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Abstract

Abstract

Metamaterials have demonstrated their unusual optical properties, ranging from negative refractive index
to optical nonlinearity. Real-time adjustment of these properties becomes critical for the next generation of
‘smart’ optical devices. In this thesis, different methods for actively tuning the structure and output of
metamaterials are demonstrated. These metamaterials consist of metallic nanoparticles (NPs) at solid-liquid

interfaces (SLIs) and liquid-liquid interfaces (LLIs).

Electrically, the assembly of gold NPs at a SLI is reversibly controlled by changing the potential of the
solid substrate. As the interparticle distance is adjusted, the corresponding reflectance dip is modulated over
the wavelength range 530—580 nm, with intensity changing from 93% to 1%. Moreover, the resulting ‘hot
spots’ between adjacent NPs, and between the NP array and the metallic substrate, bring about a tunable

surface-enhanced-Raman-scattering (SERS) enhancement of up to ~10° times.

Thermal tunablity was achieved by constructing a nanoplasmonic optical switch, with poly(N-
isopropylacrylamide) functionalized NPs on a metallic substrate. Within a 2050 °C temperature window,
the interparticle spacing and the separation between the NP array and the substrate can be simultaneously

tuned in nanoscale.

Chemical bonding between the ligands on NPs and the heavy metal ions is also found to be able to adjust
the interparticle distance of the NP array at LLI. For a glutathione functionalized NP array at LLI, an
increase in the concentration of lead ions caused the reflectance peak to surge in intensity and to shift
towards the red in wavelength. The fast dynamics (<1 min) and the low detection limit (ppb level) render

this system an ideal candidate for the label-free detection of heavy metals.

These proof-of principle methods demonstrated how electric, thermal and chemical effects could influence
the nanoscale arrangement of NP assembly at SLI or LLI, which in return reforms the macroscale optical

properties of these interfaces.
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Chapter 1

1. Background

1.1.  Nanoparticles

Nanomaterials are commonly defined as materials that have at least one dimension sized between 1 to 100
nm, including nanoparticles (NPs, 3D), nanowires or nanotubes (2D), nanofilms (1D) and bulk materials

comprised by the above mentioned nano-units.' Since the atoms are confined into a very limited space, NPs

12—4 9, 10

possess numerous unique optical**, electric>®, catalytic’ '° and biological!!"'* properties that are different

from traditional bulk materials.'?

NPs with different compositions are applied in various scenarios. For NPs based on semiconductors
(commonly called quantum dots), the quantum confinement due to the small size of NPs split the continuous
conduction and valence bands into quantized energy levels, which tunes the absorption and emission
properties.'® The brightness, stability and high quantum efficiency provide these NPs with unrivalled

advantages in display!” and imaging technologies'® '

. Bearing outstanding biocompatibilities, NPs
composed by organic materials such as liposomes, polymersomes, can incorporate into different kinds of
biological systems, thus are found extremely handy in diagnostic and therapeutic applications.?®>! Metallic
NPs, as will be discuss later, possess unique plasmon resonance modes®* that are not available for bulk
materials when stimulated by the incident light and thus are widely used in plasmonics®, surface enhanced
Raman spectroscopy (SERS)*, surface enhanced fluorescence®, and even cancer thermal therapy?®.
Though the optical output of both metallic and semiconductor NPs are size sensitive, metallic NPs can
achieve further tunability when their plasmon-polaritons couple with other collective excitations in nearby

components.?’ 2

Noteworthy, the combination of different kinds of materials of NPs is sometimes obligatory and rewarding.
For example, most inorganic and metallic NPs, due to attractive van der Waals forces®’, are prone to
aggregation over long time periods, which cripples their applications in practice.*® Organic ligands such as
citrate’!, thiolated alkane®, carboxylic acid®®, long chain polymers** and even DNA®® have all been
demonstrated to stabilise the NPs. In addition, as will be discussed, these ligands offer another dimension
to tune the properties of NPs. Another good example of the synergic combination is the magnetic materials-
polymer core-shell NPs. In biomedical applications, once injected into tissues or animal bodies, pure
organic NPs usually drift randomly or follow passively the pathway of metabolism, which renders the
diagnosis or treatment slow and inefficient.*® Directed by magnetic fields, the embedded magnetic beads
can guide the medicine carrier directly to the target tissues and also make the recollection of the NPs much

easier.”’

10



Chapter 1

1.2. Basics of nano-plasmonics

The Lycurgus cup displayed in the British Museum, London, is always a must-see for people interested in
plasmonics. As shown in the Figure 1.1, the cup appears green in colour, if a white light source is outside
the cup and the observer’s eyes detect the light reflected from the cup. In contrast, if the cup is illuminated
from inside, it appears red, in which case light transmitted through the cup reaches the observer’s eyes.
Only recently has it been shown that the unique optical properties of the cup are due to gold and silver NPs
being embedded into the glass body, which selectively scatter the green light. This gives the cup a green
tint under the reflection configuration.*® Under the transmission configuration, the majority of the green
light before reaching the eyes, will first be absorbed or scattered by the NPs within the cup. Therefore, the
filtered transmitted light has the colour of red, which is the complementary colour of green. This interesting

switching of colours is an excellent example of nano-plasmonics.

Figure 1.1 Lycurgus Cup illuminated from outside (left) and inside (right). The Trustees of the British Museum.

The large number of free electrons in metals gives it a unique way of interacting with any electromagnetic
(EM) wave. The collective resonance of these electrons on the surface, often referred as surface plasmon
resonance (SPR)¥, has enabled a vast variety of applications such as SERS***?, chemical or biological
sensors** *, light harvesting for photovoltaic cells* and catalysts*®, etc. One of the simplest and widely
used models of understanding the interaction between metal and the incident light is the Drude model.*” By

ignoring the restoring force in the Lorentz model, the dielectric function of a metal can be defined as*’

2
e(w) = & (1 L) 1.1

w2+ iyw

where  is the frequency, &. the background permittivity at high frequency, @, the natural oscillation

frequency of the free-electron-plasmon, y, the collision rate of free electrons with the crystal or impurities.*’

11



Chapter 1

For metals, yo is normally smaller than . By separating the real and imaginary parts, it can be found that

the condition Re[e(w)] = 0 gives @ = w,. This could be used for calculating the plasmon frequency.

More importantly, only under the condition that Re[e(w)] < 0 and Im[&(w)] is small, the plasmon resonances
could happen. This can be explained by taking a NP as an example. The local electric field in the spherical

NP follows such relationship*’:

3ey

E=————E 1.2
e(w) + 2gy °

where &y is the permittivity of the surrounding medium, £y is the incident field. When &(w) =~ -2 ey and the
absorption [Im(e(w))] is very small, the local electric field could be very large. This is a signature of the
plasmon resonance. For metals, as shown in Eq 1.1, when the frequency is smaller than the plasmon
frequency, their permittivity has the chance to be as negative as -2 ey. This provides metals the possibility

of producing a sharp peak/dip in the absorption/reflection spectra.

z
Dielectric

- ] S —
Y - — - e
A '

+++ --- +++ --- X
-— —— -—
Metal

Figure 1.2 Schematic diagrams illustrating (left) a surface plasmon polariton (or propagating plasmon) of a metal plate and (right)
a localized surface plasmon of NPs. Reprinted with permission from Ref.

Based on different configurations, two kinds of surface plasmon resonance are found: the propagating one
in the planar metallic plate and the localized one in NPs (Figure 1.2).* In the case of propagating surface
plasmon polaritons, the damping of the wave due to the absorption of the metal could be very small under
the conditions that the Im(e(w)) is small and the |Re(e(w))| is large. This propagating length along the x-y
direction could be as long as many times of the wavelength especially for the low frequency range.*
However, in the z direction, only evanescent wave could be stimulated whose decay length is limited to the
nanoscale.*® The resonance condition is very sensitive to the excitation wavelength, polarization, incident
angle and materials’ permittivity.*” By combining a prism with a metal surface according to Otto or
Kretschmann setup, people can employ this propagating mode for the measurement of refractive index and

further applications such as monitoring biological binding at the interfaces.’!

12



Chapter 1

In the case of localized surface plasmon resonance (LSPR) in NPs, a quasi-static approximation is assumed
when the wavelength of the incident light is much larger than the diameter of NPs. The electric field of the
incident light stimulates an oscillation of electrons, which not only absorb light but also scatter light.*®
Moreover, apart from the influence of the permittivity and the incident wavelength, the absorption and
scattering in LSPR is also sensitive to the material, shape, size and the coupling between NPs. This is the
reason for the numerous applications that were mentioned previously.*” One important effect needs to be
highlighted here and will be referred later is the coupling among NPs. As shown in Figure 1.3, the electric
field could be considerably intensive within the gaps in NP dimers. These gaps are named as ‘hot spots’ in
the field of SERS because of large enhancement of localized electric field. Additionally, this coupling
becomes increasingly stronger when the interparticle distance decreases, which also induces a noticeable
redshift of the LSPR peaks.*> Based on this effect, all kinds of thrilling applications have been proposed

such as nano-plasmonic rulers®, ultra-sensitive sensors*, tunable nano-antennas®* and absorbers®.

; ;

Decreasing Gap Decreasing Gap

124 —_— 91 -

) Z 81

210+ [ £ 7]

L] ‘ .g 6

S g i

g 8 | g
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3 41 \ 3 3
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o & Q&&_ o 14 2
0+ T T ) . 0 T r )
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Figure 1.3 Plasmon coupling in spherical dimers with small gaps. (a) Constructive dipolar coupling in spheres with light polarized
along the dimer axis. (b) Destructive interference between dipoles with light polarized across the dimer axis. Electric field intensity
of constructively (c) and destructively (d) interfering 10 nm radius Ag spheres separated by a 5 nm gap. Extinction spectra of a 10
nm radius sphere Ag dimer with decreasing interparticle gaps with light polarized along (e) and across (f) the dimer axis. The
interparticle gaps in (e) and (f) (from darkest to lightest trace) are 50, 40, 30, 20, 10, 5, 4, 3, 2, and 1 nm. The scale bar is 10 nm.
Reprinted with permission from Ref.?

1.3.  Surface enhanced Raman scattering

The interactions between light and nanoscale matter could produce various interesting effects. For example,

a molecule can be excited from its ground state v0 to a vibrational state v1, when absorbs the incident

13
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infrared light (Figure 1.4). If the energy of this incident photon is larger than the LUMO-HOMO gap of
the molecule, the molecule will first jump onto the electron level sl, then returns to its ground level s0,
releasing the energy as a photon. This is called fluorescence. The scattering of light, different from the IR
absorption and fluorescence, does not require a specific excited energy state. A virtual energy level is
facilitated to help with demonstrating different types of scattering in Figure 1.4. After the discovery of
Raman effect in 1928 by C.V. Raman and K.S. Krishnan, and L. Mandelstam and G. Landsberg, the
scattering of light was used to be classified as elastic scattering (Rayleigh scattering) and inelastic scattering.
The later can be further categorized as Stokes and anti-Stokes lines with respect to the loss or gain of the
energy of the scattered light. To be more specific, the dipole moment interacting with the photon can be
expressed as follows*:

a QoEy

1)
P = [agEycos(2mu;t)] + % 5

[cos[2mt(v; — vy)] + cos[2mt(v; + vy)]] 1.3

where o is the polarizability at the equilibrium position, E¢ the incident electric field, t the time, a the
molecular polarizability, Q the nuclear displacement, vy, the vibrational energy of the molecule. The first
term describes the elastic scattering while the second and third denote the Stokes (v; - vin) and anti-Stokes

(vi + vm) scattering respectively.

s1 A

Virtual State
e o S

v

sO —f‘l —-AE — +AE
v0

IR Fluorescence Rayleigh Stokes Anti-Stokes
scattering ! Y /

Raman scattering

Figure 1.4 Jablonski diagram for the infrared (IR) absorption, fluorescence, Rayleigh scattering and Raman scattering. Within the
electron energy ground level s0, two vibrational states (vO and v1) are schematically depicted. S1 denoted one excited electron
level.

It is inelastic scattering that forms the basis of Raman spectroscopy and SERS. Since the change in energy

after the scattering is only related to the vibrational energy levels of the molecule, the spectra versus the
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energy change or the more commonly used Raman shift (%i - %S) can be used as a fingerprint to identify

chemicals. Due to the Boltzmann distribution of energy levels, the number of molecules at v0 is much larger
than vl1, resulting in a higher intensity of Stokes lines rather than that of anti-Stokes lines. Nevertheless, the
overall intensity of the inelastic scattering is extremely low (less than 1077 of the elastic scattering)*®, which
requires further enhancement for practical applications. Therefore, SERS was developed to be able to

enhance the Raman signal more than 10° times.*’

In general, there are two mechanisms behind amplification of the SERS signal: chemical enhancement and
electromagnetic enhancement. The latter is widely believed to be the main contribution and has a close
relationship with the plasmonic resonance.*’” As discussed in Section 1.2, SPR can be excited in the vicinity
of the metal surface, which gives rise to the local field enhancement and radiation enhancement of the
Raman dipole. The overall enhancement factor (EF) can be expressed as*’:
| E loc (w) | *
EF = FfF, ® ————— 1.4
TR

where Ftis the local field enhancement factor, F; the radiation enhancement factor, Ei.. the local electric
field near the metal, E; the electric field of incident light.*” Considering Ei.. could be hundreds of magnitudes
larger than E°°, the consequential EF could be spectacularly large, especially in the places called ‘hot spots’,

such as tips and gaps of NPs and metal plates. The experimental EF can be calculated as:

EF = ISERS IRaman

= 1.5
NSERS NRaman

Where Isers and Iraman are the intensity of SERS and Raman signals respectively, while the Nsgrs and Nraman

are the numbers of molecules generating signal.

Another technique for enhancing Raman signal is resonance Raman spectroscopy. The excitation energy
of the laser is optimised to overlap with the energy of the electronic transitions of the analytes. The resultant
Raman signal is witnessed to have a boost up to 10° times, though fluorescence is also generated as a side-

effect.’®
1.4. Tunable metamaterials

Metamaterials are materials that have periodically arranged sub-wavelength structures that can manipulate
light-matter interactions.’’ Though chemically composed by ordinary base materials, metamaterials

distinguish themselves by their micro- or nano-structures and many unique properties and applications such
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38-60_ cloaking®! %2, super lenses®, artificial chirality® ® and all kinds of sensors®"

as negative refractive index
% Current research interests are focussed on tunable, switchable and nonlinear metamaterials that are
adaptive to multiple functionalities and ambient stimuli.®’* As mentioned previously, the optical output of
metamaterials due to plasmonic resonance is largely dependent on the materials, size, shape and
distributions of their nano-structures. Among all these parameters, the distributions of the nanostructures
or the interparticle distance can be readily tuned in situ.”® Before demonstrating our tunable metamaterials

in later chapters, several typical tuning methods are introduced in this section.

1.4.1. Mechanical tuning
When talking about changing distances, mechanical strains and the resultant deformations are the most
straightforward methods that come to mind. Mechanical tunability exploits the rearrangement of the

nanostructures that are accommodated on elastic substrates such as polydimethylsiloxane (PDMS).”!-"3

By anchoring ~250 nm diameter gold NP dimmers onto a stretchable substrate, Jeremy J. Baumberg group’™
examined the fundamental coupling effects of the dimer in response to the mechanical deformation. A clear
shift of the SPR peaks can be witnessed with different stretching ratio of the substrate at two polarizing
directions (Figure 1.5). Although didn’t precisely measure the change of the interparticle distance, they
qualitatively corelated the experimental scattering spectra under different stretching ratio to the
theoretically generated spectra with designated separation, envisaging future applications in tunable SERS

if this gap can be narrowed further.
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Figure 1.5 Measured dark-field scattering spectra of a single Au nanoparticle dimer deposited on stretchable elastomeric film. From
top to bottom, the film is stretched by 0%, 27%, 53%, and 90%. Incident light is polarized along (a) the dimer axis (x direction, as
in lower schematic) and (b) perpendicular to the dimer axis (y direction). (middle) Dark-field microscope images of the dimer at
different stretching distances; scale bar is 1 um. Reprinted with permission from Ref.7*

In a more application-oriented research by R. Agarwal et.al’”®, they proposed reconfigurable phase-only

computer-generated metasurface holograms with up to three image planes operating in the visible regime.

The device is based on arrays of gold nanorods anchored on a stretchable polydimethylsiloxane substrate.
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Stretching the substrate rearranges the distribution of the nanorods array, enlarges the hologram images and
changes the location of the image plane. Once fixing the observing distance, these devices can switch the
displayed holographic image between multiple distinct images (Figure 1.6). This work provides the

possibility for stretchable metasurface holograms for dynamically reconfigurable optical communication

J, unstretched
X
> 7
E(x,y, z[s%) E(x,y, z)

Ey(x,y)

and display.

stretched

VES () E'(xy.2) WE(xy,s2)

Figure 1.6 Design and performance of a two plane metasurface hologram on a stretchable PDMS substrate. (a-b) Computer
reconstructions of computer-generated hologram image planes. (¢) Schematic of two-plane hologram and mechanism for hologram
image switching by stretching. (d-e) Experimentally measured hologram images at an image plane 200 um from the metasurface
for a device that is (d) not stretched and (e) stretched 124%. Reprinted with permission from Ref.”

To further exploit the shifting of SPR frequency due to a change in interparticle distance, Naomi J. Halas
et al.”® reported a plasmonic device that can be tuned continuously across the entire visible spectrum, based
on integrating a square array of aluminium nanostructures into an elastomeric substrate. By stretching the
substrate in either of its two dimensions, the period and therefore the scattering colour can be red shifted or
blue shifted subjected to the stretching directions, covering the entire visible spectrum (Figure 1.7). The
unique two-dimensional design of this structure enables active mechanical colour tuning, under gentle
elastic modulation with no more than 35% strain. This full-colour plasmonic device has a wide and diverse
range of possible applications, such as highly sensitive surface stress or colorimetric sensors, and new types

of real-time displays.
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Figure 1.7 Full colour tuning on a single plasmonic device. (a) CCD images and (b) experimental spectra of the device at different
stretching conditions. (c¢) Schematic of the two-dimensional stretching method for full-colour tuning. (d) The corresponding
simulated scattering spectra. device, the colour of the scattering light is blue shifted. Reprinted with permission from Ref.”®

1.4.2. Thermal tuning

The change of temperature has ubiquitous influence upon the properties of materials such as the thermal
expansion coefficients, although this effect is often too small to be noticeable at room temperature.
Therefore, some non-linear effects that induce drastic changes over a small temperature range are required

for practical applications. Most of the current thermo-responsive metamaterials are based on reactions or

77-80 81-83

phase-transition effects of particular organic’’**" or inorganic®'**> materials.

Vanadium dioxide (VO;) is one of the most widely exploited inorganic building blocks for thermo-
responsive meta-devices. At the critical temperature around 68 °C, VO, experiences a phase transition
between dielectric and metal states. The resultant changes in permittivity, especially the imaginary part
became very handy for designing switchable absorbers.®** Using ion irradiation through nanometer scale
masks, Mikhail A. Kats et al.®® selectively defect-engineered the insulator-metal transition of VO», a
prototypical correlated phase-transition material whose optical properties change dramatically depending
on its state (Figure 1.8). After the intensive study on the influence of the Ar* injection upon the transition
temperature, they demonstrated several optical metasurfaces, including tunable absorbers and polarizers

based on thermally triggered dichroism.
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Figure 1.8 Optical meta-devices based on defect engineering of phase-transition materials. (a) The thermally driven insulator-to-
metal phase transition of vanadium dioxide (VO2) can be modified by deliberately introducing structural defects into the lattice
(defect engineering). Spatially selective defect engineering is achieved by ion beam irradiation through a mask. The enlarged area
shows the primary displacement of both vanadium and oxygen lattice atoms by an incoming energetic ion and the subsequent
damage cascade. The complex refractive indices of the insulating and metallic states are similar for the intrinsic and irradiated VO,
but the phase transition of the irradiated regions occurs at a much lower temperature. (b) The irradiated features can be made much
smaller than the wavelength of light, so the resulting film becomes a metasurface with effective optical properties. One example is
a tunable polarizer comprising stripes of irradiated and intrinsic VOg, creating a metasurface with a variable degree of optical
anisotropy. Reprinted with permission from Ref.%*

Not only interesting for biomedical applications such as drug-delivery, thermo-responsive polymers are
particularly fascinating for real-time tuning of plasmonic active nanomaterials.3¢*® Since the earliest report
of the thermal phase transition behaviour of poly(N-isopropylacrylamide) (pNIPAM) in 1967 by Scarpa et
al.,% temperature remains the most extensively exploited stimuli in the field of responsive polymers.®
Below the lower critical solution temperature (LCST, ~ 32 °C), the hydrogen bonds between the water
molecules and the C=0 and N-H groups on pNIPAM dominate, rendering the chains of pNIPAM extended.
Above the LCST, the hydrogen bonds break, and the interaction of hydrophobic methyl groups and the
main-chain hydrocarbons with each other results in a more coiled conformation.” By functionalizing NPs
or substrates with pNIPAM, a temperature dependent change in ligand length can be achieved resulting in
an excellent means for auxetically tuning the structure and the resultant optical properties (Figure 1.9).
Typical strategies involve utilizing this polymer to anchor plasmonic NPs randomly into another polymer

matrix’!, on micro-gel®, in bulk solution®” or at a liquid-liquid interface.”

Fluorescent probe Y

SEF SERRS

Non-Interacting probe ﬁ

No SERS SERS

Figure 1.9 Schematic representation of the application of thermo-responsive Au@pNIPAM microgels for surface enhanced
fluorescence (SEF) and surface-enhanced resonance Raman scattering (SERRS) (top), and as molecular traps for surface-enhanced
Raman scattering (SERS) of non-interacting molecular probes (bottom). Reprinted with permission from Ref.
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1.4.3. Chemical tuning

For NPs dispersed in liquid, the ligands on the NPs and the chemicals in the bulk solution provide many
convenient ways of tuning the NP assemblies. As mentioned previously, to improve the stability of NPs,
charged ligands are indispensable to provide repelling electrostatic forces against the attracting van der
Waals forces that induce aggregation. Therefore, the adjustment of this delicate balance will induce the
rearrangement of NP arrays. Before going to extremes, the number of these charges on the NPs can be
modulated by ligands®®, pH** and solvent™. In addition, the concentration of electrolyte can also screen
these charges and further tune the separation of NPs.? ° Dr. Leonora Velleman et al.”’, from our group,
used a combination of X-ray diffraction and optical reflectance to determine the structural arrangement and
plasmon coupling between gold NPs assembled at a water | 1,2-dichloroethane interface. The density of the
NP array assembled at the interface can be controlled via the concentration of electrolytes within either the
aqueous (NaCl) or organic phase (TBA TPB). At higher electrolyte concentration more nanoparticles can
settle at the LLI resulting in a decrease in nanoparticle spacing as observed from X-ray diffraction
experiments. As the NPs come closer, the increased plasmonic coupling produces a red-shift in the optical
reflectance spectra (Figure 1.10), which demonstrated a simple way of chemically tuning the optical

response of the NP array.
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Figure 1.10 Reflectance spectra for NPs assembled at the water—DCE interface at varied electrolyte concentration, (a) NaCl in the
aqueous phase, and (b) TBA TPB in the organic phase. Wavelength maxima positions (red triangles) and reflectance at maximum
(black dots) of the NP films extracted from reflectance plots for varying NaCl (c) and TBA TPB (d). Note: reflectance spectra
shown are the average of five reflectance spectra taken from different areas on each sample. Reprinted with permission from Ref.®’
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Chemically controlling the specific binding between NPs is another widely used method.”® * DNA as a
programable linker is very versatile in changing the conformation of NP assembly.'® The specific
hybridization between complementary single strand DNA that anchored on different parts of nanomaterials
facilitated numerous applications in sensors!®! 12, nanorobots'® and biological delivery'®. Among them,
Paul Alivisatos group!®®, by combining lithographic techniques with DNA-based self-assembly methods,
constructed responsive plasmonic metamaterials that exhibit the plasmonic analogue of an effect known as
electromagnetically induced transparency (EIT), which can dramatically change their spectra upon motion
of their constituent parts. The EIT-like effect in these assemblies can be tuned by precisely controlling the
positioning of the plasmonic nanoparticles in these structures (Figure 1.11). For example, changing the
ionic environment or dehydrating the sample will change the conformation of the DNA linkers and therefore
the distance between the nanoparticles. Dark-field spectra of individual assemblies show peak shifts of up
to many tens of nanometres. This dynamic metamaterial represents a steppingstone toward state-of-the-art

plasmonic sensing platforms and next-generation dynamic metamaterials.!®
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Figure 1.11 Dynamics of the hybrid inorganic—organic structure that exhibits an EIT-like effect. (a) Salt-based disassembly and
destruction of EIT-like property due to changing ionic strength. The assembled structure in the blue box represents the structure in
0.5 M NaCl. The structure in the red box represents the disassembly in 0.01% SDS solution. (b) The blue trace is the measured
dark-field EIT-like feature of an assembly taken in 0.5 M NaCl buffer. After flowing in water, a single peak of the same structure
(red) is observed in dark-field imaging. This peak corresponds to the longitudinal resonance of the remaining parallel rods. The
black trace is the difference of the two peaks and represents the true EIT-like effect of the assembled structure had the dipolar
resonance of the parallel rods been completely suppressed. (c) Response to the hydration environment of the EIT-like assemblies.
Side-on view of the hydrated state where the DNA is in its extended conformation (blue box). The DNA collapses upon removal
of the solvent and dehydration (red box). (d) Dark-field spectra of the EIT-like assembly in its hydrated state (solid blue) and dry
state (solid red). When the assembly is dehydrated, the rods come closer together, which will increase the magnitude of the EIT-
like effect, broadening the transparency window. FDTD simulation of the hydrated state (dashed blue) and dry state (dashed red).

