Figure 6.23: Transmission electron microscopy images of (a&b): 90 uM Ag-DNAZ2 (c&d) 1 mM Ag-
DNAZ2.
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Figure 6.24: Transmission electron microscopy images of (a&b): 90 uM Ag-DNA3 (c&d) 1 mM
Ag-DNA3.
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Figure 6.25: Transmission electron microscopy images of (a): 90 uM Ag° (b) 1 mM AgP® without the
SSDNAs.

Transmission electron microscopy images were obtained from the emulsion samples by taking
aliquots of the microemulsion samples and adding an equal volume of deionised water to it in
a separating flask to achieve phase separation of the water and oil components, and then allowed
stand for 5 minutes. The denser aqueous phase at the base of the flask was carefully extracted
into a clean glass vial and portions of it further dissolved in another portion of water to minimise
and further dilute the solution against the encumbrant effect of the AOT. Finally, portions of
the resulting solution were drop-casted on TEM grids and allowed to dry before measurements

were taken.

TEM images obtained for all three ssDNAs with 90 uM and 1 mM Ag NPs are presented in
figures 6.22, 6.23, and 6.24, reveal a tendency to form packs of “colonies”. This is thought to
be connected with the Coulombic repulsion between the polyanionic DNA molecule and the
surrounding negative (anionic) polar head groups of the AOT molecules from the droplet
monolayer.!® Thus, forming a condensed structure of DNA in the emulsion as has been similarly
documented by previous researchers.'’ =2 The Ag NPs appear bound within the mesh of the
condensed DNA and could be seen as small dark masses of Ag enclosed in DNA “colonies”.
The electronic interaction between the solubilized DNA molecules and the enveloping AOT
polar head group causes DNA to fold up into a lump, and in doing so, similarly encases Ag NPs
as was observed in the TEM images presented. This may have the disadvantage of bringing the

Ag NCs closer together, thereby causing them to coalesce/aggregate and form large Ag NPs.
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These “colonies” of DNA encased Ag particles were not observed in the TEM images in figure
6.25 for Ag NPs of the emulsion samples that did not contain the DNAs. Instead, these were
characterized by randomly dispersed (homogeneous) array of Ag NPs, some of which can be
seen also lining the edge of the TEM grid. This was not the case with the DNA-containing
samples which generally agglomerated into what appears to be packs of Ag NPs-encased DNAS
lumps, without the regular homogeneity observed for the control samples in figure 6.25. The
entrapment of clusters of Ag® within the condensed mass of DNA in all the DNA-containing
samples may promote the tendency of AgP to aggregate especially in some cases, like in the
images of the 90 uM and 1 mM Ag- DNAS3 samples (figure 6.24). Whereas, in the samples of
90 uM and 1 mM Ag-DNA1 we can observe basically small isolated Ag® NPs within the mesh
of DNA.

Apparently, the sizes of the particles in figure 6.25 as indicated by the scale bars, are indeed
smaller than the DNA-containing samples in figure 6.22 — 6.24. These evidence put together,
demonstrate the presence of DNA in the emulsion samples in figure 6.22 — 6.24. Generally, the
sizes of the DNA-containing samples range from ~50 — 200 nm, and appeared to match with
similar values obtained from the DLS measurements. The absence of particle sizes of ~ 1000
nm from the TEM measurements is a confirmation that these 1000 nm values obtained in the
90 pM and 1 mM Ag-DNAL1 DLS measurement are temporary coalesced droplets which
disappeared (broke off) hours later as earlier explained.

6.10 Electrophoresis

Further analysis of the as-synthesized Ag-ssDNA samples by agarose gel electrophoresis
(AGE) was made considering that DNA was highly negatively charged. Therefore, the idea was
to observe the migration of Ag-bound DNA species stained with ethidium bromide across the
medium according to their sizes in response to the applied electric potential. However, this was
not successful. Ethidium bromide (EtBr) usually has an intense fluorescence with DNA. 1t is
believed that the hydrophobic environment between DNA-base pairs where ethidium cation
intercalates is responsible for this strong EtBr luminescence in double-stranded DNASs.*® By
moving into this hydrophobic centres in double-stranded DNAs, ethidium cation loses it
associated water molecules, thereby, becoming highly fluorescent since water is an efficient
fluorescent quencher.*® Reports indicate that single-stranded DNASs can also show fluorescence
with EtBr if there is a fold up of the strand thereby providing a local base-pairing (intrastrand

duplexes) for intercalation with EtBr.*2*2 It is thought that ethidium cation did not intercalate
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with the ssDNA molecules in the samples under analysis. Although, the instrument’s
transilluminator is of a fixed 314 nm excitation wavelength, thereby limiting the possibility of
varying the excitation energy. Nonetheless, we should have observed luminescence of the Ag
NCs even at this excitation wavelength. The failure to observe luminescence therefore, suggests
that the Ag NCs may have aggregated or been oxidised. This would seem possible in the
presence of oxidising agents like the Br™ ion from the EtBr molecule in the solution as well as
dissolved oxygen. The sensitivity of metal particles towards oxidation has been documented by
Mulvaney et al.** Furthermore, such unique redox properties and reactivity of small metal

particles towards nucleophiles have similarly been expounded by Henglein.*

6.11 Electrospray ionization mass spectroscopy

Electrospray ionization mass spectroscopy (ESI-MS) results are shown in figures 6.26 — 6.30
for the 90 uM and 1 mM Ag-DNA samples. These reveal two regions of m/z distributions
between 200 — 600 m/z for the Ag-containing DNA samples (figures 6.26b&c - 6.29b&c), and
700 — 1300 m/z (figures 6.26a - 6.29a) for the DNA samples only. Further analyses of these
spectra, indicates that there are two observed chemical groups according to the m/z regions. At
the lower m/z range of 465 to 600, this corresponds to silver nanoclusters similar to those
obtained in the emulsion experiments in the previous chapter (Chapter three). This was
confirmed when matched with the theoretical peaks (see inset figure 6.30). The other signals at
the higher m/z range of 700 to 1300 corresponding to free ssSDNA molecules are evident by the
lack of Ag isotopes (figure 6.26a - 6.29a). This can be seen much more clearly in figures 6.27a
especially, and in figure 6.29a. When DNA was added to the Ag* ion-containing 90 uM and 1
mM microemulsion droplets and then reduced with emulsion droplets containing NaBH4, we
still observed essentially the DNA signals at the same m/z as was initially recorded for the
individual DNA samples without Ag. These led to the conclusion that Ag did not form a stable

complex with DNA in the microemulsion.
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Figure 6.26: Full ESI-MS spectra of (a) Free sSSDNA2 (b) 90 uM Ag-DNAZ2 conjugate (c) 1 mM Ag-
DNAZ2 in microemulsion. Red asterisks represent DNA signals.
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Figure 6.27: Full ESI-MS spectra of (a) Free ssSDNA2 (b) 90 uM Ag-DNAZ2 conjugate (c) 1 mM Ag-
DNAZ2 in microemulsion. Red asterisks represent DNA signals.
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Figure 6.28: Zoomed in ESI-MS spectra at higher m/z (600 — 1300) of (a) Free ssDNA3 (b) 90 uM
Ag-DNA3 conjugate (c) 1 mM Ag-DNAS3 in the microemulsion. Red asterisks represent DNA signals.
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Figure 6.29: Zoomed in ESI-MS spectra at higher m/z (600 — 1300) of (a) Free ssDNA3 (b) 90 uM
Ag-DNAZ3 conjugate (c) 1 mM Ag-DNA3 in the microemulsion. Red asterisks represent DNA
signals.
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experimental and calculated spectra of the peaks centred at 591.1.
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Figure 6.31: ESI-MS spectra of (a) 90 uM and (b) 1 mM Ag" ions in microemulsion.
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Figure 6.26 — 6.29 containing ESI-MS spectra of all the samples were acquired after phase
separating the oil and water phases and subsequently running the predominantly aqueous
portion through the Restek cartridge to further eliminate remnants of the organic components
of the emulsion, and then diluting further before running them through the ESI-MS instrument

to obtain the m/z ratios and isotopic abundance of the samples.

Figure 6.26a is the spectrum of DNA2 only, (b) and (c) are the spectra of 90 uM and 1 mM Ag-
DNAZ2 respectively, these are the full spectra of the individual samples. What is immediately
observed is the difference in the spectrum of DNA2 sample from those of Ag-containing 90
MM and 1 mM Ag-DNA2 samples. This difference is highlighted by the obvious differences in
the peak distributions of the samples. The DNA2 samples show DNA signals at higher m/z ratio
region of ~550 — 1300 m/z, whereas the AgP-containing samples have Ag isotope signals
between 200 — 700 m/z approximately. Beyond this range, no signals were subsequently
observed for both the 90 uM and 1 mM Ag-DNAZ2 samples. Invariably therefore, two distinct
m/z ratio regions were obtained for the DNA2 and the samples with AgP.