Scattering intensity is normalized to make the shift in peak positions clear. The theory and experimental data are offset for clarity.
Reprinted with permission from Ref.!%
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1.4.4. Electric related tuning

106, 107

Electric tuning covers a wide range of subordinate methods such as electromagnetic , electrostatic'®,

109,110 and electrochemical'' "2 approaches. Mikhail Lapine et al.!®, first introduced the

piezoelectric
concept of magnetoelastic metamaterials, where multiple arrays of metallic rings were stacked in elastic
polymer membranes (Figure 1.12). The electromagnetic tuning is achieved by utilizing the Ampere forces
among different arrays of the metal rings and the elastic forces from the polymer. This enables the
electromagnetically induced forces to change the metamaterial structure, dynamically tuning its effective

properties.'%

a e : o

by ¥ b
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Figure 1.12 Two layers of the bulk sample are shown. (a) The metamaterial before the electromagnetic field is applied. (b) The
metamaterial is compressed by the electromagnetic forces acting between the elements. Dimensionless lattice parameters a and
bare normalized to the resonator radius ro. Reprinted with permission from Ref.!%

Nikolay Zheludev group'®, proposed a tunable metamaterial that is actuated by electrostatic forces arising
from the application of only a few volts to its nanoscale building blocks. Supported by pairs of parallel
strings cut from a flexible silicon nitride membrane of nanoscale thickness, those building blocks of
picogram mass, can be driven synchronously to megahertz frequencies to electromechanically reconfigure
the metamolecules and dramatically change the transmission and reflection spectra of the metamaterial
(Figure 1.13). The metamaterial's colossal electro-optical response allows for either fast continuous tuning
of its optical properties (up to 8% optical signal modulation at up to megahertz rates) or high-contrast

irreversible switching in a device only 100 nm thick.'%
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Figure 1.13 (a & b) SEM images of the metamaterial in its OFF (a) and ON (b) states. Scale bar, 500 nm. c—d, Transmission (c),

reflection (d) spectra of the device in the OFF and ON states (left axis) and the corresponding switching contrast (right axis).
Reprinted with permission from Ref.'%

Yu Hui et al.'® proposed a thin piezoelectric plasmonic metasurface forming the resonant body of a
nanomechanical resonator with simultaneously tailored optical and electromechanical properties. They
experimentally demonstrate that it is possible to achieve high thermomechanical coupling between
electromagnetic and mechanical resonances in a single ultrathin piezoelectric nanoplate. The combination
of nanoplasmonic and piezoelectric resonances allows the proposed device to selectively detect long-
wavelength infrared radiation with unprecedented electromechanical performance and thermal capabilities
(Figure 1.14). These attributes lead to the demonstration of a fast, high-resolution, uncooled infrared

detector with ~80% absorption for an optimized spectral bandwidth centred around 8.8 mm.'?”
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Figure 1.14 (a) Mock-up view: an aluminium nitride nanoplate is sandwiched between a bottom metallic interdigitated electrode
and a top nanoplasmonic metasurface. The incident IR radiation is selectively absorbed by the plasmonic metasurface and heats up
the resonator, shifting its resonance frequency from fo to f* due to the temperature dependence of its resonance frequency. (b)
Measured response of the plasmonic piezoelectric resonator and a conventional AIN MEMS resonator to a modulated IR radiation
emitted by a 1,500-K globar (2-16 mm broadband spectral range). Reprinted with permission from Ref.!%

For electrochemical methods, one of the most challenging tasks is to maintain the stability and the
reversibility at the same time.!'! An electrochemically bistable switchable mirror was achieved by changing
the potential of the two thiol-modified indium tin oxide (ITO) electrodes in ionic liquids containing Ag"
ions (Figure 1.15).""" The on state (applying -2.5 V) not only reduced the Ag" ions onto the cathode,
forming a reflective mirror, but also build up a viscous electrical double layer in the ionic liquid electrolyte.
Under the voltage-off state, this double layer becomes a barrier protecting the metal thin film from

dissolving by the bromide ions, maintaining the bistability for more than 2 hours.

Electrical

Electrolyte Double layer

v-Off smt;\/

(Open circuit)
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Figure 1.15 Schematic diagram of the ion distribution in the transparent state, reflective state, and V-off state. Reprinted with
permission from Ref.!!!

1.4.5. Optical tuning

Light-metamaterial interactions not only produce all kinds of interesting optical phenomena, but also could
be employed as a way to tune the metamaterials themselves in return. Maiken Mikkelsen et al. constructed
an optically tunable plasmonic nanoantenna based on the coupling of silver nano-cubes and the silver

substrate. The UV light can transfer the spiropyran spacer between the cube and the substrate into
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merocyanine, which induce a dramatic change in refractive index of the interlayer, and as a result change

the extinction coefficient of the overall system (Figure 1.16).!"?
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Figure 1.16 (a) Schematic of film coupled nanopatch antenna with 66 nm nanocube and 12 nm photochromic spacer layer over a
75 nm silver film. (b) Chemical structure diagram showing two isomers of SPI that can be alternated through either UV or visible
light exposure. (c,d) Refractive index and extinction coefficient of a 12 nm layer of SPI/PMMA before (blue “SPI”) and after UV
exposure (red “MC”) and after being thermally reset (yellow “SPI-Reset”). Reprinted with permission from Ref.!'!?

The SPR of plasmonic metamaterials can induce thermal impact on local structures, enables another way

of modulating light with light. Jun-Yu Ou et al. deposited gold NP patterns on silicon nitride substrate.''*

The deformation of the substrate due to the optical heating effect of the gold NPs allows to tune the output
signal at MHz frequency range with milliwatt power level. Another type of optically actuated single nano-
oscillator was constructed by placing a pNIPAM wrapped gold NP on metallic substrate.'!* The irradiation
of laser stimulates the LSPR of NP on the substrate, generating heat that increases the local temperature
beyond the LCST of pNIPAM. This reduces the distance between the NP and the substrate, tunes the

scattering signal of this system.
1.5. Aims and objectives

The assembly of NPs at interfaces exhibits numerous interesting optical effects and has applications
involving plasmonics and SERS. One of the most challenging tasks in this field is designing ‘smart’ devices
that can re-adjust themselves to respond to environmental stimuli or to meet the demands of different
applications: a sensor that has different responses to multiple analytes in the same solution; an optical filter
that can adjust its density and wavelength within a wide range; a solar cell that can regulate light-harvest

and heat-dissipation over all weather conditions, and a SERS substrate that can boost interesting Raman
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peaks at selected wavenumbers. All these potential applications require in-situ tunability of the structures

and properties of these systems which is not yet completely solved in the existing literature.

The projects described in this thesis share the same objective of tuning the structure and optical response
of different plasmonic NP assemblies at interfaces. This objective can be further divided into two sub-
objectives. Firstly, to assemble NPs at either the SLI or the LLI; and secondly, to adjust their structure and
optical output through electrical, thermal and chemical approaches. This thesis is therefore organized

according to the different tuning methods applied at different interfaces.

Chapter 1 gives an introduction to the state of the art and general overview of the field, including brief
introductions of nanoparticles and applications, the basics of plasmonics and SERS, and the theoretical
framework that supports all the later experiments. Chapter 2 details each of the experimental techniques
and the experimental setups in the projects, such as NP synthesis, film deposition, SEM, UV-Vis,
reflectance and Raman measurements, electrochemical cells and thermal control setups. Chapter 3
demonstrates a novel electric potential controlled switchable reflector at the SLI. By adjusting the potentials
of the metallic substrate, a plasmonic array of 16 nm gold NPs can be reversibly assembled or disassembled,
switching the system between ‘absorber’ and ‘reflector’. Chapter 4 further develops an electrotunable
nanoplasmonic surface for amplified SERS, by assembling relatively large NPs (40 nm) on the SLI. With
the increase of interfacial potential, the narrowed interparticle gaps produce not only a substantial plasmonic
coupling band in the reflectance spectra, but also numerous ‘hot spots’ boosting the SERS output. Also at
the SLI, a thermo-responsive auxetic metasurface based on the coupling between a metallic NP array and
substrate is demonstrated in Chapter 5. We show that such meta-surfaces can be tuned to exhibit substantial
changes in the optical properties both in terms of wavelength and intensity, through the temperature-
controlled variation of the interparticle distance within the nanoparticle monolayer as well as its separation
from the substrate. Then, we migrate to an LLI system where label-free sensing of lead (Pb*") based on the
self-assembly of NPs is presented in Chapter 6. The glutathione (GSH) functionalized NPs used here
specifically bind to lead, leading to the formation of a reflective golden mirror. This technique allows the
detection of lead with improved sensitivity and faster dynamics as compared with bulk aggregation methods.
In Chapter 7, an electrotunable nanoplasmonic liquid mirror is proposed that is based on the
electrochemically assembled NP array at LLI. The optical outputs can be tailored by applying different

electric potentials at the interface. Lastly, Chapter 8 describes future directions and developments.
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2. Materials and methods

2.1. NP synthesis and functionalization

Generally speaking, fabrication of NPs, like other nanomaterials, fall into two categories: top-down and
bottom-up methods. Lithography, either based on light or electron beam, is one of the most widely used
top-down methods.! Through masking and etching processes, the unneeded parts of materials are removed
from the bulk substrates, leaving well organized NP patterns. Electron beam lithography normally has better
resolution than photolithography because the use of electron beam breaks the diffraction limit of light.?
Within the resolution limit, the most attractive feature of lithography for fabricating NPs is that people can
precisely control the shape, size, distance and distribution of NPs.** This gives lithography an unrivalled
advantage for constructing NP supper lattices, though the cost is generally much higher than bottom-up

methods.?

On the other hand, bottom-up methods aim to assemble materials into desired structures through physical
or chemical approaches. Templating is one of the most ingenious physical methods: using for example array
of polystyrene spheres® or even butterfly wings’ as the templates, materials are deposited into the gaps and
holes of the templates by physical methods such as atomic layer deposition (ALD)? or electro-deposition’.

Thus it is possible to obtain substrates with the inverse features from the templates.

Chemical reduction in liquid phase is one of the most versatile and low-cost methods of synthesizing noble
metal NPs.> ! The choice of metal sources, reductants, solvents, time, temperature and capping ligands
results in different sizes, and shapes of NPs.!” Brust—Schiffrin method!! and Turkevitch-Frens method!? are
two popular methods for synthesizing nano-spheres. Though a bit delicate, Brust—Schiffrin method can
produce very stable and uniform gold clusters with diameters smaller than 10 nm. With the aid of
tetraoctylammonium bromide, AuCly is transferred to toluene from water, then reduced by NaBHy4 and
stabilized by alkane-thiols. In Turkevitch-Frens method, sodium citrate is introduced into the boiling
HAuCly4 aqueous solution, acting as reductant and capping ligand. By changing the citrate-gold ratio, the
diameter of resultant NPs ranges from 16 nm to 147 nm.'? The two methods were further optimized and
developed for synthesizing NPs with different sizes and shapes.'* '* For example, some surfactants such as
CTAB were found to be able to bind to specific crystallographic facets resulting in rod-like NPs with double
SPR bands in UV-Vis spectra.'™ 16

In this thesis, Turkevitch-Frens method was employed for fabricating 16 nm gold NPs, because of its
simplicity and narrow dispersion in sizes. Since the gold source is corrosive, polytetrafluoroethylene (PTFE)

spatula and weighing boats were used to handle the powder. To avoid unwanted contamination and
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nucleation during synthesis, all the glassware in contact with the solution was cleaned using aqua regia,
sodium hydrogen carbonate solution and DI water. The typical fabrication protocol of 16 nm citrate capped
gold NPs can be described as follows. A 500 mL 0.01 wt% HAuCl,4 solution was heated to boil on a hot
plate with magnetic stirring. Then 10 mL of 1 wt% sodium citrate was quickly pipetted into the boiling
solution which was kept for 30 min to allow the reaction to finish. It is within this period of time, the light

yellowish HAuCl, solution turns into a burgundy red colour of 16 nm NP solution.

Though as a classical capping ligand, citrate sometimes cannot provide sufficient protection against
aggregation especially under high electrolyte concentration!'” or cannot provide some key functions for
‘smart’ optical applications. Luckily, citrate can be easily exchanged by other ligands after NP fabrication.
In Chapter 3, to further stabilize NPs and to control the amount of negative charges on NPs, 12-
mercaptododecanoic acid (MDDA) was used to displace the citrate. 500 mL 16 nm NP solution prepared
through Turkevitch-Frens method was heated to 60 °C, after which 3 mg MDDA was added. After
maintaining the temperature for 2 h, the NP solution was allowed to naturally cool to room temperature and

stored in a fridge for further use.

In Chapter 4, we intend to explore the SERS responses of NP assemblies. Therefore, larger NPs with better
SERS enhancement are desired. However, one problem of the Turkevitch-Frens method is that with the
increase of NP diameter, the roundness and uniformity degrade. Therefore 40 nm NPs were fabricated using
a seed mediated method proposed by Brown '8, 540 mL water was mixed into 60 mL previously obtained
16 nm NP solution. Followed by the addition of 6 mL 0.2 M NH.OH-HCI, 5 mL of 1 wt% HAuCl4 was
quickly injected with vigorous stirring. After the reaction finished, 612 pL 10 mM solution of 80% 4-
Mercaptobenzoic acid (MBA), 20% MDDA was added into the solution and incubated for 12 hr.
Centrifugation of the NPs were performed at 1500 rcf (relative centrifugal force) for 1 h and refilled with

DI water.

In Chapter 5, the construction of the thermo-responsive auxetic metasurface requires the functionalization
of pPNIPAM onto the NPs. To be more specific, after naturally cooling down the 16 nm citrate NP solution,
amine terminated pNIPAM (Mn = 2500) was added to achieve a final concentration of 0.01 wt% and was

kept for 12 hours. Excess pNIPAM was removed by centrifugation at 6000 rcf for 30 min.

Finally, in Chapter 6, GSH, a ligand that can specifically bind to lead ions was functionalized onto 44 nm
gold NPs. 30 mL as prepared citrate functionalized 16 nm gold NPs were mixed with 270 mL MilliQ water
and 3 mL 0.2 M NH,OH solution. Under vigorous magnetic stirring, 2.5 mL 1 % wt HAuCl4 was added
into the solution and allowed to react for 5 min. To functionalise the NPs with GSH, 600 ul 1 M NaOH was

injected into 300 mL as prepared citrate functionalized 44 nm gold NPs to improve the stability prior to the
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addition of 3 mL 1 mM GSH. GSH was incubated for 6 h to fully functionalise the NP surface. Then the
pH of the solution was adjusted to 8 followed by 30 min centrifugation at 1500 rcf to remove the excess

free GSH.
Table 2.1 summarises the NPs used in this thesis.

Table 2.1 the diameters and functioning ligands of NPs used in this thesis

Chapters Diameters (nm) Ligands
3 16 MDDA
4 40 MBA-MDDA
5 16 pNIPAM
6 44 GSH
7 16 MDDA

2.2.  Film deposition

Flat and uniform metallic films are crucial for successful implementation of the SLI systems. TiN/Ag
substrates used in Chapter 3 and 4 are fabricated by our collaborators Daniel J. Klemme and Prof. Sang-
Hyun Oh from University of Minnesota, Minneapolis, US. There are several reasons for depositing a thin
layer of TiN atop of Ag. First, TiN is a stable semiconductor with relatively good conductivity and
transparency, which will not impose too much impact on the optical and electrochemical properties of the
whole system. In addition, since silver is reactive in terms of chemistry and electrochemistry, TiN acts as a
passive layer to isolate silver from the solution. At last, TiN also prevent the drifting negatively charged
thiolated molecules from attaching to the silver substrate, making it easier for assembling negatively
charged NPs on the substrates. As to the experimental procedure, silicon substrates were firstly stripped of
their native oxide layer in a hydrofluoric acid bath. A 2 nm titanium adhesion layer was then evaporated
onto the substrate, followed by a 125 nm Ag layer. The sample was then immediately placed in a plasma-
enhanced atomic layer deposition (PEALD) system, where 5 or 10 nm of TiN was deposited at a
temperature of 270°C. The sample was left to cool in the chamber before exposing it to atmosphere in order
to avoid excessive oxidation. Before use, the TiN/Ag substrates were rinsed with acetone, ethanol and DI

water.

Au substrates and octanethiol self-assembled monolayer (SAM) used in Chapter 5 was fabricated by us. A
125 nm thick Au film was deposited through sputter coating (Quorum Tech, Q150T) on a silicon wafer
with a 10 nm titanium interlayer. The substrates were washed vigorously by acetone, ethanol and DI water

before and after the deposition. The substrates were soaked into a 1 wt% octane thiol solution in ethanol
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for 1 hour to form a self-assembled monolayer of octane thiol and washed by ethanol and DI water for later
use. There are three main reasons for introducing an octane-thiol SAM on the Au substrate. 1. Preventing
the NPs and substrate from touching each other. This SAM interlayer provides unique possibilities to study
isolated plasmonic coupling between the NP array and the metallic substrates. 2. Gold is vulnerable to
contaminants non-specifically absorbing on the surface. This is problematic especially as it is important to
precisely control the distance between NP array and the substrate. Octane-thiol SAM passivates the gold
substrate and improves overall stability. 3. The SAM prevents NP aggregation and hence helps to ensure
the system is reversible. The hydrophobic interactions between the octane-thiol on the substrate and the

pNIPAM on the NPs are very helpful to keep the NPs stable and resilient on the gold substrate.
2.3. UV-Vis

Ultraviolet-visible (UV-Vis) spectroscopy is a commonly used technique for qualitatively or quantitatively
determining analytes that can absorb lights within ultraviolet to visible range. Provided that the extinction
coefficient (g) is known, the routine way of utilizing UV-Vis is to determine the concentration of analytes

according to the Beer-Lambert law:
Iy
A= lgT = ecL 2.1

Where 4 is the absorption, /o the incident intensity of light, / the transmitted intensity of light, ¢ the
concentration of analyte, L the light path length. For common analytes, the extinction coefficient can be
referred from literature or measured from home-made calibration curves. However, for NPs, the
determination of concentration through UV-Vis is not straight forward. First, it is relatively hard to obtain
a reference since the size and concentration of NP solution could vary from batch to batch. In addition,
different size of NPs delivers different extinction coefficient, which makes it harder for building a reliable

calibration curve with two variables.

Fortunately, the UV-Vis spectra can provide information about both the concentration and the size of NPs.
As mentioned in Chapter 1, the SPR frequency of NPs is closely related to their sizes. By corelating the
wavelength of SPR absorption peak to the transmission electron microscopy (TEM) measured NP diameters,
W. Haiss et al."” fitted an equation to determine the NP diameter by UV-Vis:

Aspr — 512)
Y l"( 653

0.0216

2.2
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After pinning down the size of NPs, the extinction coefficient can be further fitted. The equation for

calculating the number density of NPs'? is:

Aucg x 1014
N = 450 2.3

_ 2
d2|—0.295 + 1.36 exp (— (d 96'8) )]

78.2

Where A4s01s the absorbance value at 450 nm.

Another good application of UV-Vis is the determination of NP aggregation. NPs are prone to
agglomeration due to their high surface energy and thus require the functionalization of citrate, thiolated
molecules or polymers.?’ Nevertheless, when the electrolyte concentration is too high, or the NP solution
is too old, or other molecules (wanted or unwanted) bind to the surfaces of NPs, functionalized NPs can
still aggregate. As can be seen from Figure 2.1, for high quality 16 nm gold NPs, the SPR absorption peak
located around 520 nm under monodisperse state red shifts and broadens upon increasing the concentration
of NaCl. This is typical for NP aggregation. When NPs aggregate into a larger cluster, the surface plasmon-
polaritons of nearby NPs couple with each other as if forming a larger NP. Qualitatively, as shown in Eq.
2.2, when the diameter of the aggregated NP cluster is larger than the single NP, the absorption peak is red
shifted.

. a 10min | b 30 min | € 1hr | d 24 hr | NaCl (mM):
; — 125
g 08 ey
=06 — 375
gy — 50.0
= 62.5
204 75.0
2 87.5
202 100.0
< — 1125
0 —125.0

400 600 800 400 600 800 400 600 800 400 600 800
Wavelength (nm)

Figure 2.1 Time dependent UV-Vis spectroscopy of 16 nm Au-MDDA NPs at different concentrations of NaCl. Ten concentrations

up to 125 mM of NaCl in steps of 12.5 mM were followed over 24 hours. The spectroscopy was performed at 10 min, 30 min, 1 hr
and 24 h from (a) to (d) respectively. Reprinted with permission from Ref.!”

2.4. Electron microscopy

As mentioned in the last section, though UV-Vis can estimate the diameters of NPs, its accuracy is reduced
when the diameter is less than 35 nm.!? Therefore, the designated 16 nm NPs require a more direct approach
to check their size, shape and distribution. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are two powerful techniques for imaging nanomaterials. Instead of using light as the

media, attenuated electron beams are emitted from the electron guns and directed to the samples by
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electromagnetic lenses.?! For SEM, secondary and backscattered electrons are collected near the surface of

the samples, while the TEM forms the images from the transmitted electron beams.?!

B

40

30

Diameter (nm)

Figure 2.2 A. TEM image of as prepared 16+1 nm NPs. B. Statistics of the measured diameters of NPs. Reprinted with
permission from Ref.??

In our particular scenario, TEM is used to measure the diameters of our 16+1 nm (Figure 2.2) and 40+3
nm (Figure 2.3) NPs. The statistics shown beside the TEM images illustrate that the 16 nm NPs have
smaller standard deviation compared with the 40 nm NPs. For TEM sample preparation, 1 mL as-prepared
NPs solution is first centrifuged to remove the ligands and electrolytes. After redispersion in water, 10 pLL
NP solution was pipetted onto a copper mesh covered by a thin carbon membrane. The droplet on the mesh

was allowed to evaporate naturally at room temperature for further measurements.

Counts

36 40 44
Diameter (nm)

) : ‘
Figure 2.3 (a) Transmission electro-microscope (TEM) image of 40+£3 nm Au nanoparticles (NPs). (b) Statistics of NP diameter
measured from TEM images.

To examine the NPs directly on the substrates used in this thesis, SEM had to be used as TEM is not easily
applicable when our 125 nm thick metallic substrates can shield the transmitting electron beam.?! As to the
SEM sample preparation, the NPs on substrate deposited overnight were carefully removed from the NP-
solution and quickly dried by a nitrogen gas line. No further coating was applied before the SEM

measurement, due to the inherent good conductivity of the samples.

38



Chapter 2

However, one should keep in mind that the SEM images are performed on samples that are removed from
solution and dried, and measured in high vacuum. When the samples are taken out from the solution, the
functionalizing ligands lose their charges. Hence the repulsion between them is suppressed, and since the
nanoparticles are not anchored at the interface, they move closer to each other and form islands. This opens
up parts of the substrate surface free from nanoparticles. Therefore, this rearrangement and distribution of
NPs renders the direct comparison between the wet optical signal and dried SEM image not meaningful.
Nevertheless, the SEM images are still useful to qualitatively compare the density of NPs on substrates and

to confirm no major 3D agglomeration formed.
2.5. Reflectance measurement

Reflectance is both convenient and informative measurement technique to determine the plasmonic
coupling in our systems and was used in all aspects of this thesis. In different chapters, this versatile
measurement is normally coupled with other measurement techniques, such as Raman, electrochemistry
measurements or thermal regulation. The general experimental setup of reflectance measurement is shown

in Figure 2.4.

Tungsten-halogen lamp  Spectrometer

H

Reflectance
probe

Cell

Sample

Figure 2.4 Experimental setup for reflectance measurement.

The white light emitted by a tungsten halogen lamp (Ocean Optics) was transmitted through a multimode
fibre in a reflectance probe (Ocean Optics, focal length 2 mm), vertically hit the sample either at SLI or
LLI. After the interaction between the incident light and the samples, the far-field reflected light was
collected by the same probe and transmitted to an Andor 163 spectrograph fitted with an iDus charge-

coupled device.

39



Chapter 2

During the measurements, the dark background was firstly taken when the light source was off, and any
stray light was shielded by a black curtain. Then, the light source was turned on with suitable intensity
while a silver mirror (Thorlabs) was inserted under the probe as a positive reference. After focusing the
light beam through aligning the probe in x-y-z direction, the acquisition time and averaging number was
set in the software controlling the spectrometer. Then a positive reference of 100 % reflectance was taken.
By placing the probe to the sample, and re-focus the beam, the reflectance spectra for designated samples

can be obtained.
2.6. Effective medium theory

The assembly of NPs at interfaces of two different media has drawn interest both experimentally and
theoretically. Though all kinds of experimental methods, either bottom-up or top-down, have been
demonstrated, the theoretical study of the optical response of such assembly is still valuable for
understanding the physical phenomena and for giving directions to future experimental optimisations. A
light weight ‘effective medium theory (EMT)’ was developed to give fast and accurate calculations for the
optical responses of the NP assembly at liquid-liquid interfaces (LLI) and solid-solid interfaces (SLI),>%*
systematically tested against full-wave (COMSOL Multiphysics) simulations.

Over the following chapters, EMT will be used to help interpret and understand the experimental optical
data. Here, as an example, the EMT is applied to a ‘five-layer’ SLI system to briefly introduce this versatile
theoretical framework.?* For a given lateral structure of the NP-array, its contribution to the system optical
response, in this theory, can be described as that of a pseudo-film. The frequency-dependent dielectric
polarizability of that ‘film’ is expressed through the optical polarizability of individual NPs which is
described by a dipolar approximation, and most importantly, with account for interactions of localized

plasmons between NPs, with the substrate, and the surrounding medium.

In the current case (Figure 2.5), light interacts with the electrolyte solution (medium 1), nanoparticle array
(medium 2), medium 3 located between the array and interface (can be also electrolyte or a layer of ligands,
acting as ‘spacer’ layer), and the conductive film (medium 4) coating the semi-infinite electrode (medium
5). The detailed structure is sketched in Figure 2.5, where d, hg and hy are the thicknesses of the layer
representing the NP array, the spacer, and the coating film, respectively; a is the centre-to-centre separation
between NPs. For each layer, dielectric constants are labelled as €, €,, €3 = €4, €4 and €5. By doing so,
the NP surrounding medium [layers 1 and 3] were considered to be frequency-independent (€; = €3). On
the other hand, the Au NP layer (layer 2) and the substrate layers (layers 4 and 5) were characterised by

frequency-dependent dielectric constants. Then the effective polarizability and permittivity of the pseudo-
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film of the NP array are calculated, containing contributions from both the interactions with other NPs in
the array and the images of the effective dipoles emerging due to excitation of localized plasmons. That
completes the information needed for the subsequent application of the Fresnel’s theory to the multi-layered

system, to calculate the reflectance spectra.?

L
X
v g K 1 g

|'\<_1L_;. : 1 d
A AN s

=
hi 4

Figure 2.5 Schematic representation of a nanoparticle ‘mirror-on-mirror’ system and its corresponding S5-layer stack model,
introduced in Ref.?

To check the validity of the EMT in the NPs on metallic substrate system, the coverage calculated from
EMT fittings of the optical spectra was compared with that calculated from SEM images of the dried

samples.

Figure 2.6A shows the experimental (dried samples) and theoretically-fitted spectra of the changes in
reflectance at different NaCl concentrations, during the assembly process (for details, please see Chapter
3). Currently we just need to know that the different NaCl concentration induce different density of NPs on
the substrates. The coverage was calculated in the following way. In the theory?, first, NP-layers were
modelled as a 1-nm-thick fictitious continuous film, with permittivity calculated from EMT that considers
the changes in interparticle spacings. Then, it is assumed that ‘f” fraction of the whole surface is composed
of this effective film, while the rest 1-f fraction denotes bare interface. By fitting experimental reflectance
spectra, therefore, the values of these coverage fractions for the three concentrations (20, 40, 60 mM NaCl)

were extracted as 7%, 29% and 44%, respectively.
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Figure 2.6 Comparing the NP coverages calculated from SEM and EMT. A. Experimental (solid) and theoretically fitted (dashed)
curves of the change in reflectance of NPs/TiN/Ag for different NaCl concentrations after drying, with respect to the pristine
TiN/Ag substrate. B, C and D are the SEM images for different dried NPs/TiN/Ag samples with red- pseudo-coloured NPs for
calculating NP coverages, scale bar 100 nm.

The NP surface coverage values calculated from SEM images are shown in Figures 2.6B, C and D. The
dots highlighted in red show the areas covered by NPs. By counting the number of pixels of all the red dots
and dividing that by the total pixels of the whole images, the surface coverage was calculated to be 6%, 28%

and 47% for 20, 40 and 60 mM dried samples respectively.

The excellent agreement between the surface coverage estimates made from SEM images and from
analysing the reflection spectra gives additional support to the validity of the EMT in the treatment of our

samples.
2.7.  Raman spectroscopy and SERS EF calculation

2.7.1. SERS measurement

The basic setup of Raman microscope is shown in Figure 2.7. Briefly, the beam from a 632.8 nm HeNe
laser (HRP170, Thorlabs, 21 mW) was directed by two silver mirror (Thorlabs) passing through a set of
neutral density filters to control the final measured laser power from the stage as 0.81 mW. Two bandpass
filters (Laser 2000, LL01-633-12.5) were used to clean up the laser beam. Then the beam was directed to
an Olympus 20x, NA 0.45 objective (LCPLFLN-LCD) by A dichroic filter (LPD01-633RU-25x36x2.0,
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Semrock) and finally reached the sample. The resultant Raman signal passed through the same objective
and dichroic filter and filtered by a long pass Raman filter (LP02-633RU-25, Semrock) before the signal
being collected by a spectrograph (Shamrock SR-3031, Andor) and an electron-multiplying charge-coupled
device camera (EMCCD, Newton DU970BV, Andor).

Samplel I

Objective

632.8 nm laser mirror

-

Laser cleanup
Attenuator filter

I

Dichroic filter

Long pass Raman filter

Lens

Spectrograph
& EMCCD

Figure 2.7 Scheme of the light path of the Raman microscope.

2.7.2. Calculation of experimental SERS EF

The experimental EF was calculated according to Eq. 1.5%. The intensity of SERS and Raman signals were
directly measured from experiments. The numbers of molecules generating SERS and Raman signals, noted
as Nsers and Nrs respectively, need further calculation. Since the surface area of the substrates is the same

with either SERS or Raman and will be cancelled in EF equation, 1 cm? will be used for ease of calculation.

Nrs = m % Na/ Muga, m is the mass of MBA solid on 1 cm? substrate, N4 the Avogadro constant, Myga

the molecular weight of MBA.
Nsers = Nnp X Snp X OmBa-Np

Nnp is the number of NPs on 1 cm? Nxp = 1/Sxpojaice = 1/(sin60° % a%), Sxp-iatice is the hexagonal NP array

lattice area, a is the interparticle distance calculated from EMT theory.
Snp is the surface area of single NP: Sxp = 4712

omea-np is the MBA density on NP surface, which is taken from previous research?’.
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2.7.3. Calculation of theoretical SERS EF

Numerical simulation of the near-field distribution patterns of the Au NP assembly on TiN/Ag substrate
provided theoretical estimates of the SERS EFs, calculated as max(|E/Ey|*) , where E/E is the local
electric field enhancement factor at the wavelength of the reflectance dip. The full-wave simulations were
conducted using the RF module of COMSOL Multiphysics®, a commercially available finite-element-
method software. In the simulation model, perfectly spherical Au nanospheres were arranged in a hexagonal
lattice on top of a TiN/Ag-substrate film of the thicknesses specified in the experiments. A unit cell was
designed, which extended in both lateral dimensions using periodic boundary conditions to emulate a NP
monolayer assembled on the TiN/Ag substrate with large lateral dimensions. Frequency domain solver was
deployed for the simulation studies with extremely small meshing, where the maximum and the minimum
mesh element size was chosen to be A/10 (where A is the wavelength of light in that medium) and 1.5 nm,
respectively. Such dense meshing incorporates fine structural details of the system in the numerical

simulations and hence, allows to make a good estimation of the SERS EFs.
2.8. Electrochemical setup and measurement

2.8.1. Electrochemical cell

The electrochemical cell contains electrolyte solution, the samples and all the electrodes connected to the
potentiostat, Figure 2.8. A substrate was inserted into a polytetrafluoroethylene (PTFE) holder which
connected the substrate with a platinum wire leading to the working electrode. Two other holes on the
holder were to accommodate Ag/AgCl reference electrode and platinum counter electrode, to constitute a

three-electrode system connecting to the Gamry potentiostat.

Figure 2.8 Scheme of the electrochemistry cell containing a three-electrode system.

2.8.2. Capacitance measurement
Before performing any electrochemical measurements, all the platinum wires were ultrasonically cleaned

in a water bath and washed using acetone, ethanol, and DI water. The Ag/AgCl reference electrodes were
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prepared by oxidizing the 0.25 mm diameter Ag wire in saturated KCI solution under 2.0 V bias for 60 s in

a two-electrode system.

The capacitance as a function of potential bias was obtained by fitting the impedance data to the equivalent
circuit of Figure 2.9 for each value of the bias voltage. It consists of an interface capacitance C; (the
electrical double layer on the solution side and the space charge capacitance in the solid side) and a leakage
resistance R; (reflecting a possibility of ion transfer across the interface) in parallel, and a series resistance

Rs (the ion transport bulk solution resistance).

R

—

C

Figure 2.9 Equivalent circuit utilized in the analysis of impedances. The circuit consist of a connection in parallel — capacitance
and a bypass ion transfer resistance at the interface, Ci and Ry, and in-series bulk ion transport resistance, Rs.

The complex impedance corresponding to the equivalent circuit in Figure 2.9 is:

1
Z'+iZ" = Rg+ ————— 2.4
! S TiwC + 1/R,

where w is the angular frequency. Hence, the capacitance can be retrieved from the experimental data:

ZII
C=— 2.5
w[(Z' = Rs)? + 2]

For our experimental configuration, it was found that Rs of the used solution was small compared to the

contribution of Ry and Ci, and hence, set to zero for the calculation.

The measurement of capacitance was performed with a Gamry potentiostat with a three-electrode
configuration as described in a previous section. The experiment involved polarisation of the interface at
different applied potentials with an oscillation of 1 mVms at 1, 10, 100 Hz. The modulus and phase of the
current response were converted to a complex impedance through Euler’s formula, and Ry and C; were

extracted using Eq. 2.4 and 2.5.
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3. Electric potential controlled switchable reflector at solid-

liquid interface

3.1. Abstract

Designing tunable optical metamaterials is one of the great challenges in photonics. Strategies for reversible
tuning of nano-engineered devices are currently being sought through electromagnetic or piezo effects. For
example, bottom-up self-assembly of nanoparticles at solid | liquid or liquid | liquid interfaces can be used
to tune optical responses by varying their structure either chemically or through applied voltage. In this
chapter, we report on a fully reversible tunable-colour mirror based on a TiN-coated Ag substrate immersed
in an aqueous solution of negatively charged Au NPs. Switching electrode polarization is shown to be able
to fully control the assembly/disassembly of NPs at the electrode/electrolyte interface within a 0.6 V-wide
electrochemical window. The plasmon coupling between the adsorbed NP array and the electrode at high
positive potentials produces a dip in the optical reflectance spectrum, creating the ‘absorber’ state.
Desorption of NPs at low potentials eliminates the dip, returning the system to the reflective ‘mirror’ state.
The intensity and wavelength of the dip can be finely-tuned through electrode-potential and electrolyte
concentration. The excellent match between the experimental data and the theory of optical response for
such systems allows us to extract valuable information on equilibrium and kinetic properties of NP-
assembly/disassembly. Together with modelling of the latter, this study promotes optimisation of such

systems for building electrotunable reflector-devices.

Please note that the theoretical fittings for reflectance spectra and interparticle distances are contributed by Cristian
Zagar and Debabrata Sikdar. The theoretical adsorption kinetics are contributed by Cristian Zagar. The major parts

of this chapter were published in Ref.’

48



Chapter 3

3.2. Introduction

Metamaterials based on periodic subwavelength structures possess exceptional optical properties for

7, 8 9-11

manipulating light-matter interactions.>® For instance, invisibility cloaks’” 8, super lenses®!!, colour

12, 13

display and nanoantenna for solar energy'*!'” have demonstrated the “programmable” nature of

metamaterials with numerous promising applications.'®?° The most extensively studied ones have been the

strongly coupled plasmonic systems exhibiting exotic dielectric and magnetic properties.?'23

There is currently a strong demand for in sifu tunability of the optical properties of such systems.?* 2% 2423

15?7 and thermal®® effects

For normally static architectures built by conventional lithography?, mechanica
that induce physical deformation of the materials are already widely used to tune the output without need
for major reconstruction of the topology. Alternatively, bottom-up methods, based on self-assembly of
nanoscale building blocks, can be used for in situ generation of structures and the tailoring of their optical

signals.?3

Systems composed of NPs deposited on metallic substrates (NPoMS), where NPs and substrates are
electromagnetically coupled, have been shown to be tailorable by varying the component materials, shape
and size of NPs and the spacing between NPs themselves and between NPs and the substrate.**** Such

44, 45

systems have been widely exploited in sensing** *°, optical nonlinearity*®, nanoantenna*’ and SERS*.

However, one of the most challenging tasks is to be able to reversibly change the structure and tailor the

properties of these systems in real-time.** 430

Several steps have been taken in this direction, including structures wherein an aluminium substrate was
coupled with gold NPs.’! Aluminium being naturally reactive, the light scattering signal from such an
interface was continuously tuned through the oxidation of aluminium. An alternative is to tether NPs on
metallic substrates in a liquid environment. For tethered cuboid NPs on transparent electrodes, theory has
estimated that the reflection spectrum can be visibly affected by the orientation of the cuboids when a
voltage is applied to the electrode.’” Earlier, the Smith group had successfully anchored gold NPs onto a
gold substrates through the linkage of a charged polymer interlayer.”> By applying different electrode
potentials on the gold substrates, reversible tuning of local plasmonic coupling was achieved. Furthermore,
Di Martino ef al. have shown a continuous adjustment of SERS signals upon variation of potential using a
gold electrode coated with a SAM of thiolated molecules onto which gold NPs were placed.** However,
since the NPs are attached to the substrate, the flexibility of the rearrangement of these structures is

somewhat restrained, which limits the extent of optical tunability.
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Recently, our group reported on the creation of an electrotunable nanoplasmonic liquid mirror based on NP
assembly at an interface of two immiscible electrolytic solutions (ITIES).® Within the potential window at
which ions do not cross the interface, oppositely charged electrical double layers form on both sides of the
LLI. When the aqueous phase is polarized negatively relative to the organic phase, the energy well for
negatively charged NPs at the interface deepens, facilitating the formation of a dense arrays of NPs at the
interface. This array provides substantial reflection of the incident light. On the other hand, polarizing the
aqueous phase positively destroys the well, pushing NPs back to the aqueous bulk, switching off the
nanoplasmonic liquid mirror. That work has proved that NPs can be reversibly attracted to or repelled from

a polarized interface.

This chapter shows that voltage-controlled assembly/disassembly of NP arrays can be achieved also at a
‘classical’ electrochemical electrode | electrolyte interface. But the effect of this manipulation is entirely
different. In the NPoMS system under study, by changing electrode polarization, the outputs between

‘absorber’ and ‘mirror’ states can be reversibly tuned.

The coupling between dissipating localised plasmons of adsorbed gold NPs and surface plasmons on the
metallic electrode contributes to absorption of incident light.® The absorption intensity, the wavelength at
its maximum, and, to a lesser extent, the breadth of absorption band — all depend on the size of NPs and the
density of NP arrays. For a given size of NP, this absorption causes a dip in the reflectance spectrum. It
deepens with densification of the NP array, and the wavelength of the reflection minimum moves towards
the red. The state with the quenched reflection will hereafter be called the ‘absorber’ state, as compared to

the ‘mirror’ state of the bare substrate.

Specifically, the switchable device presented below is based on a silver electrode covered by thin protective
TiN film, accommodated in an electrochemical cell composed of aqueous NaCl electrolyte and dispersed
gold NPs. Due to a large negative charge on the NPs, an energy well trapping NPs at the interface is formed
when the TiN/Ag substrate is positively polarized. With careful control of the NaCl concentration in the
NP solution, which provides screening of electrostatic interactions, the average distance between the
neighbouring NPs and thereby the overall density of the array of NPs on the TiN/Ag surface can be tailored.
To switch the device from the ‘absorber’ back to its ‘mirror’ state, the positive polarization of the TiN/Ag
electrode needs to be reduced. This will make the energy well for NPs at SLI shallower or even completely
eliminated, thus facilitating desorption of NPs. This process is fully reversible within a 0.6 V wide

electrochemical window.
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Noteworthy, the coverage of NPs on the electrode can be estimated through comparing the variation of
experimentally measured reflectance spectra with theoretical ones, in which the main input parameter is the

average distance between the assembled NPs.%’

As compared with previous systems where dried or tethered NPs on metallic substrates were used, ours has
numerous advantages: (i) it is based on controlled self-assembly of NPs; (ii) real-time tailoring of
interparticle distances can tune the reflectance spectrum, including the reversible turning on-and-off of the
‘absorber’/’mirror’ states; (iii) the homogeneous distribution of electric field on the planar electrode

substrate provides a convenient up-scaling route for macroscale applications.
3.3.  Experimental system and theoretical framework

3.3.1. Electrochemical-optical cell.

The substrate for the solid | liquid interface was made from 10.0 & 0.2 nm thick TiN deposited via atomic
layer deposition on 125 nm thick Ag, Figure 3.1a. Ag surfaces are ideal reflectors of visible light, widely
used in a variety of optical applications. However, when in contact with aqueous solutions, Ag is vulnerable
to oxidation. A thin film of TiN was therefore deposited on top of the Ag surface to minimize corrosion.
Importantly, this TiN film is thin enough to provide good transparency and electronic conduction.’®° The
TiN/Ag substrate with the PTFE holder was interfaced into an electrochemical cell with aqueous electrolyte
and used as the working electrode, Figure 3.1b. The cell also accommodated a reference and a counter

electrode, along with a vertically aligned fibre coupled optical probe for focusing and collecting light.

HscHzccHglchz)J\OH -

Figure 3.1 Principles of electro-switchable ‘mirror’/’absorber’. (a) Functionalization of Au NPs and coating of the silver substrate.
(b) Three-electrode electrochemical-optical cell, including TiN/Ag substrate (in a PTFE holder) as the working electrode, Ag/AgCl
and Pt serving as reference and counter electrodes, respectively, and the optical probe focused vertically on the substrate to collect
the reflectance signal at normal incidence. (c) Switching between ‘absorber’ and ‘mirror’ states via assembling or disassembling
NPs on TiN/Ag.
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By biasing the working electrode, it was possible to reversibly control assembly and disassembly of 16 + 1
nm gold NPs, introduced in the aqueous phase, to and from the TiN/Ag substrate. This has the net effect of
switching the device between ‘absorber’ and ‘mirror’ states, Figure 3.1c. The Au NPs were capped with
MDDA. The as-made citrate capped NPs are prone to aggregation at high ionic strengths.®! Hence, to
minimize aggregation, the ligand was exchanged with MDDA which has been shown to stabilize NPs in a
wide range of salt concentrations. Since the NPs are covered by negatively charged carboxylic ligands, the
pH and salt concentration directly influence the surface charge density on NPs and the electrolyte screening

of these charges, respectively, which both determine the stability of the NP solution.
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Figure 3.2 Stability of NP solution. (a). UV-vis spectra of NP solution with 60 mM NaCl at different pH and pristine as-prepared
NP solution as the reference. (b). UV-vis spectra of NP solution at pH 6.2 with different concentration of NaCl. (c). UV-vis spectra
of NP solution at pH 7.1 with different concentration of NaCl.

Agglomeration of NPs has a signature in bulk light-absorption spectra, in the form of the appearance of a
shoulder in the orange/red part of the spectrum. As shown in the Figure 3.2a, with increasing pH, the
typical shoulders for aggregation of NPs at around 600 nm disappear, indicating that higher pH does
increase the stability of NPs. Above pH 6.2, NPs were found to be able to tolerate electrolyte concentration

as high as 60 mM NaCl.

To better understand why this pH can stabilize NPs, the surface charge on NPs is estimated. For a NP of 16
nm diameter, the surface area is 804 nm?. Given the number of MDDA molecules during the synthesis is
excess to that needed for the full coverage of NP surface, and the packing density of the MDDA is 1.333
per nm?, one can estimate the number of MDDA on the single NP as about 1100 molecules.’®> Assuming

the adsorbed and the drifting MDDA to have the same pKa, the following equations can be obtained:

3.1

_ [MDD™][H"] _ [MDDA]initiar
PKe = ~loguo <[MDDA]mitial - [MDD-]> =ph+ log”( [MDD-] )
1 [MDD]

_ 3.2
10®Ka=pH) + 1 [MDDAlinitiar
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where MDDAjjisiar is the total amount of MDDA present in all forms and MDD is the disassociated form
which carries one negative charge on each molecule. Since the pKa of MDDA is about 4.8 and the pH our

systems are operating with is 6.2, the disassociation ratio would be 0.96. Thus, the total negative charges

on single NP is about 1050.