Analysis of the peak distribution obtained from the 90 uM and 1 mM Ag-DNAZ2 samples, reveal
similar isotopic patterns similar with those observed in the spectra of the 90 uM and 1 mM Ag°
without the DNAs (figure 6.30). Yet again, like the spectra of the DNA-free samples in chapter
three, both spectra of the 90 uM and 1 mM Ag-DNAZ2 are quite similar. These contain signals
of Ag isotopic distributions which can be observed between 200 — 700 m/z region in fig. 6.26
and 6.28. Although, one or two peaks assigned to Ag. and Ags was recorded at 220 and 368
m/z just like the samples in the previous chapter three, a set of peaks between 465 — 600 m/z
are a collection of various species of Aga clusters was similarly observed. These latter group of
peaks, analogous with the DNA-free Ag® samples were analysed and found to correspond to
[AgsB30s(BH3)2.H2O] with a m/z value of 591.1 which contains one BHz group more than the
previously studied DNA-free sample which was not well resolved as these present samples.

Zooming closely into the 600 — 1300 m/z region (figure 6.27) for the DNAZ2 only, and the 90
MM and 1 mM Ag-DNA2 samples, we observed the DNA signals at the same positions in the
DNAZ2 (control) samples and the 90 uM and 1 mM Ag-DNA2 samples. We also observe signals
between 650 and 1000 m/z which could not be assigned to Ag species because the peaks did

not match with species of Ag® when further investigated.

Analyses of the ESI-MS samples for DNA3 only (without Ag), the 90 uM and 1 mM Ag-DNA3

samples in figure 6.28 and 6.29 show a similar pattern of results with the DNA2 samples above.
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Again, the Ag-containing DNA3 samples are different from the sample of DNA3 (only) as
would be expected. Similarly, rather than observe an amalgamation of groups of signals related
to a Ag-DNAZ3 conjugate with successive peaks different form each other by a number of Agn-
atoms, where n are integer values representing the number of Ag-atoms added to the DNA
molecule, rather the same split in to two groups of materials: one at the lower m/z ratio of 100
— 600/700 m/z for Ag NCs, and another set of signals at 600 — 1300 m/z assigned to were
observed yet again. The region between 100 — 400 m/z in the spectra of the individual DNAs
represents signals from the solvent (water); while the most prominent signal at 421 m/z in all

the AgP-containing samples has been to assigned to the AOT surfactant.

Peaks of Ag» and Ags species have also been identified in the spectra of the 90 uM and 1 mM
Ag-DNA3 samples as well. These were observed at 220 and 367 m/z ratio in the lower region
of the spectra. The region between 465 — 600 m/z again, produced the group of peaks attributed
to species of Ags identified by their isotopic peak patterns, and by analysing the differences
between each succession of peaks and then resolving the respective m/z values to obtain the
component chemical groups associated with the Ag«° clusters. These were again, resolved to
[Ag4B30s5.H20(BH3)2]” with a m/z value of 591. Note that the molecular formula of these
species has been written in order of the m/z values of the successive peak differences between

these groups of peaks in the 465 — 600 m/z region.

After this 591 m/z peak, no other peaks of AgP species were identified in the higher m/z regions.
This implied that no other bigger clusters of Ag were available, and further indicate that these
Ag.° clusters are the largest clusters in the distribution, hence we have referred to them as the
“parent clusters”. The presence of this parent clusters, indicate their evolution from the small

Ag2 and Ags species earlier identified in the spectra.

In the zoomed in spectra of the 90 uM and 1 mM Ag-DNAS3 samples in figure 6.29, we can also
observe DNA signals in all three spectra including the Ag®-containing 90 uM and 1 mM samples
in the higher 600 — 1300 m/z region of the spectra. These portend that Ag-DNA conjugates

were not formed or was rather unstable.

Meanwhile, analyses of 90 uM and 1 mM Ag™ ions in microemulsion (without reducing the Ag*
ions), and running these through the ESI-MS instrument after similar separation process
observed for the previous samples was done as a control experiment. The results showed no
peaks that could be assigned to Ag in the spectra of both the 90 uM and 1 mM Ag" ions control
samples (see figure 6.31a&b) as were observed for the 90 uM and 1 mM Ag-DNA2 & 3 samples
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earlier analysed. These confirm that we have made Ag NCs in the reduction reactions as

expected.

6.12 Nuclear magnetic resonance (NMR) spectroscopy

Figure 6.32: Fluorescence images of Ag-DNA1 (Black-green), Ag-DNA2 (Yellow), and Ag-DNA3
(Orange) in 99 % D0 solution (in NMR tubes) under UV light.

To further understand the interaction between ssDNA and Ag, with the three oligonucleotides
(DNAL: 22-mer (5'- TGACTAAAAACCCTTAATCCCC-3' (TsCsAsG1)), DNA2: 29-mer (5'-
AGTCACCCCAACCTGCCCTACCACGGACT-3' (T4C14A7G4)), & DNA3: 34-mer (5'-
GGCAGGTTGGGGTGACTAAAAACCCTTAATCCCC-3'  (T7C9A9Gy)) used for the
emulsion experiments with the ratios of Ag": DNA-base maintained as was with the
microemulsion experiments above, but this time, the Ag-ssDNA clusters were made in D2O
solution at room temperature. The NMR measurements being sensitive to analyte concentration
(the ssDNAs), the proportions of the reactants concentrations were therefore increased to 0.48,
0.34, and 0.18 mM corresponding to 10.6, 9.88, and 6.02 mM DNA-base concentrations so as

to obtain good spectra resolution.

Each of the ssDNAs was dissolved in 400 puL D»O and then 100 pL appropriate portions of the
AgNOs solution was added to obtain an Ag*: ssDNA base ratio of 1:4. 1.5, and 1:6 for ssDNA1,

2 & 3 respectively, and then allowed to stand in the dark for 30 minutes before being reduced
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with appropriate equimolar portions of 100 uL D20 solutions of NaBH4. All reactions were
done at room temperature, under a nitrogen atmosphere. The resulting Ag-DNA2 and 3 samples
(yellow and orange colours respectively) were seen to be brightly luminescent when observed
under UV light (figure 6.32).

Figure 6.33 is a 'H NMR spectra of the three ssSDNA oligonucleotides used in this study. All
three spectra show signals consistent with the various components of DNA molecule: the
nucleobase, and ribose sugar. Special attention is focussed on the four different nitrogen-
containing nucleobases and the hydrogen atoms of the purine and pyrimidine aromatic ring®

appearing between 7.0 and 8.5 ppm*>#® which make up the individual nucleobases.
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Figure 6.33: 'H NMR spectra of oligonucleotides a) DNA1 (22-mer) b) DNA2 (29-mer); and ¢) DNA3
(34-mer) dissolved in 99 % D,0. All spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as
a reference. Asterisks are signals from the DNA protecting groups used during the DNA synthesis.
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6.12.1 H NMR study of Ag-DNA1
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Figure 6.34: 'H NMR spectra of oligonucleotides (a) DNAL (22-mer) (b) Ag*-DNAL; and (c) Ag-
DNAL. All spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as a reference.
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Figure 6.35: 'H NMR spectra of oligonucleotides (a) DNA1 (22-mer); (b) Ag*-DNA1; and (c) Ag-
DNAL. All spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as a reference.

Figure 6.34 is a stacked 'H NMR spectrum of (a) DNAL, (b) Ag*-DNAL1 and (c) Ag’>-DNA1
respectively, this shows the effect of adding Ag™ ions to the ssSDNA1 and then reducing it with
NaBHs DO solution. For the purpose of this study, emphasis is placed on the aromatic
resonance signals already assigned between 7.0 — 8.5 ppm, which is considered the binding
sites for Ag* ions.! This region has been further expanded to highlight these signals in figure
6.35 above.
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The peaks between 1.5 — 1.9 in figure 6.34 have been assigned to the methyl protons (CHz) of
the thymine nucleobase. Following these are a group of peaks at 2.0 — 3.0 ppm representing the
H2’ and H2” of the ribose sugar. A combination of peaks at 3.9 — 4.7 ppm are resonance signals
of H5’/H5” and H4’ in that order also belonging to the sugar group of DNA. These are
immediately accompanied by the strong signal of the deuterium solvent (HOD) at 4.7 ppm,
which is closely coupled with the H3’ signal at 4.8 — 5.2 ppm also belonging to protons of the
sugar group. The cytosine H5 (CH5) breaks the order for the protons of the ribose sugar,
appearing next at 5.5 — 5.9 ppm, accompanied closely by the H1’ sugar proton which appeared
at 6.0 — 6.7 ppm. Then is the turn of the aromatic proton signals already assigned again to the
7.0 — 8.5 ppm region and collectively represent protons of the four nucleobases (A, C, G, and

T) with the exception of the amino and imino protons.*”46:48

A general loss of intensity of the signals of the aromatic protons between 7.65 — 8.25 ppm on
the addition of Ag* ions to DNAL (figure 6.35b), are attributed to bonding occurring at multiple
sites of the ssDNAL1 molecule. The loss of signal intensity is ordinarily associated with
exchange interactions between magnetic nuclei® from the different chemical environment. This
results in the broadening and sometimes the flattening out of the resonance signals to baseline
in the NMR spectrum. Exchanges occur when nuclei change magnetic environment either as a
result of conformational change caused by the rotation of the molecule about a bond, or by a
chemical reaction involving the breaking or formation of bond(s).>!>2