Considering the high disassociation ratio at pH 6.2, further increase of pH would not make much difference
regarding the stability of NPs. This was experimentally confirmed by comparing the stability of NP-
dispersions with respect to salt concentration at pH 6.2 and pH 7.1: both can tolerate 80 mM solution, as an
upper limit for electrolyte concentration (Figures 3.2b and c). Therefore, pH 6.2 is used in all experiments.
Such well stabilized NP solution can tolerate a wide range of NaCl concentrations and gives us more

freedom for the voltage-control of the assembly and disassembly process.

3.3.2. Potential of zero charge and electrochemical window

To understand and control the assembly and disassembly of NPs by changing electrode polarization, it is
important to delineate the electrode potential with respect to the potential of zero charge (PZC).
Measurements of interfacial capacitance may help to evaluate the latter. The capacitance of the TiN/Ag
substrates was measured using 60 mM NaCl at frequencies of 1, 10, and 100 Hz, as shown in Figure 3.3a.

For its interpretation, the following considerations should be kept in mind.

a Potential vs PZC (V) b Potential vs PZC (V)
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Figure 3.3 (a) Mott-Schottky plot for the capacitance of TiN/Ag electrode in 60 mM NaCl aqueous solution, determining PZC
under 1, 10, 100 Hz impedance measurements. (b). Cyclic voltammogram of TiN/Ag in 60 mM NaCl with 20 mV/s scanning rate.

Without a significant electrical current across the electrode/electrolyte interface, TiN is believed to behave
like an n-type semiconductor® capable to form a space-charge® at the SLI alongside the counter-charge of

the ionic double layer. This adds space charge capacitance, Cy., in series to the double layer capacitance,
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Ca, i.e. the total capacitance of the interface is C=(C' + Ca')". The smaller of the two capacitances will

therefore dominate it and in our case, is the space-charge one.

The double layer capacitance in aqueous electrolytes of such concentration even close to PZC is about 15-
18 uF/cm?, whereas the values of C observed are close to 1 pF/cm?.%* Furthermore, the voltage dependence
of C? shown in Figure 3.3a increases but not decreases with electrode potential as it would have been for

the case of the double layer Gouy-Chapman capacitance.®* The measured capacitance rather obeys the Mott-
Schottky law®’ for a semiconductor, C;CZ o E—E,,.—k,T e, where E is the applied potential, Epzc the

potential of zero charge, ks Boltzmann constant and 7 the absolute temperature, (kgT /e is the so called
thermal voltage, at room temperature = 0.0256 V). Figure 3.3a displays a linear-like relationship between
the potential and C2, which suggests that the space charge capacitance dominates the overall interfacial
capacitance. This agrees with literature for similar systems®> ¢ ¢, For all three frequencies the plots
consistently returned the same intercept at -0.8 V vs Ag/AgCl, which acts as a good estimate for the PZC.
This value of PZC will be taken as the prime reference when potentials applied to the substrates are

discussed.

Cyclic voltammetry with NPs present was performed to determine the electrochemical window of the
system (Figure 3.3b) to ensure no unwanted electrochemical reactions take place. The potential window
was therefore determined to be 0.1 to 0.7 V vs PZC (-0.7 to -0.1 V vs Ag/AgCl). In this range the maximum
current density does not exceed 15 nA/cm? at a scan rate of 20 mV/s. The amount of charge during one
assembly and one disassembly processes are 1.2 mC cm? (i.e. an average current of 0.2 pA cm™), and -11
mC cm™ (an average current of -1.8 nA cm™). This asymmetrical charge transfer is attributed to the low
operation potential (-0.7 V vs. Ag/AgCl) during the disassembly process leading to the occurrence of
oxygen reduction. For future compact devices, a sealed cell from the atmosphere would possibly lower this
current. The low average current and relatively high electrolyte concentration suggest that any static
potential is << 1 mV, therefore electrophoretic effects may be ignored. Although a more positive electrode
bias would favour NP assembly, potentials above 0.7 V vs PZC were not used, as it would lead to oxidation

of the silver substrate even through the TiN coating.

3.3.3. Optical reflectivity.

As mentioned in Chapter 2, A ‘five-layer’ EMT was used to interpret the optical reflectance spectra, the
foundations of which were presented in Ref.® To be more specific, the Au NP layer (layer 2) and the
substrate layers (layers 4 and 5) were characterised by frequency-dependent dielectric constants, which

were modelled by a Drude-Lorentz (DL) formula with parameters listed in Table 3.1:
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Table 3.1 Drude-Lorentz (DL) fitting parameters for bulk Au, TiN, and Ag

€ wp/eV | ypleV fi w./eV | y1/eV fz w,/eV | yy/eV

Au | 5.0896 | 9.0271 | 0.0760 | 1.4288 | 2.9530 | 0.9541 | 1.8465 | 4.0616 | 1.5639

TiN | 1.1667 | 49652 | 3.0574 | 2.4881 | 12.877 | 22.407 | 4.8438 | 5.8305 | 5.2834

Ag | 3.7180 | 9.2093 | 0.0200 | 0.4242 | 4.2840 | 0.3430 |- - -

Thus calculated reflection spectra can be fitted to the experimental reflectivity spectra, giving the array
density. Firstly, this procedure will be applied to the equilibrium data obtained at different applied voltages,
then to study the kinetics of adsorption-desorption, by monitoring the dynamics of change of reflection
spectra, after abrupt change of the electrode potential. This will give us full information about the voltage-
controlled assembly-disassembly of NP arrays. The comparison of the measured and thus calculated
reflectance spectra will let us test the validity of the overall picture, and identify the key effects that govern

the assembly process.

3.3.4. Adsorption equilibria.

Assembly of NPs at an SLI requires the balancing of forces, between NPs and the interface, and between
NPs themselves. The main forces acting between NPs, both in the bulk and on the surface, are van der
Waals attraction and electrostatic repulsion. Electrostatic forces need to be strong enough to stop NPs from
coming too close to each other, otherwise van der Waals interactions may force the NPs to aggregate. As
described in the previous sections, these forces are carefully adjusted by the pH and electrolyte
concentration, thereby tuning, respectively, the average charge of NPs and the screening of electrostatic
interactions, thus making the solution stable. The influence of electrolyte concentration not only affects NP

stability in the bulk solution, but also affects the inter-particle forces at the interface.®®

The interaction of NPs with the substrate include image interactions of charged NPs with the interface,
image-modified pair interaction between NPs at the interface, and the corresponding van der Waals

interactions.

The electrostatic interactions of this kind are complicated by the strong nonlinear response of electrolyte to
charged NPs. Nevertheless, calculations are performed within the linear response approximation, to get a
flavour of the balance of forces that allows particles to adsorb at high positive electrode potentials, and

desorb at low ones, respectively.
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Figure 3.4 Typical model calculation of the electrostatic self-energy profiles of individual NPs as a function of distance to the
working electrode at different applied potentials (vs. PZC) for such solution: it demonstrates a crossover from attraction to repulsion
at large enough negative potentials of the electrode.®

Careful analysis has shown that van der Waals forces for the system are less important than electrostatic
interactions. Therefore, our conclusions of the feasibility of the voltage-controlled adsorption-desorption
are predominantly rested on electrostatic calculations. Figure 3.4 shows typical results of such calculations
for the described system: the computed, interaction energy of one NP with the electrodes as a function of a
distance from its surface. One can clearly see that this interaction can be easily switched between attractive

and repulsive modes, indicating the possibility of tuning the system by varying the electrode potential.

3.3.5. Adsorption kinetics

To describe the kinetics of NP adsorption-desorption, monitored through fitting the measured and
calculated reflectance data, a phenomenological theory developed in colloid and interface science is
adopted.” The kinetics of assembly of particles at the interface is generally determined by three rates, of —
adsorption, desorption and diffusion. The account of all three contributions to this process, following Miura

and Seki’”’ leads to integro-differential equation on fractional coverage, 6:

a6 [ f T—l i drt,|(1-6) 0 3.3
—=|r - —dAaT —_ — Kd .
dt 0 Jr(t —1,) 471 !

The above equation establishes the coverage dependence on dimensionless time, 7, and parameters r and
i 4. All these dimensionless quantities can be expressed, in terms of adsorption and desorption constants

(kg4, kg), diffusion coefficient (D), maximum coverage (I};;), bulk concentration (cy) and time (t), as

follows:
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_KZTZ Dy D

t,r JKg =
D k02 % T k2r2

T kg 3.4
Note that this equation does not take into account interactions between the adsorbed particles. Nevertheless,
it is applicable here because at the values of inter-particle separations that reflectance experiments
established (= 10 nm NP surface-to surface separation) interactions between particles are heavily screened
by electrolyte (Debye length, L, = 1.24 nm). The solution to this equation, when all three rates are
comparable, can only be obtained numerically. But there are two limiting cases, when analytical solutions

are possible.

The first one is the adsorption-desorption-controlled regime, when diffusion limitations are insignificant.
Under such conditions, the integral in Eq. 3.3 becomes small compared to parameters r and x; and can,
therefore, be neglected. This simplification allows for an easy separation of variables, followed by

integration, giving:

g =— [1— e=(r+ra)T] 3.5

r+ Kg
The main assumption behind this limiting case is valid whenever particles have to overcome a high free
energy barrier (both into and out of the adsorption well), as adsorption and desorption will become very
slow compared to diffusion. The second case occurs when diffusion is rate determining, and is modelled

by the following equation, which partially takes saturation into account:

co |Dt

f=1—e Tmi7 3.6

Fitting the adsorption kinetics data to either Eq. 3.5 or 3.6 does not show good match, and hence the full
Eq. 3.3 needs to be implemented.

3.4. Results and discussions

3.4.1. Assembly of NPs — the ‘absorber’ state

As discussed above (Figure 3.4), at 0.7 V vs PZC, NPs are expected to be trapped within the energy well
at the SLI to form a two-dimensional plasmonic array. Although we do not have direct in situ structural
information about such NP arrays,*® an average distance between NPs from the measured reflection spectra

can be extracted, by comparing them with theory.
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Figure 3.5 Controlling the assembly of NPs on TiN/Ag by varying NaCl concentrations at an applied potential of 0.7 V vs.
PZC. (a). Experimental (solid) and theoretically fitted (dashed) reflectance curves of NPs assembly on TiN/Ag at different
concentrations of NaCl after 12 h deposition of NPs at 0.7 V vs PZC. The wavelengths at 50% reflectance (b) and the evaluated
interparticle distances (¢) for NPs assembled on TiN/Ag at different concentrations of NaCl.

As seen in the static reflectance spectra (Figure 3.5a), the concentration of NaCl plays a vital role during
the assembly process. The violet curve in Figure 3.5a shows the reflectance spectrum at normal incidence
to the pristine TiN/Ag substrate when the device is in its ‘mirror’ state. To assemble NPs on the substrate,
i.e. to switch the device to its ‘absorber’ state, the substrate is polarised at 0.7 V vs PZC for 12 hours to
ensure equilibrium has been reached as after 3-4 hours the optical signal remains almost constant. When
the concentration of NaCl in the solution is less than 20 mM, the optical signal remains predominantly
unchanged due to the sparsely distributed NPs on the substrate. With the increase of the NaCl concentration,
a concavity (dip) in reflectance spectra evolves within the visible range and the whole spectrum shifts to
the red, Figure 3.5a. Specifically, the wavelength corresponding to 50% reflectance shifts from 540 nm to
628 nm when the concentration of NaCl increases to 60 mM, Figure 3.5b. This is caused by an increase in
the number of adsorbed NPs at the interface as can clearly be seen via comparison with EMT. Fitting the
theory to experimental data shows excellent match between the two sets of curves and could therefore be
used to determine the only fitting parameter — inter-particle distance, Figure 3.5¢. This absorption-induced
concavity in the reflectance spectra evolving with assembly of NPs can be even better seen if the reflectance
spectrum of the pristine substrate is subtracted from the spectra with adsorbed NPs (Figure 3.6a): Both the
wavelength and the intensity of this dip increase with increasing NaCl concentration from zero up to 60
mM, giving rise to a wavelength shift from 525 nm to 557 nm and a maximal 30% drop in reflectance,

versus pristine silver mirror, Figure 3.6b.
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Figure 3.6 (a) Experimental (solid) and theoretically fitted (dashed) curves of the change in reflectance of NPs/TiN/Ag for different
NaCl concentrations, with respect to the pristine TiN/Ag substrate, which shows the broad reflectance dip evolving with
densification of the adsorbed NP array. (b) Derived from Panel a, the wavelength (black squares) and the change of reflectance
(red dots) of the dip.

Ex situ SEM is a powerful tool to directly visualize the arrays formed at interfaces, albeit after drying. SEM
images of rapidly dried samples shown in Figure 3.7 give a glimpse of the effect of electrolyte
concentration on NP density. Although array rearrangement during and after drying is likely, these images
show similar trends in coverage to that discussed above. Namely, higher concentrations of NaCl in the
original solution induce higher population of NPs. The excellent agreement between the surface coverage
estimates made from SEM images and EMT reinforces close correlation between the experiments and our

theoretical analyses, Figure 2.6.

Pristine TiN/Ag

« Bors e

Figure 3.7 SEM of dried samples after NP ssembling under indicated electrolyte conditions; scale bar 100 nm; the white dots
represent the adsorbed NPs, shown at the dark background of bare TiN/Ag substrate. Digital camera photos (insets) of wet samples
after NP assembling on TiN/Ag under indicated electrolyte conditions.

The inset optical images show the macroscale appearance of wet samples with NPs assembled on the
substrates. By naked eye, no nonuniformity is observed in any of these samples. The pristine substrate is
the most reflective sample and appears golden due to the TiN-coating. The colours change from yellow to
orange and then to red as the NP density is increased. These colour changes are also consistent with our
reflectance spectra: since the coupled substrate-NP system exhibit the reflectance dip centred around the

green region.

The essential role of NaCl can be understood from theoretical modelling of the NP-NP pair interaction. The
magnitudes of these interaction energies are plotted (Figure 3.8) against NP separations, for multiple

electrolyte concentrations. Electrostatic screening of repulsive interparticle forces can, therefore, be tuned
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by controlling the NaCl concentration, weakening repulsion to such a degree that NPs can assemble into a
relatively dense array, giving rise to a strong change in reflectance. For details of the calculation of pair

interactions see Ref %,
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Figure 3.8 Energy profiles of NP pair in different concentration of NaCl.%

To understand the dynamics of the assembly process, the reflectance over the course of the whole process
was monitored. Figures 3.9a and b demonstrate the evolution of the experimental and theoretically fitted
reflectance spectra for an immersed pristine TiN/Ag substrate in 60 mM NaCl NP solution at 0.7 V vs PZC.
Fitting the theoretical reflectance spectra to the experimental ones, aiming at the perfect match in the region
of the dip, we thus extracted the inter-particle distance or the related quantity of the surface coverage at
different times. Interpretation of results implies that the rearrangement of the lattice of adsorbed NPs is

significantly faster than their diffusion towards the surface.

Figure 3.9 The kinetics of the NP assembly triggered by electrode polarisation. Experimental (a) and theoretically fitted (b)
time-dependent reflectance curves of NPs assembled on TiN/Ag in a solution of 2.2 x 10'> cm™ NPs and 60 mM NaCl under 0.7
V vs PZC, starting from pristine TiN/Ag.
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The depth of the reflection dip initially keeps deepening, asymptotically approaching a plateau around -30%
(Figure 3.10a). At the same time, the wavelength of the dip red-shifts from 525 nm to 555 nm, which is

consistent with our static data.
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Figure 3.10 (a) The corresponding experimental time-dependent wavelengths (black squares) and the change of reflectance (red
dots) at the reflection dip (obtained by subtracting the reflectance data for pristine TiN/Ag from Figure 3.9a). (b) The time-

dependent interparticle distances (black squares); the fractional coverage 6(t) (red empty circles), as extracted from fitting the
theory to reflectance data; and the numerical results from the kinetic adsorption theory (red line), as described in the text.

Interparticle distance/surface coverage (Figure 3.10b), calculated from fitting the reflectance data to the
EMT theory (Figure 3.9b), helps to understand the dynamics of NP assembly at the SLI. By definition,
surface coverage refers to the number of nanoparticles per unit area, while fractional coverage stands for
the fraction of maximum coverage, ['n. Figure 3.10b shows how interparticle distance decreases and
fractional coverage, 6, increases, after jump-wise imposing 0.7 V vs PZC. Coverage data are further found
to have a good match with a kinetic model™ (red line) which takes into account the contributions from

adsorption, desorption and diffusion.
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Figure 3.11 (a) The extracted fractional coverage 0(t) (empty symbols) and the results of kinetic adsorption theory (lines)
corresponding to the indicated concentrations of NPs. (b) The fitted characteristic ‘adsorption time’ (ta) and ‘desorption time’ (14)
involved in the kinetic adsorption theory (see the text), for different concentrations of NPs. (¢) The fitted inverse characteristic
‘adsorption time’ (1a) involved in the kinetic adsorption theory, for different concentrations of NPs.
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The time evolution of the coverage obtained for four different concentrations of NPs is shown in Figure
3.11a. Fitting of the kinetic model allows to evaluate characteristic adsorption and desorption times, 7, and
74 — the parameters of the kinetic adsorption isotherm, as described in Section 3.3.5. The results are shown
in Figure 3.11b, with 7, as expected decreasing with the concentration of NPs. But their dependence is
nontrivial. Generally, the rate constants, k, and k,; of the elementary acts of adsorption and desorption, are
related to these times as: 7,1 = k,c, , Where ¢, is the concentration of NPs at the surface just before the
adsorption barrier, and 771 = k. Increase of the bulk concentration of NPs could increase, proportionally,
cq at low concentrations, but such proportionality may no longer hold at higher concentrations, Figure
3.11c. It might be, however, premature to speculate about this deviation because of the lower accuracy of
the reflection signal at high NP concentration due to increased optical absorbance in the bulk, a potential

reason of the less good fit for the blue curve in Figure 3.11a.

3.4.2. Disassembly of NPs — the ‘mirror’ state

Upon assembly, in the ‘absorber’ state, NPs are trapped in the energy wells at the SLI. To drive them away
from the substrate and switch back to a ‘mirror’, one must lower the electrode potential, making it less
positive with respect to the PZC, which is expected to weaken the adsorption well and, correspondingly,
diminish the barrier that hinders the escape of NPs from the well. This is confirmed from the trend seen
when the potential of NPs/TiN/Ag electrode from the ‘absorber’ state is lowered. Figure 3.12a shows the
static reflectance spectra at different electrode potentials. Maintaining the assembled samples at high
potentials (0.5 — 0.7 V) will not release the NPs from the SLI back into the bulk solution, and data from
EMT fitting indicates that the interparticle distance remains almost unchanged, Figure 3.12b. This suggests
that the energy well at the SLI is still substantial. By further lowering the potential, a dramatic weakening
of the optical signal is witnessed which is also accompanied by a substantial blue shift of the wavelength
of 50% reflectance, from 628 nm back to 541 nm, Figure 3.12¢. The fitted interparticle distance also
dramatically increases from the close-packed 10 nm to sparsely distributed 45 nm, meaning the majority of

the NPs have left the SLI.
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Figure 3.12 The disassembly of NPs on TiN/Ag, controlled by reducing the potential from the assembly potential (0.7 V vs
PZC). (a) Experimental (solid) and theoretically fitted (dashed) reflectance curves of disassembling NPs on TiN/Ag in 60 mM
NaClunder 0.1 —0.7 V vs PZC. The experiments start from fully assembled NPs/TiN/Ag at 0.7 V vs PZC, with gradual disassembly
by stepwise reducing the potential to 0.1 V vs PZC. The wavelength at 50% reflectance (b) and the fitted interparticle distances (c)
for NPs assembled on TiN/Ag at different potentials (as derived from data in Panel a).

By subtracting the reflectance of pristine TiN/Ag, Figure 3.13a shows how the dip diminishes when the
electrode potential drops down and the system gets back to the ‘mirror’ state. A more quantitative look at
the dip position shows the reverse trend compared with the assembly process: the loss of reflectance
recovers from -30% to almost zero and the dip wavelength also shifts from 556 nm back to 528 nm, Figure

3.13b.

Figure 3.13 (a) Experimental (solid) and theoretically fitted (dashed) curves of the change of reflectance of NP/TiN/Ag with respect
to the pristine TiN/Ag substrate under different indicated potentials. (b) The wavelengths (black squares) and the change of
reflectance (red dots) at the reflection dip, as derived from the data of Panel a.

Similar to the assembly process, the dynamics of the disassembly process was monitored by implementing
a jump-wise change in the electrode potential from 0.7 V to 0.1 V vs PZC. The closely matched
experimental data and theoretical fits depict how the densely packed NP array on the substrate becomes
more reflective and can revert back to its ‘mirror’ state, Figures 3.14a and b. This is quantified in Figure
3.14c¢, where the wavelength of the dip blue-shifts back from 555 nm to 528 nm and the depth of the dip

decreases from -30% to almost 0. Values of the coverage 0, estimated by EMT-fitting, give us a picture of
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the kinetics of disassembly. The time dependence of the coverage during disassembly follows a simple
model. One can assume that very low, negative potentials make the energy barrier much lower for
desorption, compared to adsorption. This allows us to neglect the adsorption rate in the kinetic Langmuir

adsorption isotherm resulting in a trivial, exponential decay of the coverage. Confirmation of such law is

shown in Figure 3.14d.
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Figure 3.14 The desorption-limited Kkinetics of NP disassembly at 0.1 V vs PZC. Experimental. (a) and theoretically fitted (b)
time-dependent reflectance curves of NPs disassembling from TiN/Ag in a solution 0f 2.20 x 10'> cm™ NP and 60 mM NaCl after
an electrode potential jump from 0.7 V to 0.1 V vs PZC, starting from fully assembled NPs/TiN/Ag. (¢) The time-dependency of
the wavelength (black squares) and of the change of reflectance (red dots) at the reflection dip obtained by subtracting the
reflectance of pristine TiN/Ag. (d) The calculated time-dependent interparticle distances (black squares), fractional coverage 6(t)
extracted from Panel b (red empty circles), and the exponential desorption isotherm [8 = Goexp(-kdt)], (red straight line).

3.4.3. Reversibility

Having demonstrated the ‘mirror’ state (after the NPs leave the interface) and an ‘absorber’ state (after the
NPs assemble at the interface), we check reversibility of this process in the same system. Figure 3.15a
shows the interchange between these two states in multiple cycles. Initially, the electrode is polarised at 0.7

V vs PZC. While such value is maintained (‘red-labelled’ regions), the reflectance slowly drops down,
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meaning that NPs are assembling onto the substrate. Switching the potential to 0.1 V (‘blue’ regions), leads
to the increase in reflectance, meaning NPs are leaving the SLI, bringing the system back to the ‘mirror’
state. The spectra of ‘mirror’ and ‘absorber’ states in these cycles are shown in Figure 3.15b alongside with
the dip wavelength and interparticle distance (Figure 3.15¢), demonstrating the system can be switched on
and off for multiple times. No NP aggregation is witnessed in the bulk solution after the reversibility

experiments (Figure 3.16).

Figure 3.15 Reversible switching of the system between the ‘mirror’ state (0.1 V vs PZC) and the ‘absorber’ state (0.7 V vs
PZC). (a) The electrode potential over time (top), the corresponding electrochemical current (middle) and the change of reflection
dip (bottom). (b) The ‘mirror’ and ‘absorber’ spectra at different cycles. (¢) The dip wavelength and interparticle distance for the
‘absorber’ (Abs.) and ‘mirror’ (Mir.) states at different cycles

A closer examination on the reversibility spectra reveals a tiny dip for the mirror state after multiple cycles.
The theoretical fitting also gives the last cycle a 75 nm interparticle distance. This means that after the
disassembly process, a small number of NPs are still “stuck” on the SLI. As has been mentioned previously,
there is an energy barrier for adsorption in the vicinity of the SLI, and the potential well behind it
(presumably a metastable one). If the negative potential is not large enough for totally removing this barrier,

some NPs would be very hard to remove. Also considering that the lowest negative potential applied is 0.1
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V vs PZC (still positive to PZC), it’s also reasonable to see some NPs are still trapped. To totally remove
those NPs for fully recovery, a substantial negative potential is needed. However, limited by the current
electrochemical window of the electrodes and electrolytes, this still awaits further exploration. The

improvement will be reached by using nonaqueous solutions that will allow higher electrode polarisations.
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Figure 3.16 UV-vis spectra of NP solution before and after the reversibility experiment.

3.5. Conclusions

In this chapter we have demonstrated an effect of electrotunable reflection of light from a solid electrode in
electrolytic solutions, the spectra of which get modified by voltage-controlled physisorption of plasmonic

NPs.

A positively polarized planar TiN/Ag-electrode attracts negatively charged 16 nm AuNPs leading to
formation of adsorbed two-dimensional arrays of NPs. Making polarization more negative repels NPs from
the electrodes, disassembling the array. For this system, the coupling of surface plasmon modes in the
electrode with localized coupled plasmon resonances in the adsorbed NPs leads to the suppressed reflection
in green, making the substrates red coloured. But after NPs leave the interface, its optical response returns

to the one of the bare TiN/Ag -electrode. The switching between these two states is reversible.

By adjusting the electric potential of the Ag substrate or the NaCl concentration of NP solution, the
interparticle distance of this NP array at the SLI could be finely tuned, allowing control of both the

wavelength and intensity of the reflectance dip.

The EMT theory of the optical response of this system relates the optical properties of the interface with
adsorbed NPs to optical polarizability of NPs and the structure of the adsorbed NP arrays. Fitting the theory
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to the reflectivity data allows to extract the average distance between NPs in the arrays, both — at equilibrium

and during the assembly/disassembly.

Extracting the time-dependent coverage of the electrode by NPs from the evolution of reflectance spectrum,
and subsequent treatment of the results with the kinetic theory of adsorption-desorption, suggest that: (i)
both the adsorption and desorption stages have to overcome energy barriers that are affected by electrode
potential; (ii) the account of all three stages — diffusion, adsorption, and desorption — is important for

interpreting the data, except for disassembly at low potentials which follows a much simpler law.

The observed rates of assembly/disassembly in the convection-free system are too slow for practical
applications where fast-switching is required. Had those kinetics been exclusively diffusion limited, the
natural solution to the problem would have been miniaturization of the cell’! to shorten the diffusion path.

However, that could help only partially.

Indeed, the seemingly present free energy barriers for adsorption and desorption point at the necessity of
creating a system with a larger electrochemical window, so that higher electrode potentials (greater than 1
volt) could be applied to lower or fully eliminate those barriers. Miniaturization of the cell would also

enable speeding-up the response time.

Independently of any potential applications and developments, the present work presents the proof of
concept for a new type of electrovariable plasmonic reflector. Making it a practical, tunable optical device

will be the subject of future investigations, along the ways paved in this work.
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4. Electro-variable surface enhanced Raman spectroscopy at

solid-liquid interface

4.1. Abstract

Tuning the properties of optical metamaterials in real time is one of the grand challenges of photonics.
Being able to do so will enable a new class of photonic materials for use in applications such as surface
enhanced Raman spectroscopy and reflectors/absorbers. One strategy to achieving this goal is based on the
electrovariable self-assembly and disassembly of two-dimensional nanoparticle arrays at a metal-liquid
interface. As expected the structure results in plasmonic coupling between NPs in the array but perhaps as
importantly between the array and the metal surface. In such a system the density of the nanoparticle array
can be controlled by the variation of electrode potential. Due to the additative effect, less than 1 V variation
of electrode potential can give rise to a dramatic simultaneous change in optical reflectivity from ~93 % to
~1 % and the amplification of the SERS signal by up to 5 orders of magnitude. The process allows for
reversible tunabililty. These concepts are demonstrated in this chapter, using a platform based on the
voltage-controlled assembly of 40 nm Au-nanoparticle arrays at a TiN/Ag electrode in contact with aqueous
electrolyte. We show that all the physics underpinning the behaviour of this platform works precisely as
suggested by the proposed theory, setting the electrochemical nanoplasmonics as a promising new direction

in photonics research.

Please note that the theoretical fittings of reflectance spectra and theoretical SERS enhancement factors are
contributed by Debabrata Sikdar. The major parts of this chapter were submitted for publication and are with referees
as “Ye Ma, Debabrata Sikdar, Aleksandra Fedosyuk, Leonora Velleman, Daniel J. Klemme, Sang-Hyun Oh, Anthony
R. Kucernak, Alexei A. Kornyshev, Joshua B. Edel, Electrotunable Nanoplasmonics for Amplified SERS Sensing”.

Raman microscope

\'Z’SERS

e 48
TiN/Ag Substrate
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4.2. Introduction

The plasmonic coupling among metallic nanostructures under the excitation of incident light has not only

t!-3, but also looks promising for applications in optical sensing*, solar

drawn substantial theoretical interes
energy”, biomedical therapy® and especially SERS’!!. The vibrational Raman fingerprints of target
molecules can be enhanced several orders of magnitude, due to the synergic coupling of LSPR of NPs!?,
surface modified planar substrates'® or a combination of both?®. Previous reports based on deposited NPs'4

7,15

or lithographic features” ' on dry substrates have beautifully demonstrated that the surrounding media'®,

16.19 and the gap between the substrate and NPs® are

metal species®, size!’, shape'®, interparticle distance
crucial for the resonance strength, frequency and the resultant SERS signals. The latter is caused by the

local near-field enhancement (‘hot spots’) inside or around these nanostructures.

Some of those structures may be fixed/nanofabricated, others — self assembled. One of the challenging tasks,
is, therefore, to adjust those structures in situ, to be able to rationally tune the intensity of hot spots for

2224 induced

maximizing SERS signals.’® Among many methods such as mechanically?' or thermally
deformation of the nanostructures, or in the case of wet systems — changing pH* or chemical
concentrations®® of solution can reconfigure the NP assemblies. Particularly interesting is voltage-
controlled tuning of the structure of adsorbed NP arrays at electrochemical interfaces. This causes minimal
disturbance to the system, when tuning the plasmonic coupling. By applying different static?’ or dynamic®®

28,29 or, for

potentials on the substrate electrodes, researchers can either control the adsorption of ions
potentials outside of the electrochemical windows of such systems, the electron exchange?’ between NP
and the electrodes. Both can affect SERS signals. Our group has previously demonstrated voltage controlled

self-assembly of arrays of moderate-size (16 nm) NPs at both liquid-liquid*® and solid-liquid®' interfaces.

In this chapter, relatively large NPs (40 nm) onto an Ag electrode-substrate were successfully assembled
within an optical-electrochemical cell. By controlling the electrode potential, both the reflectance and SERS
signal can be optically tuned in real-time. With the help of optical reflectance theory, these spectra can be
reproduced allowing us to reveal information about the structure of the NP array in situ. The variation of
the structure was correlated with variation in the SERS. Thus the results presented below demonstrate fine
tuning of interparticle gaps and the significant amplification of SERS signal. Compared with previously
demonstrated SERS active substrates, our electrovariable SERS system allows for real-time tailorable

nanostructures that can be reused.

4.3. Results and discussions
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4.3.1. Working principle and experimental setup

As shown in Figure 4.1, to achieve the electro-tunability of the SERS signal, a planar 125 nm thick Ag
substrate with 5 nm TiN coating is connected to the working electrode of a potentiostat. A Pt ring and an
Ag/AgCl wire comprise the counter and reference electrode respectively in a three-electrode system. The
setup was immersed into an electrochemical cell containing 4-Mercaptobenzoic acid (4-MBA)
functionalized 4043 nm NP solution with 20 mM PBS and 20 mM LiCl. A Raman microscope was used to
focus 0.81 mW 633 nm He-Ne laser onto the solid-liquid interfaces and to collect the Raman signal
simultaneously. By replacing the Raman microscope with a fibre coupled reflectivity probe, the reflectance
spectra of the interface can be additionally acquired. These reflectance spectra not only quantitatively
demonstrate the dramatic colour changes during the electro-variable process which will be showed later,
but provide vital structural information about the nanoscale rearrangement of NPs on the substrates once

‘decoded’ by our EMT*,

S,
N,
A3
\

a Electrochemical cell o b c excitation
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Figure 4.1 Scheme of the experimental setup of the optical-electrochemical cell (a) and the switchable assembly of 40 nm NPs,
functionalized by negatively charged 4-MBA ligands, on TiN/Ag substrate under low (b) and high (¢) applied voltage. The working
electrode of the potentiostat is connected to the substrate, and a Raman microscope is focusing through an optically transparent
electrochemical cell. When the applied positive potential of the substrate is low, few NPs are assembled, inducing weak Raman
signal (left). Higher positive potential at the interface electrosorbs a monolayer array of NPs which generates Raman hot spots and
delivers stronger SERS signals (right), the denser is the NP monolayer.

The potential of zero charge of the TiN/Ag substrate is an essential reference point during the whole electro-
variable experiments.** 3! By measuring the capacitance of the TiN/Ag under different frequencies, we
found all the results (Figure 4.2a) following the Mott—Schottky law: Csc 2 « E — Epzc — kpT/e, where Csc
is the capacitance of the space charge in TiN, E is the applied potential, Epzc is the potential of zero charge,
kg is the Boltzmann constant, and T the absolute temperature. This linear relationship indicates that the
space charge capacitance of the TiN layer dominates the overall capacitance. The PZC can be extracted as
-0.8 V vs Ag/AgCl from the intercepts of these fitted lines. This PZC will be the prime reference during
later discussions of potentials. The cyclic voltammetry was measured to ensure the maximum current would

not exceed 10 pA cm™? over the potential range where NPs were assembled (Figure 4.2b).
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Figure 4.2 (a) Mott—Schottky plot for the capacitance of TiN/Ag electrode in 20 mM PBS, 20 mM LiCl aqueous solution,
determining PZC as -0.8 V vs Ag/AgCl, under 1, 10, and 100 Hz impedance measurements. All the linear fittings (C 2 « E — Epzc
—kgT/e) give a similar intercept. (b) Cyclic voltammogram of TiN/Ag in 20 mM PBS, 20 mM LiCl aqueous solution with 10 mV/s
scanning rate.

When the potential applied on the substrate is low, an electrostatic energy barrier exists at the solid-liquid
interface, repelling NPs away (Figure 4.1b). Lacking the plasmonic coupling between the substrate and
NPs and among the NP array, the corresponding reflectance spectra have no difference from the pristine
TiN/Ag (Figure 4.3a-ii, black and yellow curves). In addition, no MBA signal could be observed from the

Raman spectra (Figure 4.3b-ii, yellow curve), since there is almost no MBA in the laser detecting volume

and low enhancement of the Raman signal from the analyte molecules at planar TiN/Ag substrates.

Figure 4.3 The experimental reflectance spectra (a) and SERS spectra (b) of NPs on TiN/glass at 0.1 and 0.7 V (i), NPs on TiN/Ag
at 0.1 V (ii) and NPs on TiN/Ag at 0.7 V (iii). The inset of panel b-ii shows the 50 its original intensity. Comparison of these
curves highlights the effect of complex plasmonic coupling between the nanoparticles and the substrate metal, which evolves with
the increase of positive electrode potential that enhances the electrosorption of NPs and give rise to denser NP array. The
significantly enhanced characteristic peaks of 4-MBA at 1078 cm™' and 1589 cm! indicates the effect of Raman hot spots in the
system.
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By switching the substrate to higher potential, for instance 0.7 V vs PZC, the attractive electrostatic forces
between the positively charged substrate and the negatively charged NPs construct an energy well in the
vicinity of the solid-liquid interfaces, assemble the NPs into a two-dimensional array on the substrate
(Figure 4.1c¢). This structure affords two kinds of plasmonic coupling: 1) the coupling among the NP array

and 2) between the substrate and NP array.

Characteristic reflectance and SERS signals arise from the formation of such structures. First, the plasmonic
active NP array on the substrate almost totally quenched the reflectance at ~580 nm shown in Figure 4.3a-
iii, red curve. Compared with previous studies using smaller, 16 nm NPs*!, the reflectance dip here can be
redshifted to 580 nm and deepened to -90 %. More importantly, SERS “hot spots” are formed not only
among the NP array but also between the substrate and the array, where the Raman signals of 4-MBA are
significantly enhanced. As shown in Figure 4.3b-iii, the red curve, when 0.7 V potential is applied the two
characteristic Raman peaks for 4-MBA at 1078 cm™ and 1589 ¢cm™ shoot up, corresponding to the vi> and

Vsa aromatic ring vibrations from the adsorbed 4-MBA .*?

The plasmonic coupling between metallic NPs has been studied extensively, but the coupling between a
metallic substrate and an electro-variable 2D NP array is still relatively new and intriguing from both
experimental and theoretical viewpoints. Reflectance and SERS comparisons are made between the Au NP
array on TiN/glass substrate [Panels (i) in Figure 4.3] and on TiN/Ag [Panels (ii) and (iii) in Figure 4.3].
It is easy to see a peak in the reflectance spectra of the NPs/TiN/glass at 0.7 Vpzc (Figure 4.3a-i), which is

very much like that of an array of NPs at the liquid | liquid interface®® 3*

showing the enhancement of
reflectance for the wavelengths of the plasmon resonance in the array of gold NPs. The NP array on the Ag
substrate under 0.7 V, however, quenches the reflectivity of the Ag substrate to such an extent that the
reflectance around 580 nm is even lower than the lone NP array. Both effects are in accordance with our

previous studies®*-32,

This exotic phenomenon of quenching of reflection on the NPs/TiN/Ag sample demonstrates the strong
coupling between this large, 40-nm-NP array and the metallic substrate, which also gives rise to the
enhancement of Raman signal. When the array of 4-MBA functionalized NPs is assembled on the TiN/glass
substrate under 0.7 V, the sample gives a distinguishable Raman signal (~3000 counts at 1078 ¢cm™") due to
the coupling among the NPs (Figure 4.3b-i, red curve). By comparison, once those 4-MBA functionalized
NPs are assembled onto the TiN/Ag substrate under 0.7 V, the intensity of the Raman peak increases by
~8.3 folds as compared with NPs on TiN/glass (Figure 4.3b-iii), highlighting the synergistic effect between
the NP array and the Ag substrate.
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4.3.2. Potential dependant reflectance and SERS

The detailed electro-tunable behaviours of this system were examined through reflectance and SERS when
different potentials applied to the substrates. Though the drying process during the SEM sampling, at some
extent, disturbs the arrangement of the wet NPs on the substrates, a qualitative view of the influence of the
potential can still be pictured in Figure 4.4: with the increase of the potential, a surge of the NP population
is clearly witnessed. This increased population and its resultant enhanced plasmonic coupling can be
visualized by the dramatic changes in the macroscale colours of the wet samples shown in digital camera
photos (inset of Figure 4.4). Starting from the original silver colour of the pristine substrate, higher potential

delivers redder and darker appearance and ultimately a purplish black colour for the 0.7 V sample.

Pristine

Figure 4.4 SEM of dried samples after NP assembling under indicated potentials; scale bar 200 nm; the white dots represent the
adsorbed NPs, shown at the dark background of bare TiN/Ag substrate. Digital camera photos (insets) of wet samples after NP
assembling on TiN/Ag under indicated potentials.

Reflectance measurements and theoretical calculations provide more quantitative insight for this electro-
variable phenomenon. With the increase of the substrate potential, a distinctive reflectance dip gets deeper
and red-shifted, as can be seen from excellently matched experimental and theoretical fitted spectra (Figure
4.5a and b). Within the lower potential region (<0.4 V), both the dip depth and dip wavelength (Figure
4.5¢) change slowly. EMT is also employed in fitting the experimental curves. The parameters of Drude-
Lorentz model in the system is listed in Table 4.1. Theoretical calculation (Figure 4.6) indicates that the

interparticle distances in these cases are too large to generate effective plasmonic coupling.

Table 4.1 Parameters of the Drude-Lorentz model for Au, TiN, and Ag:

Material e, @, p 7o 5 O | 1L | S Oy L V2L

(eV) (eV) (eV) (eV) (eV) (eV)
Au 5.9752 | 8.8667 0.03799 | 1.76 3.6 1.3 0.952 2.8 0.737
TiN* 2.667 10.707 0.195 0.195 2.264 0.722 | 5.312 4.894 3.875
Ag 3.718 9.2093 0.02 0.4242 4.284 0.737 | - - -

#The parameters for TiN coating are slightly different to that of the bulk TiN, as these are fitted to match the measured optical reflectance from a

bare 5 nm TiN coating on top of an Ag substrate.
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Figure 4.5 (a) Experimental reflectance spectra of assembling NPs on TiN/Ag under 0.1 — 0.7 V vs PZC. (b) Theoretically fitted
reflectance spectra of assembling NPs on TiN/Ag under 0.1 — 0.7 V vs PZC. (¢) The experimental (solid) and theoretically fitted
(empty) dip wavelength (black squares) and dip depth (red dots) under 0.1 — 0.7 V vs PZC.

Further increase in potential induces dramatic optical changes: the dip wavelength red-shifts from 530 nm
to 580 nm while the dip depth from almost zero to -92 %. This can be explained by the strong plasmonic
coupling when NPs are getting closer with each other. The reason why they are getting closer was described
by us already in Ref*!. At positive electrode potentials, negatively charged NPs get electrosorbed at the
electrode, but as they electrostatically repel each other, they prefer not to come close to each other. With
further increase of the positive potential, the driving force for each NPs to be adsorbed at the interface gets
stronger, and more NPs adsorb at the electrode, tolerating interparticle repulsion, and hence the NP-array
gets denser.® Theoretical calculation (Figure 4.6) indicates that the interparticle distance, starting from

several hundreds of nm at 0.1 V, quickly reduces to 20 nm at 0.7 V.

800

D

o

o
T

N
=}
S

/.

Interparticle Gap (nm)
5
o

~~

of e

01 02 03 04 05 06 0.7
Potential (V vs PZC)

Figure 4.6 Theoretically calculated interparticle gap (red dots) under 0.1 — 0.7 V vs PZC

Based on the electromagnetic mechanism of SERS, the variation of the plasmonic coupling due to the
change of the interfacial potential also offers a brand-new way to enhance the Raman signals. When the
potential is low, the two characteristic peaks at 1078 cm™ and 1589 cm™ are almost indistinguishable from
the base lines (Figure 4.7a). The intensity of these peaks climb gradually (in an almost linear fashion) when
the potential is less than 0.4 V, but more instructive is the linear dependence on the density of the NP array,

which is inversely proportional to the square of interparticle separation, shown in the inset in Figure 4.7b.
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Such linear dependence shows that the increase in the SERS intensity here is just due to the increase of the
population of NPs at the interface: each individual electrosorbed NP delivers a hot spot between it and the
substrate metal, but the hottest ones emerge only at closer approach of NPs due to the coupling of the
localised plasmon excitations between the NPs, presumably amplified by the proximity to the metallic
substrate. No manifestation of intensification of the SERS-signal beyond the one coming out from the mere
increase of NPs for low electrode potentials means the absence of any noticeable interparticle coupling at

the corresponding interparticle distances, in perfect correlation with the reflectivity data.
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Figure 4.7 (a) Experimental Raman spectra of MBA from the NP array on TiN/Ag under 0.1 — 0.7 V vs PZC. (b) The intensity of
characteristic Raman peaks of MBA at 1078 cm™! (black) and 1589 ¢cm! (red) under 0.1 — 0.7 V vs PZC. Inset shows the Raman
peak intensity (/) vs the inverse of the square of the interparticle distance (a2) , extracted from fitting the reflectance data to the
theory (c.f. Figure 4.6), in the interval of 0.1 V between 0.1 - 0.4 V. A good linear fit from 0.1 to 0.3 V indicates very weak
interparticle coupling under low potentials, because the increase in the signal (hardly noticeable in the main graph) is just due to
increase of the number of particles on the surface delivering hot spots that form between individual NPs and the substrate metal.

All in all, the SERS signal should obviously increase with the increasing number of NPs on the substrate,
due to increased electrostatic energy trap, thereby increasing the net number of associated 4-MBA Raman-
reporters within the detection volume. However, as the interparticle gap is large within this potential range

(Figure 4.6), the coupling between NPs is negligible and so does the increase of the corresponding

Isers/NSERs
Irs/Ngs

of SERS and Raman signals, Nsgrs and Ngs are the numbers of molecules generating SERS and Raman

experimental enhancement factor (Figure 4.8), EF = [where Isers and Irs denote the intensity

signals, respectively]. As the potential increases beyond 0.4 V, the intensities of the peaks rocket to ~25000
counts at 0.7 V; both the experimental and theoretical EFs surge quickly to reach beyond 10° level at 0.7
V. This means that the amplification of the SERS signal benefits majorly not only from the increased
number of NPs and 4-MBA molecules, but from the ever-growing plasmonic coupling with gradual red-

shift of LSPR towards the excitation laser wavelength.
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Figure 4.8 Experimental (black squares) and theoretically calculated (red dots) SERS enhancement factor (EF) under 0.1 — 0.7 V
vs PZC. The theoretical EF is not calculated below 0.3 V because the gaps are too large to return converging results.

It can be noticed that the experimental EFs are slightly larger than the theoretical ones, where perfectly
spherical NPs in a uniform hexagonal lattice is considered for modelling. Considering the existence of
edges/spikes on our fabricated NPs and the fact that interparticle gaps may have some dispersion and spatial
non-uniformity, a small population of NPs with narrow local interparticle gaps could generate much

stronger SERS signals that would contribute to larger experimental values of EF.!®:2¢

4.3.3. Dynamics of the electro-variable SERS

The time evolution of the optical response and SERS signals were also monitored during the potential
controlled assembly of NPs on the substrates. Figure 4.9a and b demonstrate the experimental and
theoretically fitted reflectance spectra over 10 h when both the dip wavelength and dip depth first experience
a fast evolution stage before reaching the equilibrium plateau at the 580 nm wavelength and -92 % dropped-
down intensity (Figure 4.9¢). A similar trend in plateauing can be found in the theoretically calculated
interparticle gaps (Figure 4.10). Compared to similar systems with smaller NPs, the time of reaching the
equilibrium for our 40 nm NPs is longer, due to their larger diameter and correspondingly smaller diffusion
coefficient (usually following the Stokes—Einstein equation®’). Nevertheless, higher NP concentrations and

shorter diffusion lengths in miniaturized setups could accelerate this process for practical applications.
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Figure 4.9 Kinetics of the NP assembly triggered by applying 0.7 V vs PZC and the time-evolution of resultant optical signals. (a)
The time-dependent reflectance spectra of NPs electrosorbed on TiN/Ag in 20 mM PBS, 20 mM LiCl NP solution, under 0.7 V vs
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PZC, starting from pristine TiN/Ag. (b) The theoretically fitted time-dependent reflectance spectra of NPs assembling on TiN/Ag.
(¢) The time-dependent experimental (solid), theoretically fitted (empty) dip wavelength (black squares) and dip depth (red dots).

It should be emphasized again, that as we have seen first in Figures 4.3a, 4.5a and 4.9a demonstrate the
counter-intuitive effect of complete quenching of reflection from an array of large NPs on metallic

substrates at the wavelength of the coupled plasmon resonance, the signatures of which have been predicted

earlier theoretically.** 33
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Figure 4.10 Theoretically calculated interparticle gap during the NP assembly process.