The signals in the 7.65 — 8.25 ppm region were also observed to be displaced downfield of their
initial positions up to 9.47 ppm (figure 6.35b). A chemical shift value of AS = 1.3 ppm was
obtained for the AH8 signal from its initial position of 8.20 ppm prior to the addition of Ag*
ions, to 9.47 ppm after the addition of Ag” ions to the ssDNA1 molecule (figure 6.35b). The
displacement of the resonance signals relative to their initial positions, as well as the broadening
of the proton signals are considered here as indications of binding of Ag® ions to the
nucleobases. The magnitude of the displacement of the AH8 signals in terms of the Ad value of
1.3 ppm, was considered as a measure of the deshielding /electron cloud displacement effect on
the protons. The decrease in the electron cloud around nuclei can result from the introduction
of an electrophile such as Ag" ion in this case, on electron rich sites on the DNA molecule. The
addition of the Ag™ ions to the ssDNAs is thought to have caused an enhanced mesomeric effect
in the aromatic rings, with the electron cloud around the magnetic (proton) nuclei being pulled
more towards the now electron-deficient site of the electrophilic attack considered to be the

nitrogen (N) sites of the nucleobase. Thereby, leaving the proton nuclei more exposed to the
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effect of incident magnetic field, causing it to resonate at a higher frequency and therefore

resulting in a shift downfield from its previous &-position.

Although, binding may have occurred on multiple sites of the oligonucleotide according to the
observed loss of intensity and displacement of the TH6 CH6, GH8 and AH8 resonances of the
sSDNA1 molecule, CH6 signals generally, and the AH8 at and 8.21 ppm (shifted to ~ 9.60 ppm
in figure 6.35b) were the most affected. This is because their signals were significantly
diminished in intensity after binding with Ag™ ion (figure 6.35b), they were together the most
significantly shifted downfield of TMS. These observations enable the conclusion that binding
took place on the adenine AN7 site and cytosine CN3 to a greater extent than the GN7 and TN3

positions in general.

However, the intensity of the broadened aromatic signals was not restored after reduction of the
Ag*"-DNA1 complex. Instead, further broadening of the signals which lead to a complete loss
of intensity was noticed, an indication of strong conformational changes on the ssDNA1
molecule after the reduction of Ag*-DNAL to Ag-DNAL.
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6.12.2 'H NMR of Ag: DNA2
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Figure 6.36: 'H NMR spectra of (a) DNA2 (29-mer) oligonucleotide (b) Ag*™-DNA2 and (c) Ag-
DNA2. All spectra acquired at 298 K in DO with tetramethylsilane (TMS) as a reference. Encircled
peaks represent the aromatic region of the ssDNA molecule and the binding site for Ag* ions.
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Figure 6.37: 'H NMR spectra of (a) DNA2 (29-mer) oligonucleotide (b) Ag*-DNA2 and (c) Ag-DNAZ2.
All spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as a reference.

Figure 6.36 shows the differences in the *H NMR spectra of (a) DNA2 only, from those of the same
ssDNA2 molecule after reacting with Ag™ ions (Figure 6.36b), and after the reduction of the resulting
Ag*"-DNA2 complex (Figure 6.36¢). These again are expanded in Figure 6.37a, b, and c for

better resolution and analysis of the aromatic region of the spectra.

Upon the addition of Ag*™ ions to DNA2 in D20, again the aromatic signals broadened out to

baseline as the signal intensities were lost due to exchange interactions of the nuclei. Apart from
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the three prominent bands in the 7.40 — 7.75 ppm, we could not see any other signals in the

aromatic region in figure 6.37b.

However, on reducing of the Ag"'-DNA2 cation, unlike the DNA1 (figure 6.37c), we observed
the reappearance of the aromatic signals which became even more resolved and slightly more
shifted upfield of TMS, appearing at lower frequencies from their initial positions prior to the
addition of Ag* ions to the DNA2 molecule. This was not the case with the DNA1, and was
thus considered a significant observation, as it would be seen in the subsequent section that the
Ag-DNA1 sample was the only one (of the three ssDNAs) which did not produce fluorescent
Ag NCs in the NMR experiments.

Meanwhile, the spectra of the Ag-DNA2 sample after reduction revealed further important
information: the region between 8.10 — 8.20 ppm of the ssSDNA2 sample (figure 6.37a) initially
showed two broad peaks assigned to the coupling of the AH2 and AH8 signals. The AH2 signals
at 8.10 and 8.16 ppm became better resolved and sharper upon reduction of the Ag*™-DNA2
complex and slightly shifted upfield. However, interesting to note is the appearance of two new
broad but weak signals at 8.14 and 8.19 ppm, each coming just after their preceding stronger
AH2 signals, these weak signals belong to the AH8 resonance initially coupled with AH2
resonances. These two “new” AH8 signals together with the CH6 doublets at 7.70 and 7.58
ppm (which broadened, the latter almost completely) were the most significant changes to the
aromatic signals of the Ag-DNA2 compound after reduction. Therefore, we infer that the Ag
NCs were possibly bonded to the cytosine N3 and adenine N7 sites of the DNAZ2
oligonucleotide.

The observed sensitivity of the ribose sugar protons of DNA was ascribed to conformational
changes in the DNA molecule following bonding of the nucleobase with metal ions, 35455
The bonding of Ag" ions to the nucleobases should induce some concomitant conformational
change on the DNA molecule as demonstrated in figures 6.34b and 6.36b. The aromatic region
displayed a more prominent chemical shift changes (7.0 - 9.5 ppm) downfield of the reference
TMS.! These have been interpreted as indications of binding of Ag* ions to the DNA leading
the formation of Ag*-DNA complex.>"%8%° Petty et al., and Chakraborty et al.,>° both reported

similar binding occurrence between Ag* ions and oligonucleotides in related studies in D20O.
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6.12.3 'H NMR of Ag: DNA3
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Figure 6.38: *'H NMR spectra of (a) DNA3 (34-mer) oligonucleotide (b) Ag*-DNA3 and (c) Ag-DNA3.
All spectra acquired at 298 K in D20 with tetramethylsilane (TMS) as a reference. Encircled peaks
represent the aromatic region of the ssDNA molecule and the binding site for Ag* ions.

187



Chapter Six Hector Henry Oyem

a)

b)

9% 96 94 92 90 88 56 84 82 B0 T8 TE T4 T2 TN
o (ppm)

Figure 6.39: *H NMR spectra of (a) DNA3 (34-mer) oligonucleotide (b) Ag*-DNA3 and (c) Ag-DNA3.
All spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as a reference.

Figures 6.38a, b, and c, are 'H NMR spectra of DNA3, Ag*-DNA3 and Ag-DNA3 respectively, and
similarly expanded in figure 6.38a, b, and c for the purposes of studying the aromatic resonances. The
assignments of signals in this region, follows similarly with those of the previous two ssDNA1 and 2
using the *H, *3C, homonuclear correlation spectroscopy (COSY), and the heteronuclear single quantum
coherence (HSQC) NMR data for the samples, in combination with similar DNA assignments in the

literature.*760.61

CHS5 signal appeared between 5.62 — 6.10 ppm, while the CH6 were recorded at 7.40 — 7.80 ppm where
they can be distinguished by their doublet structure. TH6 resonances were observed between 7.35 —7.45
ppm, within the same region of 7.40 — 7.75 ppm are signals of AH2 which appear coupled with other
AH2 resonances. GH8 signals appeared at 7.85 — 7.93 ppm, followed by resonance signals of the AH8
groups at 8.15 — 8.25 ppm.
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The addition of Ag*ions to ssDNA3 also followed similar trends of loss of signal intensities in the
aromatic region, but unlike the Ag*-ssDNAZ2, these did not flatten out completely. Like with the previous
Ag-ssDNAL sample, there was an apparent shift in the resonances downfield from their initial positions
after adding Ag* ions to the ssDNA3 solution. Although, this downfield shift was smaller, covering a
range of Ao ~ 0.20 ppm compared with the Ad = 1.30 ppm shift of the Ag*-ssDNAL sample. The
CH6 signals at 7.20, 7.28, 7.34, 7.92 ppm in figure 6.39a broadened, while a few became
sharper after adding Ag" ions (figure 6.39b). The GHS signal at 7.96 ppm also lost its initial
intensity, however, the pair of AH2 and AHS8 signals which often appeared coupled, become
uncoupled after addition of Ag" ions. The appearance of these AHS8 signals and the ensuing
chemical shift from their previous positions where they were coupled with the AH2 resonances
are indications of binding to the AN7 site of the DNA3 molecule. Further evidence of Ag" ion
binding to AN7 was confirmed by the chemical shift and significant loss of intensity of the
terminal AHS at 8.29 ppm (figure 6.39a), appearing at 8.42 ppm after the reaction with Ag"” ion
in figure 6.39b. In conclusion therefore, although Ag* ion seems also to have bonded on the

GN7, results indicate that binding occurred more preferentially on the CN3, AN7 sites.