Back to the signal evolution, the change of the SERS signals follows a slightly different pattern after the
abrupt application of the positive bias (Figure 4.11a). Unlike the fast quenching process of the reflectivity
in the initial stage, the intensities of the Raman peaks grow relatively slow (Figure 4.11b). Generally
speaking, the plasmonic coupling and the resultant Raman enhancement prevail only when the gaps
between NPs are below the NP diameter.*’ Considering the interparticle gaps in the first 14 ks is still larger
than this value (Figure 4.10), the Raman hot spots in these gaps are still too weak to generate a noticeable
enhanced Raman signals than the individual NPs. However, this hot spot effect becomes more dominant
after 14 ks when the gap falls below 40 nm. The calculated experimental and theoretical EFs in Figure 4.11¢

support this observation.
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Figure 4.11 (a) The time-dependent SERS spectra of 4-MBA attached to NPs assembling on TiN/Ag in 20 mM PBS 20 mM LiCl
NP solution under 0.7 V vs PZC, starting from pristine TiN/Ag. (b) The corresponding experimental time-dependent intensity of
characteristic SERS peaks of 4-MBA at 1078 cm™! (black) and 1589 cm™! (red). (¢) The time-dependent experimental (black squares)
and theoretically calculated (red dots) SERS enhancement factors (EF) under 0.7 V vs PZC.
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4.3.4. Reversibility

The electrotunability and reversibility of SERS signal is always desirable for reusable sensors, for lasers
with different working frequencies or sensing different analytes. Though larger NPs provide stronger SERS
amplifications, it is harder to achieve reversibility with larger NPs as compared to smaller ones, due to the
slow diffusion speed of the former.*! Here by alternatively applying + 0.7 V vs PZC to the substrate, the
turning on and off of the system for multiple times was partially achieved. As shown in Figure 4.12a, under
the ‘off state’ at -0.7 V, the plain substrate has a pink tint and the red letter ‘IC’ (standing for Imperial
College) above the substrate is reflected distinctively. In contrast to that, the substrate becomes almost black
and the ‘IC’ is overwhelmed by the dark background under the ‘on state’ at 0.7 V.
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Figure 4.12 Reversible switching of the NP/TiN/Ag system. To switch off the system, a low potential (- 0.7 V vs PZC) is applied
to the substrate and maintained for 5 min. (a) The digital camera photos of the ‘off” and ‘on’ states of the system in solution with
plain (upper), and “IC” reflected (lower) images. The letters are drawn on A4 paper in red and are illuminated by white light. (b)
Reflectance spectra of NP array on TiN/Ag substrate during multiple on/off cycles. (¢) Raman spectra of 4-MBA from NP array
on TiN/Ag substrate during multiple on/off cycles. (d) The Raman intensity and the calculated interparticle gaps for multiple on/off
cycles.

The reflectance spectra within three cycles in Figure 4.12b demonstrate that the ‘on’ state is always
reversible while we encountered some difficulties with completely repelling the NPs away at ‘off state’.
Indeed, a small reflectance dip is persistent on all the three cycles, meaning a small number of NPs are

permanently stuck on the solid-liquid interface under the present conditions, which may result from the
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strong Van der Waals forces between the NPs and the substrate. [Note that, in Ref’! for smaller NPs,
signatures of the activation barrier for NPs to leave the TiN/Ag surface in kinetic desorption isotherms was
noticed. These barriers may be even higher for larger NPs]. Raman signals, on the contrary, in Figure 4.12¢
show almost complete reversibility. Theoretical calculation provides further evidence in Figure 4.12d that
the ‘off state’ returns to an 80 nm interparticle gap, meaning the majority of NPs indeed has left the interface,

but still leaving some behind.
4.4. Conclusions

The optical responses of the electrically assembled array of Au NPs on TiN/Ag electrode under different
electrode potentials was investigated. Increasing positive polarization of the electrode stimulates adsorption
of negatively charged nanoparticles, decreasing interparticle separations in the array. The narrowing the
interparticle gaps strengthens the plasmonic coupling between NPs. As a consequence, it produces three
related effects: 1. The emergence of the dip in reflection spectrum, which gets deeper and its wavelength
shifts to the red with densification of the NP array (for dense NP arrays, at the dip minimum, the reflection
is gone). 2. Emergence and further intensification of ‘hot spots’ (for electric field of electromagnetic
radiation) between NPs, in addition to the hots spots between individual NPs and the substrate. 3. The red-
shifting of the coupled plasmon resonance of the thus assembled NPs towards the wavelength of Raman

excitation laser further amplifies SERS signal from analytes attached to NPs.

The theory of the optical reflection signal from such systems allows to quantify the values of interparticle
gaps at any applied potential and use this information to estimate the SERS enhancement factor. The SERS

data appears to be in full harmony with the reflectivity data.

The experimental results show for the first time the earlier theoretically predicted counter-intuitive
phenomenon — complete quenching of reflection from an array of large NPs on metallic substrates at the

wavelength of the coupled plasmon resonance.

Thanks to the strength of the observed effects, the convenience of the used electrochemical method, and
the reversibility of the switching — this electrovariable plasmonic system provides a prototype for future

versatile and sensitive re-configurable SERS sensors and switchable mirror-absorber platforms.
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Chapter 5

S. Thermo-responsive metasurface based on the coupling

among metallic nanoparticle array and substrate

5.1. Abstract

Development and use of metamaterials have been gaining prominence in large part due to the possibility of
creating platforms with ‘disruptive’ and unique optical properties. However, to date the majority of such
systems produced using micro or nanotechnology, are static and can only perform certain target functions.
Next-generation multifunctional smart optical metamaterials are expected to have tuneable elements with
the possibility of controlling the optical properties in real time via variation in parameters such as pressure,
mechanical stress, voltage, or through non-linear optical effects. Here, we address this challenge by
developing a thermally controlled optical switch, based on the self-assembly of poly(N-
isopropylacrylamide)-functionalised gold nanoparticles on a planar macroscale gold substrate. This chapter
shows that such meta-surfaces can be tuned to exhibit substantial changes in the optical properties both in
terms of wavelength and intensity, through the temperature-controlled variation of the interparticle distance
within the nanoparticle monolayer as well as its separation from the substrate. This change is based on
temperature induced auxetic expansion and contraction of the functional ligands. Such a system has

potential for numerous applications, ranging from thermal sensors to regulated light harnessing.

Please note that the theoretical fittings of the reflectance spectra and calculated interparticle distances are

contributed by Debabrata Sikdar. The major parts of this chapter were previously published in Ref.!
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5.2. Introduction

Tunable metamaterials are at the forefront of the expanding area of photonics.? Their programable and
responsive nature has resulted in the fabrication of exceptionally versatile platforms with applications in
sensors®$, displays’®, and cloaking!® amongst others. NPs on metallic substrates (NPoMS), holds promise
for achieving tunability. The coupling between dissipating localized plasmons of NPs and surface plasmons
on the metallic substrate can be tuned statically by the size, shape and materials of the two components. !
However, as important but often neglected is the significance of the substrate-to-NP array distance which
contributes heavily to their spectral properties. Furthermore, if such parameters can be controlled
dynamically, it becomes possible to tune the optical response in real-time.'> '* For example, it has been
shown that tuning optical properties can be achieved via piezo actuation'* or mechanical
stretching/shrinking of elastic quasi-2d-films.'> '® Another example is the voltage controlled assembly and
disassembly of NP arrays at electrochemical liquid/liquid or solid/liquid interfaces.!”- ¥ It was shown that
one can reversibly assemble and disassemble NP arrays when the potential of the substrate is switched. This
could also be used to tune the interparticle distance and as a result the reflectance spectra.'® Similarly,
assembly/disassembly of NPs at an electrochemical interface of two immiscible electrolytic solutions, can
be used to build an electro-switchable mirror /window metasurface.!” Alternatively by oxidizing or charging
the spacer between NPs and substrate, researchers also confirmed that the gap width can induce intriguing
changes in the scattering'? and Raman!? signals. Theoretical calculation have estimated that these plasmonic
effects could be further enhanced by tuning both the interparticle distance within a NP array and the gap
width between the NP array and the substrate, at the same time.?* However, fast real-time control of these

optical ‘switches’ remains a challenge.

Alternative plasmonic switches, providing similar function, are based on a nontrivial, thermo-auxetic
mechanism, which has relatively fast response times. Its key component is Poly(N-isopropylacrylamide)
(pNIPAM), which is a water-soluble thermo-responsive polymer that had been widely used for various
sensors and actuators, due to its desired operating temperature and sharp transition (within ~5 °C) and good
reversibility around its lower critical solution temperature (LCST).?! 2> Below the LCST (~ 32 °C), the
hydrogen bonds between the water molecules and the C=0O and N-H groups on pNIPAM dominate,
rendering the chains of pNIPAM extended (Figure 5.1a).” Above the LCST, the hydrogen bonds break,
and the interaction of hydrophobic methyl groups and the main-chain hydrocarbons with each other results
in a more coiled conformation.”> By functionalizing NPs or substrates with pNIPAM, a temperature
dependent change in ligand length can be achieved resulting in an excellent means for auxetically tuning
the structure and the resultant optical properties. Typical strategies involve utilizing this polymer to anchor

125

plasmonic NPs randomly into another polymer matrix**, on micro-gel® or in bulk solutions®®. The optical
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signal can be manipulated when a three-dimensional change of thermo-responsive polymer
reduces/increases the interparticle distance, though the relatively rough control over the coupling between
NPs could induce peak broadening or restricting tunability.?* 2’*° Another more versatile approach is to
coat the NPs with pNIPAM?!-3! and even use them at a liquid-liquid interface.*? To date there have been no
works reported where both the interparticle and gap-to-substrate distance within a monolayer array of

thermally responsive NPs has been used to tune to the optical properties.

Figure 5.1 Molecular scale (a) and nanoscale (b & ¢) scheme of the swelling (left, cold)/shrinking (right, hot) of pPNIPAM-NP array
on gold substrate. The pNIPAM shell around the gold NPs gives the gap width between NP array and substrate as g and interparticle
distance as 2g (b).

Below we propose and explore the properties of such a switch that relies on the coupling between NPs
within the array as well as between NP’s and the substrate. As a result, an exceptional optical phenomenon
is obtained that is not achievable by linearly adding the optical signals from the two cases individually. A
monolayer of pPNIPAM-Au NPs is allowed to self-assemble on a planar Au substrate, with the temperature
controlled by a Peltier heating/cooling element. Its thermo-responsive behaviour is demonstrated that the
optical properties of such metasurfaces can be continuously tuned, producing a shift in the dip of the
plasmon resonance between 562-596 nm. Comparing theses experimental spectra with effective medium
theory (EMT)* and simulations shows that it is possible to control the average distance between NPs and

substrate by shrinking/expanding the NIPAM shell within the range of 1.8 — 4.0 nm.

5.3. Results and discussions

5.3.1. Experimental setup and working principle
Initially 16 £ 1 nm citrate stabilized Au NPs were synthesized and further functionalized by incubating with

amine terminated pNIPAM. The NPs were then made to self-assemble at a water | 1,2-dichloroethane
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interface followed by transferring onto octane-thiol functionalized 125 nm thick Au substrates. Initially, 10
mL as prepared pNIPAM Au NPs solution was mixed with 4 mL 1,2-dichloroethane in a PTFE jar. After
60 s vigorous shaking on a vortex machine, NPs spontaneously assembled at the LLI due to the capillary
force and the hydrophobicity of pNIPAM. Allowing the top DCE layer to evaporate, a shining golden mirror
of pNIPAM-NP could be seen atop of the water phase. Then a dried Au substrate with octane thiol SAM
was carefully stamped onto this NP array and quickly removed from the solution. Before immersing the NP
assembly on substrate into the temperature-controlled cell, the excessive NP solution on the surface of the
substrates was washed away with water. The substrate was immersed in pure water and the temperature
modulated between 20 and 50 °C using a closed loop PID controller and a Peltier heating/cooling element.

A fibre coupled optical reflection probe was used to collect the spectra (Figure 5.2).

Optical
probe

=/

M2 ADADL DY
DNIPAM-ANP  ivsv o eas
eTe?e e

Assembly at LLI >

Water

NP array
on substrate

Octanethiol-Au substrate

Figure 5.2 Fabrication and experimental setup: 16 nm Citrate capped Au NPs were coated by pNIPAM shell and assembled as an
2D array on water | 1,2-dichloroethane interface followed by transferring onto an octane-thiol functionalized 125 nm thick Au
substrates. The pNIPAM-NP/Au substrate is immersed into a water-containing cell where a fibre coupled optical probe that is
vertically focused onto the sample to shed light and collect the optical signal. The temperature is controlled by a PID (proportional—
integral—derivative) controller coupled with a thermal probe and a Peltier module.

First, the optical properties of the pNIPAM-NP array on the gold substrate were examined prior to thermal
experiments. Compared to pristine gold, it is not hard to notice the emergence of a reflectance dip in the
green-yellow region at both 20 and 50 °C (Figure 5.3a) for the NP array on substrate. However, the 16 nm
Au NP array alone without a substrate (such as at a liquid-liquid interface) produces a reflectance peak.'”
20 This non-linear effect is directly due to the proximity between NPs and distance between NP array and
substrate. Our group have previously studied this theoretically using EMT and have explained that the dip
originates from coupling of plasmon excitations between individual NPs with each other in the array, and
between the substrate and the array (dashed lines in Figure 5.3a).%° Optical images clearly show direct
evidence of this effect, Figure 5.3b. This is also the reason that the wavelength of the dip for the array-on-
substrate sample is significantly red-shifted when compared to the peak absorbance maxima in the bulk NP

solution (Figure 5.4a).
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Figure 5.3 (a) Experimental (solid) and theoretical fitted (dashed) reflectance spectra of pristine gold substrate, pPNIPAM NP array
on gold substrates at low/high temperature and pNIPAM NP array on a liquid-liquid interface (LLI). (b) Digital camera photos of
pristine Au substrate, pPNIPAM-NP arrays on Au substrates at low/high temperature.

The thickness or length of the ligand is denoted by g, therefore, the gap distance between NP and substrate
can be denoted as g + I /nm (with 1 nm being the approximate thickness for a monolayer of octanethiol),
whilst the interparticle spacing within the array can be defined as 2g, Figure 5.1b. At low temperature
(20 °C, Figure 5.1a left), g is large and corresponds to the ‘swollen’ state of pNIPAM which is manifested
in the bluer reflectance dip (~562 nm, Figure 5.3a). Whereas at higher temperature (50 °C, Figure 5.1a
right) the pNIPAM shell decreases in g, resulting in a decrease in interparticle distance and the array-
substrate gap, and hence a red-shift in the reflectance dip (~596 nm, Figure 5.3a). This spectral change can
be directly observed from the macroscale photos of the samples (Figure 5.3b). Although scanning electron
microscopy (SEM) imaging requires dehydration of the sample and cannot be used to calculate g, such
images are helpful to confirm the successful assembly of NP array on substrate and to visualize whether a

monolayer or alternatively multilayer is obtained, Figure 5.4b.
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Figure 5.4 (a) UV-vis spectra of bulk solution 0f 9.8 x 10'' cm citrate functionalized NPs and pNIPAM functionalized NPs under
cold (20 °C) and hot (50 °C) conditions. (b) SEM image of pNIPAM NP array on gold substrate in dried condition, scale bar 100
nm.
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Many reports have demonstrated that a superlattice of NP clusters could generate very interesting optical
signals.>* 3 The long range plasmonic coupling of ordered NP clusters could induce secondary optical
peaks apart from the main peaks. However, our intention here is to construct a continuous NP array on a
metallic substrate, not the discontinuous ordered NP clusters as in the above-mentioned literatures, thus, no
secondary peaks could be and were observed in our case. Our theory shows that in the case of substantial
dispersion of the gap distance between NPs, the dip in reflectivity will be substantially broader and less
deep, with the maximum position not located where it is currently seen, rather shifted to red.'®2° Here, a
different picture is observed, where the measurements correspond to close to ideally structured hexagonal

NP arrays.

5.3.2. Temperature dependence of reflectivity

To better understand the thermal response of this system, reflectance spectra at varying temperatures were
examined. Although the visible response of the metasurface to temperature change takes minutes, each
designated temperature was first maintained for 30 min to ensure that the system fully reaches equilibrium.
As shown in Figure 5.5a, the spectra red shifts with increasing temperature. This can be clearly seen in
Figure 5.5b where the wavelength at 50% reflectance is plotted as well as the reflectivity at 600 nm.
Impressively a shift of up to 36 nm could be obtained and was most pronounced around the LCST where
the drastic change of the conformation of pNIPAM molecules induces the most significant

swelling/shrinking rates ; for free pNIPAM in solution this takes place at 32 °C.*!

Figure 5.5 Static temperature dependent responses of pNIPAM NP array on gold substrate. (a) Static experimental (solid)
reflectance spectra and theoretical fits (dashed lines) at different temperatures. (b) Wavelength at 50% reflectance and the
reflectance at 600 nm [both from panel (a)] at different temperatures

By subtracting the reflectance signal from that of the pristine gold substrate, the change of reflectance is
shown in Figure 5.6a. Plotting the data in this format enables a better understanding of the change in optical
properties due to the swelling/shrinking of pNIPAM. Importantly, there is an excellent match between the

theoretical simulations (based on the effective medium theory of Ref.'®: 2

using only one fitting parameter
g to the wavelength of the dip in the first iteration, followed by fitting the fraction of NP array on the

substrate surface (coverage fraction) in the second iteration to reproduce the depth of the dip; all other
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parameters are ‘known’). Due to excellent agreement with experimental data, these fits could be used to
unambiguously determine g. For example, at 20 °C, g was determined to be ~4 nm (Figure 5.6b) and hence
the NPs had an interparticle spacing of 8 nm and array-substrate gap of 5 nm. Increasing the temperature
to 50 °C resulted in a g of ~1.8 nm and hence interparticle spacing of 3.6 nm (corresponding to 55% change
between the two temperature states) and array-substrate gap of 2.8 nm. This shrinking ratio is similar to

what has been reported by other researches utilizing core/shell structure of Au NPs/pNIPAM. 3132

Figure 5.6 (a) Static spectra of experimental change of reflectance (AReflectance, solid) and theoretical fits (dashed) at different
temperatures vs pristine Au substrate. (b) Dip wavelength extracted from panel (a) and pNIPAM thickness, g, calculated from
theory.

By subtracting the spectrum of 20 °C sample, the change of reflectance shown in Figure 5.7 gives another
view about how the temperature influence the reflectance output. When the temperature increases, due to
the redshift of the plasmonic coupling dip shown in Figure 5.6a, the reflectance around 550 nm slightly
recovers, while a major damping effect at ~618 nm can be witnessed. Note that the shift in dip wavelength
caused by thermo-auxetic response can be as large as 34 nm (Figure 5.6b) which is larger than previous
systems, e.g. shift of absorption peak AL = 9-28 nm in nanorods coated pNIPAM microgel®; AAL = 10 nm

in thermoresponsive cross-linked nanocapsules®® and AA = 20 nm in dense Ag NP aggregates®.
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Figure 5.7 Static spectra of experimental change of reflectance (solid) at different temperatures vs 20 °C sample.
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Accompanied by the drop in interparticle distance, the temperature change has another important influence
on the surface coverage of the NP array on the substrate as the number of NPs on the substrate are fixed
throughout the whole experiments. Thus, the shrinkage of the NP array during the heating is expected to
induce the increase of open spaces (bare Au substrate). This nanoscale change can be seen in the optical
reflectance spectra shown in Figure 5.6a: Although the interparticle distance and gap width was reduced
by more than half, the change of reflectance only decreased by 10 %, indicating the more reflective bare
Au substrate fraction contributed to this higher value of the reflectance, Figure 5.8. Starting from 0.88 at
20 °C, the fraction decreases in a similar fashion to g as temperature increases and finally settles at 0.56 at

50 °C.

Figure 5.8 The calculated NP array coverages on the Au substrates at different static temperatures.

5.3.3. Kinetic response to thermal stimuli

To assess the kinetic response, the substrate was heated from 20 °C to 50 °C in 3 min, Figure 5.9. This was
the fastest rate possible within our current configuration and its speed was limited by the volume of the
water and the heating power which in turn governs the uniformity of the temperature within the bath. Figure
5.9a shows the typical kinetic evolution of the reflectance spectra during the heating. Trends in both the
reflectance and dip wavelength were analogous to the static set of curves. At the end of the heating process,
the dip wavelength reaches 596 nm, a value that is consistent with the static data (Figure 5.9b). By fitting
these time dependent reflectance curves, thickness g can be calculated at different times, as shown in Figure
5.9¢, indicating the interparticle distances within the array and the gap width between the array and the

substrate are reducing accordingly.
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Figure 5.9 Kinetic responses of pNIPAM NP array on gold substrate during the heating process from 20 °C to 50 °C. (a) the time
dependent reflectance spectra; (b) temperature profiles (top) and the corresponding dip wavelength and reflectance at 600 nm
(bottom), extracted from panels (a). (¢) The calculated values of g and its time derivative g’=dg/dt.

In the plot of the rate of change of g, an interesting phenomenon is observed: the rate, g’ initially increases
to a peak value (at ~50 s) then decreases to almost zero. After correlating the time to the local temperature
(Figure 5.8c), it was found that the maximum rate lies at approximately 32 °C, the LCST of pNIPAM
where the polymer experiences the phase transition. The changing rates of the dip wavelength follow the

similar trend (Figure 5.10a).

Figure 5.10 Changing rate of the dip wavelength (the first order derivative of A, i.e., d A /dt) during heating (a) and cooling (b)
process.

In Figure 5.9 about the kinetic response to the thermal stimuli, the heating rate was intentionally reserved
to maintain a stable temperature field in the cell. However, to examine the fastest response time of our
system, the optical output was monitored during an instant injection of 50 °C water. Shown in Figure 5.11,
a major jump within ~2 s is witnessed in both the dip wavelength and the reflectance at 600 nm. This
suggests that the structural rearrangement of the polymer is not the rate limiting step in the current
temperature controlling setup. This also implies that the system could in principle be further optimized for

even more rapid switching.
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Figure 5.11 The dip wavelength and reflectance (R) at 600 nm before and after the injection of 50 °C water into the cell. Injected
right after 8 s.

To access the cooling process, the temperature was decreased from 50 °C to 20 °C in 3 min followed by
maintaining a 20 °C temperature for 20 min (Figure 5.12b top). Although the spectra gradually converged
to that expected case (Figure 5.12a), it took over 8 times longer when compared to the heating cycle. A
closer look at the change of reflectance at 600 nm and dip wavelength (Figure 5.12b) reveals a different
pattern compared with the heating kinetics. A quick change of the optical signal is witnessed during the
first 200 s. This can be easily understood since it is within this time that the temperature drops to 20 °C.
However, there is a 17 nm red-shift in the dip wavelength when compared to the static case for the same
temperature. Similar thermal hysteresis effects have been previously observed.*° It took a further 20 min at
20 °C to bring the dip back to the expected value. Hence, a latency is observed during the swelling of
pNIPAM and the expansion of the NP array. g, g’ and A’ further imply that the swelling of pNIPAM is
much slower than its shrinking process (Figure 5.12¢, Figure 5.10b). A likely explanation is that above
the phase transition coiled hydrophobic junctions (-CH(CHj3),) among pNIPAM molecules could inhibit
the reformation of hydrogen bonds between pNIPAM (-CO-NH-) and water.

Figure 5.12 Kinetic responses of pNIPAM NP array on gold substrate during the cooling process from 50 °C to 20 °C. (a) the time
dependent reflectance spectra; (b) temperature profiles (top) and the corresponding dip wavelength and reflectance at 600 nm
(bottom), extracted from panels (a). (¢) The calculated values of g and its time derivative g’=dg/dt.
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5.3.4. Reversible optical switching

Reversibility is critical for any future applications. To examine this, the heating (3 min) and cooling (30
min) were cycled between 20 °C and 50 °C. Shown in Figure 5.13a, due to the auxetic behaviour of the
optical switch, the red letters “IC” (stands for Imperial College) reflected from the metasurface exhibit
noticeable changes between the cold and hot states. The reflectance spectra at low/high temperature (Figure
5.13b) can recover their shapes without much noticeable change after multiple cycles, indicating pNIPAM
NP arrays on gold substrates acts as a robust platform. A slight red-shift of the spectra and reduction of the
g at low temperature can be observed after four cycles (Figure 5.13¢). As discussed previously, this is
mainly due to the latency of the recovery of g and coverage at nanoscale due to the hysteresis of pNIPAM

polymer.