The reduction of the Ag*-ssDNA3 complex saw the re-emergence of the aromatic signals back to their
original positions prior to the addition of Ag* ions to the sSDNA3 solution. The aromatic signals also
became better resolved as their intensities were apparently improved. The reappearance of the proton
signals after reduction was interpreted as an indication of less conformation change to the DNA2 and 3

molecules after forming Ag-ssDNA2 and 3 compounds.

The binding positions of Ag* ions to DNA1, 2, and 3 were influenced by the concentration
ratios of Ag* ions: DNA-bases going by the results obtained in these experiments.! Petty et
al.,?! noted two modes of binding between Ag* ion and the oligonucleotides. At low Ag*: DNA-
base concentration of 1:5 ratio or less, strong binding took place at the N7 position of the purine
ring in adenine and guanine. However, weaker coordination occurred when binding took place
simultaneously at both the N1 and N7 positions of the pyrimidine and purine rings of adenine
and guanine nucleobases for higher Ag*: DNA-base concentration ratios in the order of 1:2. In
our experiments, the concentration ratio of the Ag-DNA1 sample was above the 1:5 threshold
for the formation of stable Ag-DNA complexes according to Petty et al.?* As was demonstrated
in figure 6.35hb, the shifts of the AH2 and AHS8 signals are demonstrations of simultaneous
binding at the adenine (AN1 and AN7) sites of ssDNAL1. Meanwhile, Kumar and Kumar
reported that a higher Ag: ssDNA-base ratio favoured a red-fluorescence of the resulting Ag-

DNA complex, just as was observed with the DNA2 and 3 in our study.®
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6.13 3P NMR study of DNA1, 2, and 3 in D20 solution

3P NMR analyses of the samples were similarly undertaken in D20 solution to further
scrutinize the interaction of Ag* ions with the DNA molecules before and after reduction, and

results are displayed below.
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Figure 6.40: 3P NMR of DNA1 (a) DNA1 only (22-mer) oligonucleotide (b) Ag*-DNAL1 (c) Ag-
DNAL in D;O at 298 K in D,O with 85 % phosphoric acid as a reference.
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Figure 6.41: 3'P NMR of DNA2 (a) DNAZ2 only (29-mer) oligonucleotide (b) Ag*-DNA2 (c) Ag-DNA2
in DO at 298 K in D,O with 85 % phosphoric acid as a reference.
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Figure 6.42: 3P NMR of (a) DNAS3 only (34-mer) oligonucleotide (b) Ag*-DNA3 (c) Ag-DNAS3 in
D0 at 298 K in D,O with 85 % phosphoric acid as a reference.

There were no shifts in the phosphorus peak positions in any of the 3P NMR spectra collected
for the three DNA oligonucleotides after addition and reduction of Ag™ ions (figure 6.40, 6.41,
and 6.42). However, a significant broadening and splitting of the 3P NMR peak of the Ag*-
DNA1 sample was observed after adding Ag* ions to the DNA1, whereas, we could barely
notice any significant broadening in the 3P NMR spectra of the other two Ag™-DNA2 and 3
samples. This was considered important because the Ag*-DNAL1 sample was the only one of
the three whose aromatic signals were not resolved after reduction of the Ag*™-DNA1 complex.

The significant broadening of the 3P NMR signal of the Ag-DNA1 sample is thought to
indicate that binding may have also occurred on the ssSDNA phosphate backbone. This was
considered to account for the remarkable 3P NMR signal broadening of the Ag-DNA1 sample.
The binding of Ag* ion to the phosphate oxygen, could apparently result in such significant
enlargement of the 3'P NMR signal as was observed with this sample. This makes a strong case
that binding probably occurred on the phosphate side of the molecule. This proposition is given
credence on the basis of the higher concentration of Ag™ ions in this sample relative to the other
two (ssSDNA2 and 3). This high Ag™ ion concentration may have caused binding to occur at N1,
N7, and PO4* (multiple) sites on ssDNA1. Conformational changes to DNA structure are often
monitored by observing the changes in the signals of the phosphate group in the 3P NMR

spectra.*®
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There were no signs of phosphorus-31 NMR peak broadening in the ssDNA2 and ssDNA3
samples after adding Ag™ ions to the individual ssDNAs. However, no apparent broadening of
the 3'P NMR signals of the DNA2 and 3 samples were noticed when Ag* ions were added to these
two DNA solutions. The effect of adding Ag* ions to the DNA1 solution of the 3P NMR samples
was significant, with the 3P signal broadening more remarkably. The splitting of the 3P NMR
signals following the addition of Ag*ions to the ssDNA1 was also observed. This phenomenon
is associated with spin-spin relaxation and interaction between pairs of magnetic nuclei.®® Such
peak-broadening are strong indications of conformational changes in DNA backbone® as
previously stated. These effect put together were more prominent in the Ag*-DNA1 3P NMR
samples. Therefore, demonstrating that the DNAL1 molecule may have undergone a major

conformational change following the addition of Ag" ions to it.

6.14 'H NMR of DNA Mononucleotides

In an effort to gain further insight into the binding of Ag* ions with the nucleobase on DNA, a
series of experiments was conducted with the mononucleotides and Ag* ions ata 1:2 (Ag: DNA
base) ratio. The 1:2 ratio was used instead of a 1:4, because of the 1:4 ratio produces weak

NMR spectra resolution and therefore the 1:2 ratio was maintained.

'H NMR spectra obtained for each of the four A, T, G, and C, DNA mononucleotides with Ag*
ion, and after reduction with NaBHa all in DO solution under argon gas atmosphere at room

temperature are presented below.
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6.14.1 Adenosine IH NMR
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Figure 6.43: 'H NMR spectra of a) adenosine b) adenosine_Ag* complex and c)
adenosine_Ag. All spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as a
reference.

Results of the reaction of Ag* ions with adenosine in D2O solution, display similar loss of
intensity as was observed with the oligonucleotides (figure 6.43). The peaks at ~6.20 ppm
represent H1’ resonance of the sugar component of the nucleotide and those in the aromatic
region at 8.20 and 8.70 ppm are assigned to adenine AH2 and AH8 signals respectively. After
incubating with Ag*ions for 30 minutes (figure 6.43b) with exception of the methyl (CHs) peak
at ~1.9 ppm, these signals almost broadened out completely as their intensities were lost. A
more significant shift in peak position of the AH8 signal with respect to the AH2 after adding
Ag" ions was only observed at the aromatic region as was previously indicated by Ritchie et
al., Petty et al., Sharma et al., and Gwinn et al.,>1>3 this demonstrate a preference for the AN7
binding site of the adenosine molecule. Since Ag* ion is not paramagnetic, the loss of intensity
and broadening of the aromatic signals indicates some exchange interactions of the magnetic
proton nuclei. This loss of intensity and displacement of the resonance signals were interpreted

as evidence of binding between Ag* ions and adenosine mononucleotide.

However, on reducing the Ag* ions with an equivalent portion of the NaBH4 solution, the peaks
reappeared and became slightly more intense than previously observed in figure 6.43b, but also
a little shifted upfield of TMS (figure 6.43c). Drawing inferences from the reduced Ag-DNA2

and 3 samples therefore, the restoration of the signal intensities of the AH2 and AHS8
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accompanied by their upfield shift, were considered as indications of stable binding between
adenosine 5’-mononucleotide and Ag to form adenosine _Ag complex. Since the AH8 signal

was the more upfield-shifted of the two nucleobase protons after reduction, we consider that

the preferred binding site of Ag on the adenosine 5’-mononucleotide.

6.14.2 Cytidine 'H NMR
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Figure 6.43: 'H NMR spectra of (a) cytidine (b) cytidine_Ag* complex and (c) cytidine_ Ag. All
spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as a reference.

Apart from the slight shift of both the H1’ of the sugar group, and the cytosine CH6 resonance,
cytidine *H NMR spectra (figure 6.44b) showed no loss of peak intensity or broadening after
incubating with Ag* ions. The marginal chemical shift of approximately 0.2 ppm downfield
from the initial H1” and the CH6 peak positions, generally implied that Ag* ions were bonded
to cytidine at the N3 position.>® A chemical shift of peak position downfield was noted as a
sign of deshielding of NMR protons, which would be expected upon the introduction of an
electrophile to an electron-rich site. This proposition is further strengthened by the fact that
after reduction, these initially displaced peaks returned to their former positions pre-Ag* ion
addition. Thus, signifying an upfield shift (shielding effect) of the protons following reduction
of the Ag" ions.
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However, because these signals returned to their initial position pre-Ag* ion addition and not
further upfield, we may conclude that the cytidine_Ag complex may not have been stable. The
return of the signal to their original position after reduction was interpreted as a reversible
effect. This notwithstanding, the experiment showed that Ag" ions bonded to cytosine
nucleobase at the nitrogen (N3) site and the resulting mesomeric effect caused a slight

deshielding of the CHG6 proton, bearing in mind its distance from the reaction centre.

6.14.3 Guanosine 1H NMR
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Figure 6.44: *H NMR spectra of (a) guanosine (b) guanosine _Ag* complex and (c) guanosine _ Ag.
All spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as a reference.