Figure 5.13 Thermal reversibility of the pNIPAM NP array on gold substrate. (a) The digital camera photos of the cold and hot
states of reflected image of “IC” (abbreviation of “Imperial College™); the letters are drawn on A4 paper in red and are illuminated
by white light (left) and 618 nm laser (right). The difference in the color and intensity of the letters under cold/hot conditions
corresponds to the obtained red-shift of the dip in reflection. (b) Reflectance spectra of multiple cycles at cold (20 °C) and hot
(50 °C) conditions; (¢) The wavelength at 50% reflectance value and g for multiple cycles at cold (20 °C) and hot (50 °C) conditions.

5.4. Conclusions

A novel thermal responsive meta-surface based on a nanoplasmonic NPs on metallic substrate system was
constructed. By heating or cooling the system, the thermally responsive pNIPAM shell surrounding each
NP shrink or expand accordingly. The resultant structural changes both the interparticle distance among
NPs in the array and the distance between NPs and metallic substrate, which directly influences the intensity
and wavelength of its reflectance spectra. This is also confirmed by the excellent match between experiment
and theoretical calculation. The kinetic experiments demonstrated that the optical response during the
cooling process is slower than that during the heating, which implies a thermal hysteresis that may be due
to the hydrophobic interactions among the pNIPAM molecules or between the pNIPAM and the substrate.
Future applications of this system could be for nanoplasmonic rulers, thermal sensors, and self-regulated

light harvesting and thermal dissipations in solar cells.
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6. Label-free detection of lead employing nanoparticle self-

assembly at liquid-liquid interface

6.1. Abstract

In this chapter, a novel lead sensor, based on the lead mediated assembly of glutathione (GSH)
functionalized gold nanoparticles at a liquid-liquid interface (LLI), is proposed. The capillary forces trap
NPs at the LLI, where a dense 2D array of NPs forms through the specific binding between the Pb (II) ions
in the aqueous phase and the GSH ligands on the NPs. When lead is present, the resultant assembly of
plasmonic NPs generates substantial reflectance signal, which provides a label-free approach for the
detection of lead. Peak intensity and wavelength of the reflectance spectra combined with theoretical
calculations facilitate this method to be used as a quantitative tool. Due to the condensing effect and self-
healing nature of the NP array at the LLI, this sensor provides increased sensitivity when compared with

other sensors based on NP aggregation.

Please note that the theoretical fittings of the reflectance spectra and calculated interparticle distances are
contributed by Debabrata Sikdar. The material of this chapter is prepared for submission for publication as “Ye Ma,
Debabrata Sikdar, Alexei A. Kornyshev, Joshua B. Edel, Label-free detection of lead employing nanoparticle self-

assembly on liquid-liquid interface”
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6.1. Introduction

It has been seemingly established that Ludwig van Beethoven had suffered and died of lead (Pb) poisoning.'
At that time people were not aware of the toxic nature of this element. Now it is known that among various
heavy metals, lead is one of the most harmful and ubiquitous toxins that is widely present in paints, batteries,
combustion engine wastes, etc.”> Due to its nondegradable and accumulative nature’, the reliable and
convenient detection of lead in air, food and drinking water is critical for human health and environmental
protection. Though the modern physical methods like inductively coupled plasma mass spectrometry
(ICPMS) and atomic absorption spectrometry (AAS) can detect all kinds of heavy metals, sophisticated

constructions and sample preparation limit their application in point-of-care and on-site detection.*

Gold NPs, thanks to their relatively large surface area for targeting analytes and unique optical and electrical
properties, provide newly developed sensors with unprecedented sensitivity and versatility.>” By using a
lead-dependent RNA-cleaving DNAzyme, Juewen Liu and Yi Lu® demonstrated the control of the
disassembly of gold NP aggregates in response to Pb*, achieving the detection limit as 21 ppb in water.
Exploiting the strong interaction between the lead ions in the solution and the crown ether on the surface
on gold NPs, a fast colorimetric lead sensor with 52 ppb detection limit was proposed based on the lead
mediated re-dispersion of NP aggregates.’ Using lead as the linker to GSH functionalized NPs, Wendy Chu

etal. 1°

, assembled NP into core-satellite structures, which showed improved colorimetric sensitivity (9.9
ppb) than the monodispersed NP solution.!® These approaches, which largely depend on the formation of
agglomeration among NPs mediated by the analytes, can be conveniently read out by spectroscopies or
even naked eye.!! However, considering the large size of NPs, a relatively slow kinetics is inherited from
their relatively low mobility and long diffusion length.'> '3 Thus, consistent and quick measurements

employing NP aggregation in the bulk solution are still challenging.

Liquid-liquid interfaces (LLI) of two immiscible phases are an emerging versatile platform for assembling
NPs as a two-dimensional optical active array.'* Due to the capillary forces to reduce the total interface
energy, NPs that diffuse to the interface get trapped when piercing the LLI, thus forming a quasi-2d NP
arrays.'> Such arrays are self-healing and non-degrading'®, but if the NPs have been protected by charged
ligands against their fusion in the bulk, they will not form dense arrays. Their densification can be controlled
and hastened by introducing electrolytes'’ that screen electrostatic repulsion, ambient electric!’, magnetic
fields'® or even by simply shaking.'® In the case of plasmonic NPs, the coupling between localized plasma
excitations between them, makes the resultant optical properties of the array and the corresponding signals
very sensitive to the density of such NP array. For the arrays at LLI, this property'*, has been already widely

used in photocatalysis®, plasmonic nano-rulers?!, switchable and conductive mirrors and filters** and
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especially SERS sensors*?’ that utilize hot spots for electromagnetic radiation in the narrow gaps between

NPs.?

In particular, based on SERS, Cecchini et al.?* demonstrated that the assembly of gold NPs at LLI can detect
trace organic analytes in either aqueous or oil phase when they capture and locate the Raman active
molecules in the hotspots. Later, they found that the Raman signal oriented from m-stacking interaction
between the mercury (II) and naphthalene-based polyaromatic ligands (PALSs) can be greatly enhanced by
the NP array at the LLI, which can be utilized for mercury detection.? However, since heavy metals are
normally silent to most spectroscopic methods like Raman or fluorescence, signal reporters are often
indispensable, making these techniques though ingenious, high cost and time consuming. In addition, SERS
enhancement normally exists within the hotspots which are located in 1-5 nm gaps between the NPs.?’

Therefore, tuning the interparticle distance is essential to maximise enhancement.

Similar to SERS, the change of optical reflectance from LLI with adsorbed NP array is due to the coupled
localised plasmon resonances in NPs.!* The reflectance intensity at maximum is substantial (between 20-
60% at normal incidence, depending on the size of NPs, 16-40 nm in diameter), when the NPs in the array
are separated by less than their diameter.>* 3! This opens up a wider range of NP gaps, as compared against
narrow gaps of 1-5 nm for SERS, over which optical detection is possible. Moreover, unlike Raman or
other second order nonlinear optical effects, the simple linear reflectance signal is stronger, requires no
signal reporters, and overall needs less sophisticated facilities. Our previous studies has quantified the
correlation between the reflection spectra, in particular peak intensity and wavelength, and the inter-NP
distance in the arrays at the LLIL.'*> This effect provides new opportunities for sensing heavy metals with
NPs functionalized by GSH ligands. When lead is present in solution in trace amounts, it can mediate
bonding between closest GSH of neighbouring NPs on LLI. This will make the array denser, and the
resultant change of reflectance is expected to have positive correspondence with the amount of lead in the

solution.

In this chapter we demonstrate this effect and prove that a conceptually new lead sensor based on the
reflectance change of the LLI could be designed. Moreover, a simple shaking process breaks the diffusion

limit and delivers quick kinetics to reach the equilibrium and in a minute is ready to give a signal.
6.2. Results and discussions

6.2.1. The working principle and experimental setup
The scheme of the experimental principles is shown in Figure 6.1. When 1,2-dichloroethane (DCE) and 44

+ 3 nm GSH-NPs aqueous solution are injected into a vial, the two immiscible liquids form a well-defined
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interface (Figure 6.1a). The samples have three distinctive parts: the aqueous phase containing NPs in bulk
solution on the top, the DCE phase at the bottom and the interface in between where assembled NPs reside.
Without lead, the transparent LLI (Figure 6.1a-i) and the low density of the NPs in the corresponding SEM
image (Figure 6.1a-iii) indicate very few GSH NPs assembled at LLIL.

a Without lead b Emulsion state C With lead
(ii)

Aqueous

Phase

3. D0

e

DCE Phase Introduce

lead , | i *»p,\ Settle
- - - S
Shake Measure
reflectance

Figure 6.1 Scheme of GSH NP assembly at LLI for detection of lead - the operation principle. (a) Without lead, the immiscible
GSH functionalized NP aqueous phase and DCE phase have a low-reflective planner interface with sparse number of NPs residing
on it. (i) Digital camera photo of LLI: the red liquid on the top is the aqueous GSH NP phase; the colourless liquid at the bottom is
the DCE phase; (ii) the scheme of the LLI; (iii) SEM images of the transferred NPs at LLI on Au substrates. (b) With the presence
of (400 ppb) lead, shaking creates an emulsion state of the two phases. GSH NPs are driven by the capillary forces to the LLI of
the droplets where lead ions link the neighbouring NPs together. (i) Digital camera photon of the emulsion state; (ii) the scheme of
the emulsion state of the two phases; (iii) the schematic linkage between neighbouring NPs through the Pb-GSH bindings. (¢) After
settling down, the droplets merge back to the well-defined planar interface where the assembled GSH NP array reflect light. (i)
Digital camera photo of LLI after NP assembling; (ii) the scheme of the LLI; (iii) SEM images of the transferred NPs at LLI on Au
substrates.

With the presence of controlled amount of lead (400 ppb in the figure) followed by vigorous shaking in 60
s, an emulsion of the two phases is formed (Figure 6.1b). In this status, the capillary forces drive the NPs
within the small droplets to the LLI, forming a loosely packed assembly layer.'® When trapped at the LLI,
the DCE side of GSH NPs lose parts of their negative charge, thus have larger chance to come closer with
each other. Namely, the LLI acts as a NP condenser that limits NPs on a 2D plane. The shaking process
also shortens the diffusion length?, helping the drifting Pb(II) ions to selectively chelate with the carboxyl
groups of GSH on the surface of NPs*, which can link nearby NPs together on LLI (Figure 6.1b). This
linkage greatly reduces the interparticle distance, thus strengthens the optical coupling within the assembly
and the reflection signal. The trapping energy of nanoscale NPs at LLI has a positive relationship with their
sizes**3, but for a linked GSH NP array the energy to detach it from the LLI will scaled with a number of

linked particles, thus the array will have even less chances to leave the LLI than a single NP.
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After allowing the emulsion to settle down for one minute, those coupled NP assemblies previously on the
droplets will merge together to form a well-defined planar reflective layer at LLI (Figure 6.1¢). Compared
with Figure 6.1a-iii, the populated SEM image further confirms that a more densely packed NP array was
assembled at LLI when lead is introduced (Figure 6.1c-iii). Although the structures of the transferred NP
arrays are expected to be different from how it may look at LLI ix situ, the SEM images speak in favour of
the importance of lead. This NP array greatly enhances the their plasmonic resonance, thus boost the
reflectance of LLI. By measuring the intensities of reflectance from the NP assembly at LLI, those values
can be correlated to the concentrations of lead, which is expected to give better sensitivity than the bulk

aggregation methods.

6.2.2. NPs functionalization and characterization in the bulk of aqueous solution

A careful study of GSH NP behaviour in the bulk is crucial for understanding how this NP system will
function in any further applications. It has been found that GSH NPs in aqueous solution are vulnerable to
self-agglomeration even without the mediation of lead ions in various situations: the formation of inter-
molecular bonds between -COOH groups at low pH?°, the head-to-head zwitterion-type electrostatic
interactions around neutral pH*’, high concentration of GSH during synthesis and high speed of
centrifugation. To secure the stability of GSH-NP solution, the pH of all the samples is kept above 6, GSH
concentration as 10 pM and centrifugation speed at 1500 rcf (relative centrifugal force). Since citrate and
lead cannot form strong chelate complex as GSH and lead do®, citrate functionalized NPs is used as a
control to prove the success of GSH functionalization and validate the detection method for lead in the bulk
solution. In addition, the hydrated diameters of citrate or GSH functionalized NPs before/after adding lead
were measured through dynamic light scattering (DLS). Revealed in Figure 6.2, the diameters of both
citrate and GSH functionalized NPs are around 50 nm in the absence of lead. As expected, by adding 2 ppm
lead, the output for citrate NPs stays unchanged while the GSH NPs give larger averaged diameter (100

nm) and broader distribution, confirming the formation of NP clusters mediated by lead.
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. Citrate NPs
. Citrate NPs + 2 ppm lead
. GSH NPs

- GSH NPs + 2 ppm lead

0 100 200 300

Diameter (nm)
Figure 6.2 DLS measurements of the responses of citrate or GSH functionalized NPs to 2 ppm lead: only GSH NPs aggregate when
lead exists. From top to bottom: Citrate NPs without lead, citrate NPs with 2 ppm lead, GSH NPs without lead, GSH NPs with 2
ppm lead.

DLS Intensity (a.u.)

It is well known that the agglomeration of gold NPs increases their frequency of plasmonic resonance. This
induces a characteristic peak in the red region in the UV-vis spectra of the bulk, which is another handy
indicator for assessing the degree of initial aggregation of GSH NPs in the bulk. The comparison of UV-
vis spectra between the citrate and GSH functionalized NPs before/after adding lead (Figure 6.3) confirms

the conclusions from the DLS: only GSH functionalized NPs aggregate in the presence of lead.

—— Citrate NPs

12 —— Citrate NPs + 2 ppm lead
—— GSH NPs

—— GSH NPs + 2 ppm lead

o
o

Absorbance

o
~

0.0r
400 500 600 700 800 900
Wavelength (nm)

Figure 6.3 UV-vis spectra of Citrate- or GSH-functionalized Au NPs with 2 ppm lead ions in the bulk solution and without any
presence of lead.

In addition, by adding controlled concentrations of lead into the GSH-NP solution, an obvious trend of the
evolution of localised plasmon resonance peaks is revealed in Figure 6.4. Though there is no observable
difference in the UV-Vis spectra between 0 and 0.5 ppm samples, with the further increase of the lead
concentration, the peak at 525 nm from single particle mode gradually decreases while the peak originating
from the agglomeration coupling mode substantially increases and red shifts from 628 nm to 770 nm. This
confirms that under the designated protocol, the GSH molecules are successfully attached on the surface of
44 nm NPs, and the controlled amount of lead can induce the aggregation of these GSH NPs in the bulk

solution.
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Figure 6.4 UV-vis spectra of GSH NPs bulk solution with different concentrations of lead (0, 0.5, 1, 2, 4, 6, 8, 10, 14, 18 ppm).

6.2.3. LLI

Compared with the bulk experiments in Figure 6.4, though 0.5 ppm (500 ppb) lead is too diluted to
stimulate aggregation reaction in the bulk, 400 ppb in Figure 6.1c, however, is sufficient to induce NP
assembly at LLI. This contrast highlights the vital role of the LLI ‘platform’ for the formation of the lead
mediated NP assembly. Thermodynamically, the capillary energy, as the main driving force, has the
tendency of entrapping and condensing NPs at the LLI. In addition, since DCE is a much less polar solvent
than water, the degree of dissociation of the terminal groups of GSH that delivers the negative charge on
them on the DCE side of NPs is substantially reduced. Therefore, the overall the electrostatic repelling
forces among NPs are weakened and NPs have more chances to come close to each other. Alongside with
the shaking process that breaks the diffusion limit, the dwindled repelling forces and shortened interparticle
distance among NPs give lead ions higher chances to link neighbouring GSH NPs together. This is
statistically more probable within a quasi-2D interfacial layer of NPs, which seemingly yields a higher

sensitivity, as compared to bulk aggregation.

Increasing the ionic strength of aqueous phase has been proven to help the assembly of NPs at the LLIL. '
17.39 To check that the reflectivity change and the NP assembly at the LLI in our case did not result from
the increase of ionic strength, but due to the lead mediated assembly of GSH NPs, the responses of citrate
functionalized NPs and GSH NPs were compared when adding 300 ppb lead or NaCl (Figure 6.5). The
two curves of citrate NPs with and without lead show flat reflectance spectra and overlay with each other
perfectly, indicating that lead cannot induce assembling of citrate NPs at LLI. For GSH NPs however, 300
ppb of lead significantly boosts the reflectance at 800 nm, confirming the lead — GSH bonding mechanism
at the LLI. The GSH NP sample with 300 ppb NaCl remains the same with pristine GSH NPs, excluding

any significant impact of the increase of ionic strength on the GSH NP assembly or direct optical effect.

105



Chapter 6

40 —— Citrate NPs
r— Citrate NPs + 300 ppb lead

—~ 30— GSH NPs
X —— GSH NPs + 300 ppb lead
° —— GSH NPs + 300 ppb NaCl
]
G 20t
©
2
©
@ 10t

0

500 600 700 800

Wavelength (nm)

Figure 6.5 The response of reflectance spectra of citrate- or GSH-functionalized NPs arrays to 300 ppm lead: only GSH NPs form
reflective LLI. Addition of 300 ppb NaCl does not cause any noticeable differences in reflectivity as compared to that of the pristine
GSH NPs

It is not hard to notice that a small reflectance bump around 550 nm that can be seen when the pristine GSH
NPs are compared with citrate NPs. Judging from the peak wavelength, I attribute this to single NP
scattering at the LLI where very small number of NPs locate on the LLI (as depicted in Figure 6.1a-iii).
Since in this case the average interparticle distance is extremely large, the coupling between these NPs thus
is too small to produce observable reflectance. The five curves in Figure 6.5 all prove that it is lead that

assemble GSH NPs into a dense array and boosts the reflectance signal.

6.2.4. The effect of pH

Since the NPs are covered by GSH molecules, the degree of dissociation of these ligands will determine
the surface charge of NPs, the electrostatic forces between NPs and the assembly density, as a result.
Assuming the disassociating nature of GSH on NPs is similar to that of the free GSH, the pKa of -COOH
is 3.6 and -NH;" 8.8. When pH is below 5, significant number of protonated -COOH still present on the
surface of NPs. This not only limits the total number of negative charges on NPs, but also raises the
tendency of forming inter-particle hydrogen bonds between -COOH.*® Moreover, under relatively low pH,
GSH NPs are also vulnerable to self-aggregation derived from the head-to-head zwitterion-type
electrostatic interactions between -COO™ and -NH;".% Our aggregation test on pH (Figure 6.6) also
confirmed that, for our samples pH < 6, centrifugation and functionalization of GSH NPs are detrimental
for the stability of NPs solutions even without the presence of lead. Therefore, to secure a robust

monodisperse GSH NPs solution, the LLI measurements are only operated above pH 6.
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Figure 6.6 UV-vis spectra of the bulk solution of GSH Au NPs at different pH.

Based on the discussion above, higher pH is beneficial for the stability of GSH NPs. But too high pH has
some side-effects on the sensitivity of lead detection. As shown in Figure 6.7, 250 ppb lead under pH 6
and 8 produce more than 20% reflectance at the LLI. However, further increase of pH will half, quarter or
even eliminate the reflectance at LLI. Considering the pKa of -COOH and -NH3*, above pH 6, more than
99% of -COOH has been disassociated. Therefore, by adjusting the pH here, we are tuning the disassociate
rate of -NH3". When the pH is 11, nearly all the -NH3" are in the deprotonated state rendering the GSH NPs
too negative to come close with each other or forming assembly mediated by lead. By slowly decreasing
the pH value, the number of -NH3" increases which counteracts parts of the negative charges of -COO; this
decreases the averaged interparticle distances, thus encouraging the assembly of NPs at LLI. A closer look
at the pH 6 and 8 curves reveals an interesting fact: though the two cases show relatively similar intensity
of reflectance, the peak wavelength for pH 8 is bluer than that of pH 6. This is attributed to the larger
number of net negative charge on NPs for pH 8, which induces larger interparticle distance and shorter
coupled plasmonic resonance frequency. To maintain the system both stable and sensitive as much as

possible, our typical working condition is set at pH 8 for all the later experiments.
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Figure 6.7 pH influence on the formation of GSH NP assembly (pH 6, 8, 9, 10, 11).
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6.2.5. Sensing specificity

A good preclusion against interferences from other metal ions are indispensable for practical use. Here the
response of the system to 200 ppb Pb(II), Fe(II), Ni(II), Hg(II), Ca(II), Cu(II), Co(Il) and Cr(III) were tested.
Figure 6.8 shows that compared with the 16% maximum reflectance from lead, other metal ions have minor

influence. This can be attributed to the good specific bonding between GSH and lead at pH 8 when -NH3"

cannot form chelation complex with other metal ions.** 4!
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Figure 6.8 Specificity: Reflectance spectra at LLI of adding 200 ppb Pb(II), Fe(1l), Ni(1l), Hg(II), Ca(1l), Cu(1l), Co(II) and Cr(III).

6.2.6. Sensing dynamics

One of the current problems in detecting ions of heavy metals through NP agglomeration in the bulk is
strong time-dependence of the signal.** Figure 6.9 shows the real-time UV-vis measurement of the bulk
solution of GSH NPs with 0, 1, 4, 16 ppm lead. Within 45 mins, the absorption at 525 nm decreases rapidly
and continuously. In addition, different concentrations of lead give rise to divergent kinetic patterns.

Therefore, unstable dynamics in the bulk could limit the consistency of such experiments.
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Figure 6.9 The time dependent absorbance of bulk GSH NPs at 525 nm with the presence of 0, 1,4, 16 ppm lead in the bulk solution.
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Luckily, at the LLI the situation is different. To examine the kinetics of the NP assembly at the LLI, the
reflectance of the LLI with the presence of 0, 100, 200, 400 ppb lead was monitored. In Figure 6.10, the
reflectance for different samples keeps nearly constant over 150 min. This impressive stability is attributed
to the forces keeping NPs on the LLI and the shaking process which breaks the diffusion limit in the bulk.
Before being trapped in the capillary energy well by the at the LLI, NPs need to first diffuse in the vicinity
of the LLI. Unless the thickness of the aqueous phase is not miniaturized, this diffusion limited process for
a still system can take hours even with the assistance of applying a voltage.!” The shaking step however,
greatly shortens the diffusion time for the NPs to the LLI, so the LLI on droplets of DCE in water are
quickly populated with NPs which are readily linked by lead ions. Therefore, only after settling for 1 min,

the system can reach equilibrium between the LLI and the bulk solution.
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Figure 6.10 Time dependent measurements of reflectance at the maximum after 700 nm in the presence of 0, 100, 200, 400 ppb
lead.