Guanosine mononucleotides, showed pronounced loss of resonance signal intensities on
treating with Ag* ions. This implied that exchange interactions occurred when Ag* ions were
added to the guanosine 5’-mononucleotide in D20 solution. The intensity of the GH8 signal at
8.10 ppm (figure 6.45b) was totally lost. Thus, demonstrating that binding occurred between
Ag" ion and guanosine nucleobase. Again, just like the case with adenosine and cytidine, there
was an upfield shift of the 8.10 ppm peak upon reduction of the guanosine_Ag" complex. The
peaks reappeared, although with poor intensity after reduction of the guanosine_Ag* complex
but were significantly shifted upfield of TMS from their original position pre-addition of Ag*

ion due to the proximity of the GH8 proton to the GN7 reaction site. In line with previous
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conclusions, this indicates that Ag™ ion was bonded with guanosine at the N7 site drawing
conclusion from the loss of signal intensity and chemical shift downfield of the GH8 signal as
well as its reappearance and pronounced shift more upfield from its original position after

reduction.

6.14.4 Thymidine 'H NMR

THa :
. H1 14’ )
]/ H3’ H2’/H2”
b)
k i 1L ] I. M
)
l | '
1 | 1 ] |}
B.O 6.0 4.0 2.0 0.0
o (ppm)

Figure 6.45: *H NMR spectra of a) thymidine b) thymidine _Ag* complex and c) thymidine _ Ag. All
spectra acquired at 298 K in D,O with tetramethylsilane (TMS) as a reference.

The reaction between thymidine mononucleotide and Ag* ions produced a similar loss of peak
intensity especially of the aromatic signal at ~7.90 ppm for the thymidine proton (TH6).
Although, we did not observe a change in the frequency positions of the H1’ and TH6 signals
when the mononucleotide was reacted with Ag® ions (figure 6.46b), the decrease in the
intensities of these signals however, especially of the TH6 signal is, interpreted to be connected
with the binding of Ag* ions to thymine nucleobase. This also means that exchange of nuclei
similarly occurred when thymidine reacted with Ag® ions. Reduction of the resulting
thymidine_ Ag" complex also produced no chemical shift either (figure 6.46c), but the

intensities of the signals were improved.

By these observations therefore, we conclude that Ag* ions were temporarily bonded to
thymidine, whose signal intensity was significantly affected by the reaction with Ag* ions as

demonstrated in figure 6.46b. The TH6 resonance was not shifted after the addition of Ag* ion
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to thymidine and its (Ag*) subsequent reduction, the TH6 proton may have been shielded by
the effect of the electron donating methyl (CHs) group attached to the C5 position of the
pyrimidine ring of the thymine molecule.

6.15 3P NMR of DNA Mononucleotides

Results of the 3P NMR study of the four mononucleotides are presented in figures 6.47, 6.48,
6.49, and 6.50 for cytidine, thymidine, adenosine and guanosine 5’- mononucleotides
respectively. Cytidine 5’- monophosphate sample did not show any broadening or shifts in its
31p peak position when Ag* ions were added, and even after reduction (Figure 6.47b and c),
neither was there any loss of signal intensity. This leads us to confirm that binding between Ag*

ion and the cytidine molecule took place at the cytidine N3 site as the *'P remained unchanged.

©)

I I I I |}
40 20 0 -20 -40

é (ppm)

Figure 6.46: 3P NMR spectra of a) cytidine b) cytidine_Ag* complex and c) cytidine_ Ag in D0 at
298 K with 85 % phosphoric acid as a reference.
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Figure 6.47: 3P NMR spectra of a) thymidine b) thymidine _Ag* complex and c) thymidine _ Ag in
D0 at 298 K with 85 % phosphoric acid as a reference.

b)
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Figure 6.48: 31P NMR spectra of a) adenosine b) adenosine_Ag+ complex and ¢) adenosine_Ag in
D0 at 298 K with 85 % phosphoric acid as a reference.
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Figure 6.49: *'P NMR spectra of a) guanosine b) guanosine _Ag* complex and c) guanosine _ Ag in
D0 at 298 K with 85 % phosphoric acid as a reference.

Similarly, thymidine, adenosine, and guanosine 5°- monophosphates 3P NMR spectra, all
showed no shift of 3P signals, neither were the signals broadened nor their intensities changed
after reacting with portions of Ag* ions in D20 solutions and subsequently reducing them with
equivalent molar solutions of NaBHa4 in D20 solutions (Figures 6.47 - 6.50). Therefore, these
implied that Ag* ion binding site(s) on the mononucleotides was not the phosphate group, but
on the nitrogen-containing aromatic nucleobases as indicated by the H NMR spectra.
Consistent with these findings is their alignment with those of previous researchers for Ag-
bound DNA nanoclusters.?3265

In summary therefore, there were no changes to the 3P NMR signals for the four individual
monomer nucleotides, neither were the peaks broadened or were they split in the 3P spectra.
These confirm that Ag™ ions did not bind to the phosphate end of the nucleotides.
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6.16 Fluorescence analyses of the ssDNAL, 2, and 3 D>O samples
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Figure 6.50: Fluorescence spectra of (a) emission spectrum of Ag-DNA1 and (b) excitation spectrum
of the emission at 390 nm in 99 % D0 solution.

The Ag-DNAL D>0 sample produced a single fluorescence band at 388 nm, which has been
assigned to the DNA1 molecule, in line with the earlier conclusion that there was no stable
binding between Ag* ion and this oligonucleotide in the DO NMR experiment. This similarly
indicates that the Ag-DNA1 sample consisted of non-fluorescent Ag NPs. Neidig et al.,?° had
previously noted a remarkable difference in the photoluminescent properties of this same
oligonucleotide in comparison with the other two DNAs in their study. They reported that much
large Ag NPs were produced with ssDNA1 than were the case with the other two ssSDNA2 and
3. For effective binding to occur between Ag NCs and DNA, Victor et al.,*? observed that planar
geometries and appropriate molecular orientations (steric factor) of both the Ag NCs and the
DNA were important in the binding process. Furthermore, that clusters of Ag:ito Age having
planar geometries are considered favourable for successful binding with DNA bases.3266:67
Therefore, large, non-fluorescent Ag NPs already, because of their increased density of state
would no longer be expected to be planar in geometry. The only peak in the fluorescence
spectrum of the Ag-DNA1 sample was seen at ~388 nm wavelength, would signify a large blue
shift of approximately 170 nm with reference to the bands above 500 nm for the other two
sSDNA in D>O solution. The 388 nm signal therefore, (Figure 6.51a) has been ascribed to the

fluorescence emission of the DNAL molecule rather than to Ag NCs, thus ruling out the later.
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This peak is slightly red-shifted from the 375 nm position obtained in fig.6.5 above for the

emission of DNAL (Ag-free) aqueous solution.

Excitation fluorescence study of this same sample proves that the signal at ~388 nm resulted
from the absorption of energy within the 275 — 340 nm range (figure 6.50b). A range obviously
within the excitation wavelengths for the DNA1 (Ag-free) sample in aqueous solution (figure
6.5).

On the contrary, fluorescence analysis of DNA2-Ag NCs in DO showed a strong emission
band at 573 nm with a peak-max intensity just over 1.0 x 10° cps (figure. 6.51 below). Two
emission bands were observed in the spectrum at 388 and 581 nm wavelengths. The former at
388 nm (same with the DNA1 emission above in figure 6.5) has also been ascribed to DNA2

emission (see emission of DNA2 Ag-free sample) spectrum in figure 6.6 for comparison.

Excitation spectrum of the Ag-ssDNA2 sample (figure 6.51b) revealed that it absorbed radiant
energy at 299 nm (for the emission at 388 nm which is thought to be DNA2), and at 537 nm
(the maxima), with shoulders at 474, 485, and 494 nm for the Ag-DNA2 broad peak.
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Figure 6.51: Fluorescence spectra of (a) emission spectrum Ag-DNAZ2 and (b) excitation spectrum of
the emission at 591 nm in 99 % D0 solution.

The 581 nm peak (figure 6.52a), doubles the former both in intensity and full width at half
maximum, FWHM. The almost 300 nm FWHM peak broadness (480 — 750 nm) is an indication
of large, deep trapped state internal energy conversion process.*>%® This peak was ascribed to

Ag NCs templated on the DNA2 molecule with an emission peak-maximum at 577/590 nm.
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This is a red shift by comparison with the emission-max of the microemulsion sample observed

at 350 nm.

The broad peak and red shift in emission spectra are characteristics of DNA-templated
nanoclusters.® As already mentioned, the broad peak is connected with the non-radiative deep
(energy) trapped state, decay process accompanied by the loss of some excitation energy. This
can happen when there is a lack of electronic orbital symmetry between the delocalized wave
function of the metal-core and those of the passivating ligand.®® Resulting in the excited
electron (exciton) undergoing more stages of non-radiative (dark stage) decay, before

eventually returning to the ground state energy level at a significantly longer wavelength.®
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Figure 6.52: Fluorescence spectra of (a) emission spectrum of Ag-DNA3 and (b) excitation spectrum
of the emission at 632 nm in 99 % D0 solution.

In the same vein, a much stronger fluorescence was recorded for the Ag-DNA3 NCs in D.O
(figure 6.53a). The intensity of this sample’s fluorescence far exceeded that of the previous Ag-
DNAZ2 NCs, with an intensity count of ~1.2 x 107 cps despite the measurement having been
done with a reduced aliquot sample volume of 2 uL solution as against 10 pL in the 500 pL

cuvette for the other samples (DNAL and 2) due to its intense fluorescence.

Two emission peaks were obtained, the first at ~388 nm is again ascribed to the DNAS, but the
other peak at ~630 nm wavelength has been assigned to the Ag-DNAS3. Due to the intense
fluorescence of the emission of the band at 630 nm as already mentioned, the emission at ~380
nm was significantly suppressed and almost flattening out, making it look as if there was no
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emission there in the first place. The characteristic strong fluorescence at 630 nm is consistent
with those reported for Ag bound to a 12-mer ssDNA nanoclusters by Petty et al.,* and Li et

aI 69

Fluorescent properties of Ag bound DNA clusters have been linked to clusters of two to four
atoms of silver.3*3> Neidig et al.,? noted that Ag NCs bonded to this same DNA3 oligomer in
aqueous solution, consisted of the smallest number of Ag NCs (possibly, Ag») compared with

the other two oligomers.

A similar large, broad peak was also observed with the Ag-DNA2 sample in D2O. This
translated to a ~200 nm shift in emission to longer wavelengths when compared with the 430

nm peak maximum position obtained for the Ag clusters without the DNAs in Chapter three.

Excitation fluorescence scan of the 388 nm peak (figure 6.53b) showed that the sample was
excited at 297 and 317 nm for the DNA3 emission band, which tallies with the wavelength of
absorption for the DNA3 sample in figure 6.5a above. More importantly however, the excitation
wavelength at 520 nm with shoulders at 471, 482, 492 and 570 nm have been ascribed for the
emission at 630 nm for sSDNA3 bound Ag NCs.

According to these findings, fluorescence emission intensity, as well as the wavelength of
emission (red shifted), seemed to increase with ssDNA base length from DNA2 to DNA3 as
the ratio Ag: ssSDNA-bases increased from 1:5 to 1:6 in the deuterated solvent, even though, no
emission bands could be assigned to Ag NCs with DNA1. It would then imply that the
oligonucleotide sequences may have contributed to the extent of electron delocalization and
fluorescence energy transfer between metal-core and capping ligands.! Such red-shifts in
emission for the Ag-ssDNA bound clusters, have similarly been highlighted by Kumar and
Kumar® and O’Neill et al.”® Although, Copp et al.,”* contend that both the variation in sSSDNA-
base sequence and indeed the base length did not affect the position of the fluorescence
emission wavelength. However, their study was based on a 10-mer mixed-base oligonucleotide
which translates to about Y4, ¥4, and almost %4 of the lengths of the three oligonucleotides in this
present study. In their views, Yeh,” Jia, Obliosca et als., all maintained that the base sequences
of the DNA ligand, is the major determinant of the resulting fluorescence emission colour of

the resulting Ag: DNA complex formed.”7410
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6.17 Conclusion

Ag*-ssDNA were reduced with sodium borohydride in microemulsion with isooctane and bis-
sodium as the oil phase and AOT the surfactant. Two separate concentrations of 90 uM and 1
mM Ag* were treated with each of three different ssSDNAs of 22, 29, and 34 base sequences in
water droplets corresponding to an omega (®) value of 10 and 20 respectively. A molar ratio of
1:6 was maintained for silver to each oligonucleotide molecule to obtain a ratio of 1:4, 1:5 and
1:6 for the three ssDNAs according to the DNA base lengths. All reactions were done at room

temperature.

The general conclusion of this study is that the reduction of Ag™ ions with sodium borohydride
in the presence of single-stranded DNAs in confined water droplets produced fluorescent Ag
NCs. The size of the Ag NCs is indicated by the wavelength of the emission which was centred
at 350 nm. The difference in the emission spectra of the emulsion samples without the SSDNA
(Chapter three) and those with DNA (here studied) was considered an indication of the
formation of Ag-bound DNA complexes. Furthermore, a combination of the UV-Vis,
fluorescence, and ESI-MS data all indicate the formation of small fluorescent Ag NCs. ESI-MS
results of the DNA-containing emulsion samples showed two sets of separate bands, one at
higher m/z farther from those of the emulsion-containing Ag NCs without the sSDNA which
appeared in the lower m/z region. These higher m/z signals which were distinguished by the
absence of Ag isotopes, were resolved and found to be associated with the individual DNAs
with the m/z values of the separation between successive peaks in this region corresponding to
the phosphate (POs*) group. These high m/z signals matched with the signals in the spectrum
of the individual Ag-free DNA samples. The observations highlighted from the ESI-MS results,
demonstrate that Ag clusters and the ssDNAs did not form strong, stable complexes in the

emulsion system.

The NMR results showed that Ag bonded with all three ssDNAL, 2 and 3 types, resulting in a
significant conformational change especially of the resulting Ag-DNA1 molecule. Multiple
bonding was observed between Ag and DNA1 molecule resulting in a general shift of virtually
all of the aromatic signals, although the CH6 and AH8 signals were the most significantly
affected by the reaction. *H NMR results of the Ag-ssDNA1 sample demonstrate that Ag was
bonded to ssDNAL1 at the AN1, AN7, and PO.* sites. In all, Ag bonded with the ssDNAs on
the AN1, AN7, CN3, GN7, and TN3 sites, but more significantly, with the AN7 and CN3 from

the results obtained. Although, all the sSDNAs formed a conjugate with Ag, indications are that

204



Chapter Six Hector Henry Oyem

large, non-fluorescent Ag NPs were formed in the case of ssDNAL. This is thought to be
responsible for the significant conformational change observed especially in the 3P NMR
spectra of Ag-DNA1 and the fact that the H aromatic signals remained remarkably flattened
even after reduction, all of which indicate a major strain on the DNA1 molecule. Binding may
also have occurred on the AN1 as well as the phosphate sites as indicated by the 3P NMR
spectra in figure 6.40b of the DNAL according to the results, these are thought to have an
influence on the stability of the resulting Ag-DNAL complex. The restoration of resonance
signal intensity post-reduction of the Ag*™-DNA complex together with a further chemical shift
upfield of TMS, was generally considered a demonstration of the formation of stable bond in

Ag-ssDNA compounds.

Studies of the individual DNA mononucleotides showed that binding occurred between Ag*
ions and the nucleobases. However, in the case of the purine bases, there was a significant loss
of intensity and subsequent shift further upfield after reduction of their Ag*-nucleobase
complexes; which was not the case with the pyrimidine nucleobases of cytosine and thymine.
CHB6 signal showed a downfield shift after reacting with Ag"™ ions without loss of intensity,
thymine did not show any shift of the TH6 signal but recorded a significant intensity loss.
However, both pyrimidine nucleobases had their CH6 and TH6 aromatic signal positions
restored after reduction, the CH®6, the signal was shifted upfield of TMS back to its position
prior to the reaction with Ag* ions.

Furthermore, the slightly more significant chemical shift of the AH8 signal of the adenosine 5°-
mononucleotide following the reaction with Ag* ions, infers that binding may have taken place
at the adenine nitrogen-7 (AN7) site, while the apparent loss of the GH8 signal after adding
Ag" ions, together with its significant chemical shift further upfield after reduction, were
regarded as signs of binding on the GN7 site of the guanosine mononucleotide. The CN3 was
of course, the obvious site for binding with the metal ion in the cytidine 5’- mononucleotide, as
was shown by the marginal shift of the CH6 signal after reacting with Ag* ions, but returned to
its initial chemical shift position after reduction. These conclusions were confirmed by results
from the 3P NMR analyses of the mononucleotides, all of which showed no change in the 3P
signals when they were reacted with Ag* ions, and similarly no changes even after reduction,

thus indicating that Ag was not bonded to the phosphate group.
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{ CHAPTER SEVEN

7.1 CONCLUSIONS

7.2 Introduction

Major general findings in all four results chapters are discussed together and summarized here

in this concluding chapter.

7.3 General conclusion on findings

7.3.1 Borohydride synthesized Ag NCs

Confinement of the reagents to the dispersed phase of a water-in-oil microemulsion ensures that
the reduction of metal ions (Ag*, Cu?*) by borohydride results in small metal clusters rather
than nanoparticles. The emulsion droplets size determined by DLS, and control of the aqueous
concentration of reagents restricts the number of metal ions to each droplet to 90 uM and 1 mM.
UV-Vis results of the emulsion samples did not show the characteristic surface plasmon

resonance (SPR) bands of large, non-fluorescent Ag NPs.

Generally, in both reactions with the 90 uM and 1 mM Ag, and within the specified reaction
conditions, two particle-size diameters were predominant several hours post-synthesis. These
are the ~ 5 nm and the >100 nm respectively. Observations have shown that the 5 nm size are
essentially reverse micelles,! the 150 nm second particle size consist of water droplets.?
Rayleigh scattering fitting of the UV-Vis results of the samples gave a value of approximately

50.0 nm for the droplets in the emulsion.

Analyses of the fluorescence spectra indicate that a silver cluster of two atoms (Ag.) was
initially formed after nucleation and subsequently grew to a cluster of four atoms (Aga) of silver

with bandgaps of ~ 4.0 and 2.9 eV respectively. These large bandgap energies make them
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chemically very stable.® Another weak emission band at 610 nm was also observed which is an
indication of further growth and presence of larger Ag NCs. In comparison with the transient
Ag clusters produced by pulse radiolysis by Henglein?, stable, blue emitting Ag NCs have been
made without recourse to the typical organic ligands. These Ag NCs were capped by solvated
borate (B3Os’), borane (BHs), hydrogen ion (H*) and water molecules, giving a ligand

composition of [B3Os.BH3.2HO]H for the neutral compound.

Fluorescence-time-dependent-kinetic studies of the formation of these samples revealed a fast
reduction and rapid nucleation processes with the highest emission intensity reached under
seven minutes, after which there was a slight fluorescent decay. An average emission decay
rate of 2.5 counts per second per second (cps?) was recorded for both samples after the 7"
minute of the nucleation process, reflecting the growth phase.

A calibration curve obtained by calculating the number of silver atoms in the 50 nm droplet
according to the concentration of [Ag*] using a series of six different concentrations values
(Chapter three: fig. 3.5) produced a linear plot indicating the increasing number of atoms per
droplet. However the eventual cluster sizes formed seemed to favour the evolution of clusters
with magic numbers® of atoms in the forms of Ag. and Aga, as was confirmed by ESI-MS
measurements, rather than forming progressively lumped, large particle sizes according to the

total concentration of Ag* ions originally in the water droplet.

The following molecular compositions of [Agz(H20)H]  and [AgsB3OsBHs.2H.0]  were
obtained from analysis of the ESI-MS results of the samples. These indicate that all silver atoms
are in the clusters are in oxidation state zero. Indications are that the silver atoms and the
capping ligands interacted by coordinate bonding. Hence, these ligands may be readily
exchanged with other ligands if necessary, where they can serve as precursors and employed as

Sensors.

Fourier Transform Infrared (FTIR) spectroscopy results identified the vibrational bands of the

the B-O and BH3 groups in the fingerprint and functional group regions of the spectra.

Likewise, x-ray photoemission spectroscopy (XPS) analyses of these samples confirmed the
presence of elements of boron, oxygen, and carbon. However, it did not successfully detect the

Ag, simply because the concentration was below the detection limit.
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7.3.2 Photosynthesised Ag NCs

Although the reduction of silver (I) ions by means of light energy is not new, what is novel is
undertaking this reduction in a microemulsion system. The comparative study of the chemical
reduction and photoreduction methods was undertaken to compare their efficiencies and results.
Perhaps, and more importantly, the first advantage offered by the photoreduction method is the
absence of sodium borohydride and hence, the elimination of the borate and borane groups.
This made it easier to investigate the electrochemical properties of the Ag NCs without the

encumbrance of the borates.

Depending on the power rating of the photoreactor, Ag* ions can readily be reduced to Ag
atoms in the microemulsion. An average of two — five hours respectively, was required for both
the 90 uM and 1 mM samples to reach optimum production of Ag NPs according to the values

of the absorbance measurements obtained from the time-dependent study.

DLS measurements were also had two major bands at 5 and 100 nm, representing reverse
micelles and water droplets respectively.? Rayleigh scattering fitting of the UV-Vis data

produced a droplet diameter of 40.0 nm.

Fluorescence emission analysis show that the samples consisted of fluorescing Ag NCs with
emission bands at 305 and 439/453 nm, with a third one at 610 nm attributed to larger
aggregates, at 280 nm excitation wavelength. These bands were similar to the borohydride
reduced samples in emulsion, and indicated Ag NCs of Ag> — Aga.

Signals of Agz, Ags and Ags as were observed from the electrospray ionization mass
spectrometry (ESI-MS) results. These were capped by solvated water (H-O) and hydroxides
(OH") molecules, as well as several numbers of protons (H™), giving rise to species of
Agn(H20)m(OH) or [Agn(H20)mHo]", where n = 3 or 4, m ranging from1-9,ando=1-7 as
the case maybe. Again, these have all their silver atoms in the oxidation state of zero in a
coordinate bonding between the silver metal core and the capping ligands as was earlier

reported.

Generally, though both reduction methods produced ultra-small clusters according to their
emission, and ESI-MS results, their respective transmission electron microscopy (TEM)
particles sizes indicated little size variation of 1.4 and 2.4 nm. These are consistent with

emission results reported; the second emission band was observed at lower energies with the
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borohydride reduced samples, which infer slightly larger clusters. The TEM results are in

agreement with the atomic force microscopy (AFM).

7.3.3 Borohydride-synthesized Cu NCs

Under the same reaction conditions of the silver nanoclusters, copper nanoclusters were
synthesized in microemulsion for 90 uM and 1 mM Cu NCs. Again, two droplets sizes of 5 and
~100 nm were obtained with the former in the higher proportion for the 90 uM sample and the

reverse, for the high concentration (1 mM) sample.

Apart from the strong absorbance at 240 nm for both samples which was attributed to ligand to
metal-core transition for [Cu(H20)s]>* complex, no plasmon bands were seen in the UV-Vis

spectra.

Emission results indicate the presence of fluorescent bands at 350 nm wavelength with
excitation wavelengths of 290 and 310 nm. The absorption of excitation energies at these
wavelengths is synonymous with small clusters. An optical gap of 3.80 eV was obtained for the
Cu NCs. Another emission band was also observed at 430 nm for the 90 uM sample. However,
the emission spectra all contained a collection of sharp peaks which are thought to be
contaminants of the AOT. Meanwhile, no emissions due to copper oxide nanoparticles were
observed at 493 and 510 nm in all the spectra. This together with the ESI-MS results precluded
the presence of copper oxide nanoparticles.

ESI-MS measurements confirmed the molecular composition of the copper clusters with a
molecular formula of [Cu7B30s.BH3.2H20] - comprising of seven atoms of copper (Cuy), again
with the borate (B3Os) and the borane (BH3) ligands, as well as (two) molecules of water and a
proton (H*) to form a neutral compound [Cu7B30s.BH3.2H,O]H. Yet again, the molecular
formula indicated that all copper atoms existed in the oxidation state of zero. Of course, these

copper core and ligands are believed to interact by coordinate bonding.

TEM particles size analyses of both samples gave an average size of ~ 1.00 - 2.50 nm. The 1
mM sample had the smaller cluster sizes with an average of ~1.00 nm and seem to be more
monodispersed. These results yet again, are in consonance with the AFM, and both strongly

supporting the cluster size recorded.

Further chemical characterisation of the copper clusters of both samples with the aid of the

Fourier Transform Infrared (FTIR) spectroscopy demonstrated the presence of the B-O, and B-
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H symmetric and asymmetric vibrational bands, thereby further support the chemical

composition of the ligands earlier obtained from the ESI-MS.

Although, x-ray photoemission spectroscopy (XPS) analyses of the Cu NCs was similarly
unsuccessfully in terms of detecting the chemical properties of the metal-core, it however
further supported the composition of the ligands with the detection of boron, oxygen, and
carbon 1s signals. Three peaks each for boron and oxygen were detected at 183.85, 186.75, and
191.70 eV, and 530.45, 532.35, and 534.65 eV. The 183.85 eV band is new and previously
unreported for Ag-containing compounds, however, this signal was considered to be connected
with Ag-B group; the 186.75 and 191.70 eV bands correspond to the BHs group of the Cu-
containing compound,®” and the borate (BsOs) groups respectively. While the three oxygen
signals are associated with the MO2 or M203 corresponding to the BO2 and B20Os3, the organic

carbon-containing oxygen group, and the oxygen of water respectively.

7.3.4 Borohydride-synthesized DNA templated Ag NCs

Absorbance spectra of the single-stranded deoxyribonucleic acids (ssSDNA) templated silver
nanoclusters (Ag-DNAs NCs) spectra did not display any plasmon peaks of silver nanoparticles
(Ag NPs) with bulk-like properties. Evidence of DNA absorption peaks were observed in these
absorption spectra, which were slightly shifted to longer wavelengths away from the 260 nm
optical density (OD) wavelength for DNA. This shift is considered as an indication of DNA/Ag
binding. A peak appearing between 280 — 290 nm was also observed for all samples and

corresponds to Ags?*.8

Originally, all three Ag-free sSDNA samples were observed to be fluorescent pre-addition of
Ag" ions; with an emission maximum centred at 375 nm. However, after reacting with Ag,
different emission properties were observed. Basically, three luminescent bands were detected:
a sharp but prominent emission with a maximum at ~ 315 nm, a group of four, weak but sharp
bands between 350 — 450 nm, and then finally, a broad but medium-size emission between 550
— 750 nm was for the DNA1 — templated 90 uM and 1 mM Ag NCs, with the latter emission
band thought to be associated with aggregates. The other two ssDNA oligomers (DNA2 and
DNAJ3) on the contrary, exhibited luminescence properties different from the first (DNA1), but
were remarkable in being similar with respect to one another. They both have weak, broad
emissions at about 348 - 356 nm, before the group of four separate sharp peaks between 365 —
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470 nm; just slightly red shifted from those of sSDNAL. There were no other emissions bands

observed for these two ssDNA2 and 3 templated with Ag especially at longer wavelengths.

The Ag- containing DNA1 sample showed luminescence properties similar to the emulsion Ag
NCs samples (without DNA) in chapter three, but the emission band at 650 nm is synonymous
with DNA-templated Ag NCs observed in literature,® thereby indicating that the Ag clusters
may have been templated on the DNAL in the emulsion droplets. However, the introduction of
sSDNA2 and 3 in to their respective microemulsion droplets resulted in emissions in the 348 —
356 nm range, with an indication of another band between 365 — 470 nm especially for the 90
UM Ag-DNA3 sample. These are remarkably different from those of Ag-DNAL and the DNA-
free Ag NCs emulsion samples earlier highlighted, and were considered as indications of Ag

clusters not binding with the DNAZ2 and 3 templates in the emulsion experiments.

DLS results once again pointed at two major size distributions of 5 and >100 nm as similarly
been reported by previous researchers,®° with the smaller droplets (5 nm) being of the higher

population proportion.

TEM images of the ssSDNA emulsion samples were significantly different from those of the Ag
— containing DNA-free samples in chapter three. The dissimilarity is portrayed by the
appearance of colonies of DNA-encased Ag particles in the TEM images of the Ag-DNA
emulsion samples as against the randomly dispersed Ag particles TEM images obtained in

chapter three.

Although signals of DNA were not prominent in the ESI-MS spectra of the samples, evidence
of weak signals very much associated with DNA were detected in the ESI-MS spectra of the
samples. These were compared with those obtained from the Ag — free SSDNA spectra and were
seen to match at lower m/z signal region. The uniqueness of the ESI-MS results is depicted by
the appearance of two regions of different signals in these spectra Ag-templated sSDNA spectra.
One, (at lower m/z ratio) corresponding to DNA — free Ag NCs, exactly matching those of the
DNA - free samples in the preceding chapter, and another, at higher m/z region which
corresponds to spectra of the Ag- free DNA (DNA only) sample.

Put together therefore, it is apparent from the results of the absorption, DLS, TEM images, and
ESI-MS, the functionalization of Ag NCs on ssDNA yielded Ag-templated ssDNA complex in
the microemulsion, and showed that DNA may have been resident in the water droplets. The
fluorescence spectra of these Ag NCs — ssDNA samples were quite different from the previous
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DNA - free emission spectra in chapter 3. However, it presumed that these Ag: sSDNA
complexes dissociated during the ionization and desolvation processes in the ESI-MS
instrument, probably as a result of some coulombic interaction which may have affected what
is now considered a likely unstable conjugate, with a weak metal — DNA ligand binding.

7.3.5 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) studies of the binding properties of Ag NCs on the sSDNAs
in 99 per cent deuterated water (solvent) were obtained to ascertain the binding sites, the *H
NMR results demonstrated that silver preferentially binds to the DNA bases. Cytosine,
guanosine, and adenosine had the most significant changes when treated with Ag™ ions. These
were indicated by the observations of peak broadening and total loss of intensity in some cases;
and also by the differences in chemical shift values pre- and post-treatment with Ag* ions.
However, these peaks generally reappeared, and either returned to their previous positions, or
moved to more upfield chemical shift positions relative to their original positions after reduction

of the Ag"DNA complexes with equivalent portions of the NaBH4 solution.

In all, binding seem to have occurred at the cytosine N3, adenine N7, guanine N7, and thymine
N3 positions of the bases. Further evidence suggested that binding occurred also at the N1-site
of adenine, and at the phosphate group of the ssDNAL molecule according to the concentration
of the reactants. At higher Ag*: ssDNA concentration (1:4, Ag: sSDNA base), binding occurred
at multiple sites (N1, N7, and POs*) of the ssDNA molecule as was the case with DNAL; the
N7-site being the most preferred. This multiple site bonding is believed to be responsible for
the instability observed in the resulting Ag — ssSDNA1 complex due to steric factors associated

with the significant conformational changes in the sSDNA1 molecule.

But at lower Ag: ssDNA base concentrations, bonding occurred at the preferred N7-site leading
to stable Ag — ssSDNA complexes as were the case with sSDNA2 and 3. There were no bonding

at the phosphate sites of these sSSDNA2 and 3 molecules as were evident from their 3P spectra.

However, evidence obtained for the individual mononucleotides infer that stable bonds were
formed between Ag and the purine nucleobases — adenine and guanine. Although, in the case
of the pyrimidine nucleobases — cytosine and thymine, bonding occurred at the N3-site with
Ag" ions, however, upon reduction, the CH5 and CH6 signals did not only return back to their
original (pre-Ag* ion addition) chemical shift positions, but also had their signal intensities

restored. Thymine nucleobase did not show any change in chemical shift positions of it signals
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(especially TH6) unlike cytosine, except for the significant loss of signal intensity after adding

Ag" ions, but these signal intensities were again restored after reduction.

3P NMR study showed similar peak broadening following the incubation of the sSDNA with
Ag" ions with Ag-DNA1, consistent with the conformational changes of the DNA backbone,

but this was not observed with the four, separate, DNA mononucleotides.

Furthermore, emission studies of the Ag NCs-templated ssSDNAs samples, revealed that DNA2
and 3 conjugates were very luminescent. Specifically, two bands were observed at 388 and 581
nm for Ag-ssDNA2, and at 388 and 610 nm for the Ag-DNA3 samples. Only one emission
band was seen at 388 nm for the Ag-ssDNA1 sample.

7.4 Future Studies

Going forward, knowledge gained from the study of these metal nanoclusters can be applied in
to water research for the novel detection of pathogens and some chemical pollutants associated

with water and waste water systems, as well as in the diagnosis of certain diseases.

Of the two metal nanoclusters studied, the Ag NCs showed more remarkable opto-physical
properties in aqueous solution, showing more intense emission bands in comparison with the
Cu NCs.

Finally, I would consider structural characterisation of the Ag clusters by extended x-ray
absorption fine-structure (EXAFS) and radiative lifetime measurements to determine the
transition responsible for the fluorescence.
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8 APPENDIX

Figure 8.1: Pictures of (a) 90 uM and (b) 1 mM Ag NCs in microemulsion synthesized by
photoreduction.
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Figure 8.2: 100 mg reverse-phase silica-based Restek cartridge.
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Figure 8.3: Rayleigh curve fitting of Ag NCs in microemulsion.
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Figure 8.4: Rayleigh fit of the photoreduced Ag NCs UV-Vis data.
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Figure 8.7: XPS spectrum of Cu NCs capped by borate, and borane ligand.
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Figure 8.8: ESI-MS of Ag NCs peak at (a) 577 (b) 595. (Top = Simulation, bottom = Experimental).

224



Appendix Hector Henry Oyem

90AgNPsPR2neg
04-Mar-2016
2::0::8
90AGNPSPR? (0.010) s (2.00,1.00) AgdH502 1: TOF MS ES-
4676398 37312
100
465.6408
460,6381
s
K3 6415
4716838
0
90AGNPSPR? 99 (0.656) Crm (81:126) 1: TOF MS ES-
452.2064 5223
100
451,198
453.212
4832143
‘ 4671933
1471334 4491791 1651725 a1y
f 48111754
16912065 489,2148
03/1396
454.215
85,2790
9711655
455216 11558 400 pho
411377 (
Gu( Lol b ‘ skl abalal }( , |\15?;204 L il i N ‘ ! J‘ ‘\ ‘. L J miz
M0 442 444 A6 A8 450 452 454 456 458 460 461 464 466 468 470 42 474 476 478 480 482 484 486 488 490 492 494 495 498

m/z

Figure 8.9: ESI-MS spectra of photosynthesized Ag NCs at m/z 467. (Top = Simulation, bottom =
Experimental).
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Figure 8.11: ESI-MS spectra of photosynthesized Ag NCs at m/z 467.
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Figure 8.14: 3C NMR spectrum of DNA1 in 99 % D0, 308 K.
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Figure 8.15: HSQC NMR spectrum of DNA1 in 99 % D0, 308 K.
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Figure 8.16: HMBC NMR spectrum of DNAL in 99 % D-0, 308 K.
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Figure 8.17: 13C NMR spectrum of DNA2 in 99 % D0, 298 K.
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Figure 8.18: COSY NMR spectrum of DNA2 in 99 % D0, 298 K.
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Figure 8.19: HSQC NMR spectrum of DNA2 in 99 % D,0, 298 K.
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Figure 8.20: HMBC NMR spectrum of DNA2 in 99 % D0, 298 K.
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Figure 8.21: COSY NMR spectrum of DNA3 in 99 % D0, 298 K.
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Figure 8.22: HSQC NMR spectrum of DNA3 in 99 % D0, 298 K.
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Figure 8.23: HMBC NMR spectrum of DNA3 in 99 % D0, 298 K.

239



Appendix Hector Henry Oyem

240