6.2.7. Quantitative estimates and signal calibration

Creating correlation between the reflectance of GSH NP array at the LLI and the lead concentration is
indispensable for building quantitative lead sensors. Figure 6.11a shows the reflectance spectra at the LLI
for different controlled amounts of lead in the aqueous phase. Without the presence of lead, the distances
between NPs are too large to form a noticeable reflection signal. Still, it displays a signature of a mild
maximum near 550 nm (the wave-length of the localised plasmon resonance in the individual NPs of that
size), which the effective medium theory of reflectance would predict for sparse NP arrays.’! By increasing
the concentration of lead, a reflectance peak emerges above 700 nm. As discussed below, this peak derives
from the coupling of plasmon resonances between GSH NPs in a denser assembly. Alongside with the
intensification of reflectance from 0 % (0 ppb) to almost 30 % (400 ppb), the peak wavelength also red
shifts from 550 nm to 816 nm. Obviously, when more lead exists in the solution, more GSH NPs at LLI

can be bonded together to form denser plasmonic array, which will red shift the maximum and increase the

reflection intensity.
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Figure 6.11 Quantification of detecting lead ions through their effect on reflectivity of the arrays of functionalized Au NPs at LLI.
(a) The reflectance spectra of NP assembly at LLI with 0, 50, 100, 150, 200, 250, 300, 400, 500, 750, 1000 ppb lead. (b) Calibration
curve: correlation between the height of reflectance maximum and the concentration of the lead.

Interestingly, when the lead concentration increases beyond 400 ppb, the reflectance has the tendency of
decreasing (Figure 6.11). To interpret this counter-intuitive behaviour, the inset in Figure 6.12 displays
the photo of the sample with 1000 ppb lead. Aside from the distinctive blue colour of the bulk solution,
there are visible clusters of aggregation on the wall of the container. Further detailed UV-vis measurements
of the aqueous supernatant (Figure 6.12) reveal that concentrations bellow 400 ppb, GSH NPs are still in
a monodisperse state, but more lead in solution can stimulate aggregation. So, the change of colours of the
supernatant and the observation of the invers “V”-shape curve in Figure 6.11b tell us that the lead

concentration has passed the 400 ppb.
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Figure 6.12 Normalized UV-vis absorbance spectra of GSH NP supernatant in LLI system with 0, 50, 400, 500, 750, 1000 ppb
lead; inset, a typical photo of aggregated GSH NPs in LLI system with 1000 ppb lead.

Moreover, it is important to understand all subtleties of this effect. Comparing with the bulk UV-vis
measurements in Figure 6.4, there is no indication of aggregation in the 500 ppb bulk-only sample, while
in the LLI system the same concentration can induce obvious colour change in the aqueous supernatant.

This difference can be rationalised by taking the influence of LLI into the account. As just mentioned, due
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to its condensing effect for NPs, LLI can provide lower detection limit than the conventional bulk
aggregation methods. Moreover, in the emulsion state, the LLI surface area of micro-droplets is much larger
than that of the planar state. When the system is resettled back to the planar state, the reduced interfacial
area can no longer accommodate all the bonded GSH NPs at higher lead concentrations. As a result, the
excessive NP clusters will be released back into the supernatant. This explains why in the bulk solution,
500 ppb lead fails inducing aggregation while the same amount of lead in the LLI system can. In other
words, the aggregation in the aqueous supernatant is derived from the migration of the assembled excessive

GSH NPs from the LLI to the supernatant, not from the reaction happening uniformly in the bulk.

Based on the reflectance maximum due to the coupling of NP array at the LLI, a calibration curve
correlating the reflectance to the concentration of lead is created (Figure 6.11b). A good linear relationship
can be achieved with the range from 0 to 400 ppb. The calculated limit of detection (LOD, S/N=3) is 14
ppb. Since above 500 ppb the system is less stable, no fitting was attempted at higher concentrations. It
should be noted that although the measured maximum reflectance can be correlated to two values of
concentrations when taking the higher concentration range (500 ppb to 1000 ppb) into the account, one can
easily distinguish them (for example between 200 ppb and 750 ppb, which have similar reflectance), by the

wavelength of the reflectance peak, UV-vis measurement or the eye-observed colour of the supernatant.

Importantly, Figure 6.13 depicts theoretically fitted reflectance spectra at different Pb concentrations. A
four-layer stack model, based on our effective medium theory and multi-layer Fresnel scheme?®!, was
utilized to better understand the mechanism behind the reflectance change from different assemblies of NPs
at LLI. This model has been testified against full-wave finite element method (FEM) simulations and
experiments in our previous works'” . It is known that interparticle distance is the only critical parameter
that determines the reflectance peak wavelength for an array NPs (of a given size, shape, and composition)

with designated parameters of media and the incident light.

Figure 6.13 The experimental (a) and theoretically fitted (b) reflectance spectra of NP assembly at LLI with 0, 50, 100, 150, 200,
250, 300, 400 ppb lead.
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The theoretical spectra were calculated in two steps. First, we assumed a uniform hexagonal array of 44 nm
diameter gold nanospheres at LLI. The interparticle distance in the NP array was fitted to match the peak
reflectance wavelength, extracted from Figure 6.13a for each lead concentration. But these calculated
reflectance spectra provided much higher reflectance values than observed. This indicated that the LLI is
not fully covered by NP array and hence, there is a need to adjust the model with account for the surface
fraction being filled with closely packed NP arrays. We see evidence of this argument in our experiments,
where islands and cracks on NP films are found in Figure 6.1c-iii. Therefore, as the second step in our
theoretical calculation, we introduced in the theory the fraction of the surface covered by such islands and
fitted this parameter to match the reflectance values. The final set of fitted reflectance spectra were obtained

from weighted average from surface fractions covered by NPs and bare interface.
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Figure 6.14 The calculated interparticle distance and filling fraction verses lead concentration.

The fitted values of interparticle gap (black) and portion of the surface covered by islands (red) are plotted
as function of lead concentration in Figure 6.14. When no lead exists in the system, the interparticle
distance is much larger than the diameter of NPs, which gives very blue peak wavelength and low
reflectance. But once 50 ppb lead was introduced, the peak wavelength jumped from 550 nm to 755 nm,
corresponding to 3 nm gap between neighbouring NPs. This distance decreases slowly and continuously to
1 nm when the concentration of lead increased to 400 ppb. Due to the bulk aggregation, theory calculation
was not performed on samples above 400 ppb. Different from the free absorbed NPs at LLI'®, the lead
mediated assembly, revealed in Figure 6.14, have very restricted range of interparticle distance. This is
attributed to the irreversible bonding between GSH NPs mediated by lead ions. Considering the length of
GSH molecules as ~ 1.5 nm, the maximum interparticle distance would be ~ 3 nm if the two NPs are bonded
by lead. This distance can be reduced by the rotation of GSH bonds and multiple lead conjugations between
two NPs. Namely, with more lead available, more junctions between the opposing GSH ligands form, and
to make it possible the closest ‘apex’ ligands must get compressed and the separation between NPs will get

smaller. So, this simple physics and chemistry perfectly work, with the calculated 1 - 3 nm interparticle
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distances making perfect sense. The estimation of NP portion of the surface covered by islands in Figure

6.14 shows a linear like pattern with the increase of lead concentration which is also quite reasonable.

6.3. Conclusions

A label free method of detecting lead employing the self-assembly of GSH functionalized gold NPs at LLI
has been demonstrated in this chapter. The capillary forces at LLI trap and condense NPs, thus increase the
opportunity of forming specific coordinate bonds between NPs with the mediation of lead ions if the latter
are present in the solution. With the increase of the concentration of lead, the reflectance signal is boosted
due to the coupling of the increased number of NPs and shortened interparticle distance at LLI. A quicker
equilibrium and higher sensitivity are witnessed when compared with bulk aggregation counterparts. This
label-free approach by measuring reflectivity provides a simple and robust alternative to SERS or

fluorescence where reporters and delicate microscopes are normally needed.
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7. Electrotunable nanoplasmonic liquid mirror

7.1. Abstract

This chapter reports on the first realization of a reversible electrotuneable liquid mirror based on voltage-
controlled self-assembly/disassembly of 16 nm diameter surfactant stabilized plasmonic nanoparticles at
the interface of two immiscible electrolytic solutions. We show how the optical properties such as
reflectance intensity and spectral position can be varied in-situ within a mere 0.5 V range of variation of
applied voltage. This observed effect is in excellent agreement with the theoretical calculation of the optical
response of such arrays, relating the corresponding variation of the average interparticle spacing to the
voltage-driven nanoparticle assembly/disassembly process. We demonstrate that this novel electrochemical
fully tunable nanoplasmonic platform can be switched from highly reflective ‘mirror’ to transmissive
‘window’ mode and back again. This study opens a route towards realization of such platforms in future
micro/nanoscale electrochemical cells, enabling creation of tunable plasmonic metamaterials for

application in optical switching and SERS-based sensing.

Please note that, in this chapter, the majority of the experimental measurements of reflectance and electrochemistry

were performed by Dr. Yunuen Montelongo. I contributed the NP synthesis, characterization and a set of auxiliary

experiments. The major parts of this chapter were published in Ref!
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7.2. Introduction

The development of metamaterials has garnered interest ever since their initial introduction in the 19™
century, leading to exploration and creation of artificial media for manipulation of electromagnetic waves.
Recently, there has been a strong drive to build such media based on nanoscale bottom-up building blocks.*
* These have been employed to create objects with unique electromagnetic properties for applications such
as antennas, absorbers in solar cells, superlenses, cloaking, sensors, etc..>'? Although substantial advances
have been made, tuning/modulating optical properties in real-time has remained elusive. If successful, such
metamaterials would introduce dramatic change in their implications, and are expected to offer numerous
new applications. For instance, energy efficient switchable windows can be designed where both the
spectral range and the reflectivity can be fine-tuned. Such tuneable optical metamaterials (TOMs) can also
be used to circumvent limitations in trace analyte sensing, ensuring capture and detection of analytes via

real-time tuning of the TOM.

Here we report on a step towards realizing this goal by creating an electrotuneable quasi-2-dimensional
plasmonic platform: an electrically-switchable liquid mirror—window. It is based on voltage-controlled self-
assembly/disassembly of negative-charge functionalized gold nanoparticles (NPs) at the interface of two
immiscible electrolytic solutions (ITIES).'* ¥ The principle underlying its operations is as follows. At this
interface NPs can be made to adsorb spontaneously, driven by capillary forces. A dense monolayer of
sufficiently large gold NPs reflects light due to coupled plasmon resonance.!'>?° However, charged NPs
repel each other and may not settle close enough at the interface to form a dense layer resulting in a modest
reflectivity unless they are driven to aggregation and formation of a multilayer. However, these systems
cannot be made to spontaneously disassemble back into the liquid phase. In order to accomplish this latter
aspect, the particles need to be trapped at the interface at sufficient density to form a plasmonically coupled
monolayer, but not so close that they aggregate, (Figure 7.1a-i and iii). This is achieved by formation of a
‘potential energy well’ at the interface (Figure 7.1a-v) trapping any NP, however, electrostatic repulsion
between the NPs diminishes the depth of the trapping well. Screening by electrolyte weakens the repulsion
which effectively deepens the well, enabling the formation of highly reflective denser NP-arrays (Figure
7.1a-ii, iv and vi, also Ref.?"*}). However, such ‘chemical’ means of tailoring of inter-NP spacing and

24,25

optical reflectivity is restricted by an upper-limit of electrolyte concentration that ensures NPs do not

agglomerate in the bulk or at the interface due to Van der Waals attraction.

A ‘physical’, in-situ means of control would be possible in an electrochemical liquid | liquid cell (c.f. Figure
7.1b). Here, negative polarisation of the aqueous phase relative to organic phase would push the NPs

towards the interface forcing NPs to tolerate the proximity of each other, increasing the density, reflectivity,
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while shifting the reflectance maximum towards the red end of the spectrum. Polarizing the aqueous phase
positively will push NPs back into the bulk, diminishing their population at the interface, and thereby,
decreasing the peak reflectivity and ‘blue-shifting’ it.

Nanoplasmonic liquid mirror

a Irreversible (‘chemical’) system b Reversible (‘electrochemical’) system
Sparse NP-layer ==sp Dense NP-layer Dense NP-layer ~| Sparse NP-layer

energy.

of NPs

(%]

Figure 7.1 Nanoplasmonic liquid mirror strategies. (a) Spontaneous adsorption of NPs at the interface between aqueous and organic
phases can be controlled by the concentration of electrolytes in either phases to transform a sparse NP layer into a dense layer,
making it more reflective, as seen in photographs (i) and (ii). Increased concentration of electrolytes reduces electrostatic repulsion
between NPs, functionalized by negatively charged ligands, allowing formation of denser layers, as shown in the cartoon (iii) to
(iv). Cations, anions, and NPs, are depicted here as red, blue, and gold spheres, respectively (all sizes are not in scale, but in proper
order). (v) to (vi) depict the change in the potential energy well for NPs at the interface, which gets deeper when the electrostatic
repulsion between the NPs is reduced with the increase of electrolyte concentration. (b) Placing the system in an electrochemical
cell would allow to reversibly control the assembly (adsorption) to and disassembly (desorption) of NPs from the interface by
changing the polarity of the applied potential drop across the interface. This way the NP layer can be made even denser than that
formed by the spontaneous assembly in the same system, or can be completely removed from the interface, as shown in schematics
(1) to (ii), and (iii) to (iv). Two back-to-back electrical double layers form at the polarized interface, making the potential well for
NPs deeper (v) or shallower (vi), subjected to the sign of the applied voltage. Such electrotuneable nanoplasmonic liquid mirror
can thus be reversibly turned ‘on’ and ‘off’.

As mentioned, the density of the NP array at the interface can be statically controlled by the electrolyte
concentration in the aqueous and organic phases and pH of the aqueous phase.? ¢ To introduce dynamic
control over assembly/disassembly we need to vary the potential distribution at the ITIES. This is achieved
by applying a potential difference between the electrodes in the aqueous (A) and organic (O) phases (Figure
7.1b), ADso = ®a— Do. Under such potential bias of any polarity, two back-to-back electrical double layers
will be formed on either side of the interface (Figures 7.1b-iii and iv). If one considers the total energy,

Utot » felt by a NP moving across the interface?’,

Utot = Usolv + Ucap + Uline + Uext 7.1

118



Chapter 7

comprising the free energy of transfer of a NP from aqueous to organic phase, U, (dominated by the Born
resolvation energy); a capillary term including interface tensions, Uc,p; line tension when the NP pierces

the interface, Ujjne; and the electrostatic energy of the NP in the polarized electrical double layer across the
interface, Uqy. The potential well can be made deeper by applying A®ao < 0 (Figure 7.1b-v). Reversing
the sign of ADso makes the well shallower or can totally eliminate it, or even create a repulsive energy

profile to release the NPs into the aqueous phase (Figure 7.1b-vi).

The principles of such electrotuneable optical platform and its main features have been proposed and
theoretically investigated®® 2%, however, experimentally they have not been realized. Pioneering work by
Girault’s group®® first demonstrated that populations of very small NPs (<2 nm) at the ITIES can be
controlled reversibly by the applied voltage. Assembly-disassembly of such NPs are relatively easy to
control, but as their polarizabilities are proportional to their volume, they do not exhibit a sufficiently strong
optical response required to make a mirror. However, later Girault’s and Brevet’s group received
indications of the reversible adsorption of larger core-shell gold-silver nanoparticles at the polarized ITIES
using the nonlinear optical technique of surface second-harmonic generation (SHG).*! The SHG signals
showed a reversible nature and an intensity controlled by the externally applied potential. But as mentioned
by the authors, the observed experimental SHG intensity is “not straightforward to extract and relate to the
particle surface density since the potential dependence of the adsorption isotherm is not precisely known”.
A recent study by Schlossman’s group®?, involving small size NPs, explored NP-arrays modulated by
voltage variation for implications in SERS; however, the NP size was too small to generate profound
enhancement of the Raman signals, sufficient for practical use, and the nanoparticle array can not be entirely
“disassembled””. Dryfe’s group® observed electrotuneable SERS with large NPs, however, continuous
tuning of the interparticle spacing and the resultant optical response of the NP-layer was not performed, nor

was assembly/disassembly of the array.

21:29 "4 dense interfacial assembly of large NPs, of 50-60 nm in

In agreements with theoretical expectations
diameter, have been shown to provide up to ~40%-50% of maximum reflectivity (even at normal
incidence)* and huge Raman signal enhancements®. The connectivity of the assembly of 60 nm NPs,
assessed through lateral conductivity measurements, has, as expected, positively affected the reflectivity.
However, for such systems agglomeration at the interface is almost certainly present. Furthermore for larger
NPs, already not negligibly smaller than the wavelength of incident light, the corrugation of the interface
becomes noticeable, contributing to light scattering. Most importantly, achieving voltage-control over the
density of the layer of large NPs, from a dense monolayer to sparse submonolayer, is more challenging due

to a deeper capillary well trapping such NPs at the interface, and a propensity of the nanoparticles to

agglomerate.
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In this chapter, using functionalized gold NPs of moderate size (~16 nm in diameter), we get a strong optical
response as well as its electrotuneability. We present the first demonstration of an electrovariable liquid
mirror based on monolayer NP arrays where the optical reflectivity of the interface can be electrically fine-
tuned via the voltage-controlled arrays’ assembly/disassembly. These observations are directly correlated
with the theoretical gap-dependent plasmonic response of such systems. The demonstrated harmony
between the theory and experiments signifies again that “physics works!”, something that one can never

become disenthralled about.
7.3.  Gold nanoparticles and electrochemical liquid-liquid cell

Figure 7.2a shows a schematic of the experimental setup consisting of an electrochemical ITIES cell with
an optical reflectivity probe and a four-electrode configuration. The ITIES comprises aqueous and organic
[1,2-dichloroethane (1,2-DCE)] phases with 10 mM NaCl and 10 mM TBATPB (tetrabutyl ammonium
tetraphenylborate), respectively. In our experiments we utilized MDDA (12-Mercaptododecanoic acid)
stabilized gold NPs with a functionalized NP size of 16.1 &+ 1.1 nm. We have previously shown that 16 nm
NPs functionalized with MDDA can be used to control the average interparticle spacing at the interface
over the range 6-35 nm?®. In this work we show that by incorporating electrovariability, we can bring inter-
particle distances even closer together by a factor of two (see below) making the optical effect event more

dramatic.
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Figure 7.2 Electrochemical setup and characterization. (a), Schematic of the ITIES electrochemical cell with an optical probe.
The probe shines light onto the interface and transports reflected light to the spectrometer. The potentiostat is connected to the cell
through (i) working (WE) and (ii) sense (SE) electrodes in aqueous phase, and (iii) reference (RE) and (iv) counter (CE) electrodes
in organic phase. All electrodes are protected with glass capillaries; WE and CE have ring terminals. (b), Capacitances of bare
ITIES (m) and with NPs (A) in the aqueous phase, 5x10'2¢cm™. Adsorption of NPs at ITIES increases the capacitance at negative
A®x0.%¢ The bottom, black dashed curve corresponds to Verwey—Niessen (Gouy-Chapman) theory of two back-to-back electrical
double layers (without NPs) plotted for the used electrolyte concentrations and solvents.3” The minimum of U-shaped capacitance
of a bare ITIES is taken as the potential of zero charge (p.z.c.). (¢), Cyclic voltammograms recorded at 5 mV/s over different
voltage ranges showing the limits within which there is negligible ionic current across the interface. (d), Calculated potential energy
profile of a single NP at the ITIES containing 10 mM TBA-TPB 1,2-DCE and 10 mM NaCl in water, controlled by applied voltage.
The blow up highlights the stabilization of the well at negative polarization and its elimination by positive polarization. Curves in
(d) are plotted using the equations of Ref.?’

Extensive studies of the stability of these nanoparticles were performed in order to ascertain their stability
as a function of aqueous electrolyte ionic strength and non-aqueous electrolyte concentration. We found
NPs could be stable in 10 mM NaCl in the aqueous solution (c.f. Chapter 3) and 10 mM TBATPB in the
oil phase. Interestingly, it has been recently reported that for citrate- and short chain-length
mercaptopropanesulfonate- stabilized gold nanoparticles, aggregation at the LLI can be induced by low
concentrations of tetrabutyl ammonium cations.*® ¥ We have repeated these experiments for citrate
stabilized particles, finding aggregation at concentrations as low as 10°> M TBATPB, and concomitant
irreversible formation of aggregated Au particles at the LLI (Figure 7.3). The absence of aggregation with

our particles is associated with the longer chain surfactants resisting close approach of the nanoparticles.
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Figure 7.3 Reflectance observed from Au NPs assembled at liquid-liquid interfaces for different molarity of TBATPB at the organic
phase and 10 mM of NaCl at aqueous phase. (a) Au-Citrate NPs were tested at concentrations of 10~ M, 104 M and 107 M,
showing aggregation at very low concentration <10 M. (b) Au-MDDA NPs were tested at larger concentrations of 10= M, 102 M
and 10! M without sign of aggregation.

The ITIES was characterized by electrical capacitance (Figure 7.2b), obtained from impedance measured
at 1 Hz frequency with 1 mV s signal amplitude, over the interval of applied voltage bias, recorded in 5
mV steps. We first checked how well the classical Verwey-Niessen theory of two back-to-back electrical
double layers* (black dashed curve) replicates the response for bare ITIES (squares). In the range between
-100 mV to +100 mV, the data reproduce theoretical predictions; outside this range, the capacitance rise is
steeper. The latter has been explained by voltage-induced undulations of the interface that increase its area
and thereby the capacitance.*! The potential of zero charge (p.z.c.) corresponds to the potential of the
minimum of capacitance of the bare ITIES. With NPs at the interface (triangles) the capacitance should be
larger, as when NPs pierce the interface the ITIES surface area increases.*® We see this for Ao < 0, where
NPs are pushed towards the ITIES. This effect practically disappears at A®ro > 0 when NPs leave the
interface for the aqueous bulk. These trends are similar to the earlier observed ones by Girault’s group*?

and rationalized in Ref. 3°.

Cyclic voltammograms without NPs (Figure 7.2¢) were measured to evaluate the potential window within
which no significant ionic current flows across the ITIES. We set a target of 16 pA ¢cm™ maximum current
at a scan rate of 5 mV s! to determine a safe electrochemical window at which the interface is not disturbed
by ionic transport across it. Using this criterion, we were able to sustain a 500 mV window without
excessive ion transfer; all experiments described below were performed inside this range. The low average
current and relatively high aqueous electrolyte conductivity mean that any static potential <<ImV, and so

electrophoretic effects may be ignored.
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7.4. Dynamics of assembly-disassembly of nanoparticle arrays

The theoretical estimate of the potential energy profile of a single NP at the ITIES as a function of applied
voltage, shown in Figure 7.2d, depicts the concept of electrical modulation of the capillary well, which
plays a vital role in deciding NP population at the ITIES. The curves here were calculated using the
approach and equations described in detail in Ref.?’, and the parameters correspond to our experimentally
studied ITIES cell. The curves in Figure 7.2d correspond to different values of A®ao. Please note that
Figure 7.2d bears only a qualitative message, because the theory used to plot it is too simplistic for any
quantitative predictions. Furthermore, although there is a well for an individual NP at the non-polarised
interface (black line), the wells will become shallower for NPs settling close to each other, when forming
a dense array. To reversibly control the population of NPs at the interface with the voltage across it, we
must first ensure no aggregation of NPs occur in the bulk. This can be achieved by optimizing the NP size,
ligand charge/length, Debye screening, and choice of solvent. Adjustment of these parameters offers,
simultaneously, a fine balance between the maximal optical reflectivity of NP arrays, and the ease of their
assembly/disassembly. The theory?’ helps navigating the search for such conditions, but the exact system

parameters has to be found experimentally, which has been achieved in the present work.

Crucially, the electric field at the ITIES is localized near the interface, within two double layers — each a
Gouy-length thick.** At the electrolyte concentrations used, the overall width is ~4 nm. The bulk solution
will be electroneutral, with electric field totally screened. There is no one-dimensional drift of NPs in the
external field across the bulk, as the field is zero there, as expected from the near-zero current during the
potential step, and the very low transference number of the gold particles in solution. Hence, the NPs will
only be able to work their way to the ITIES via random diffusion, which imposes restrictions on the mirror
switching time. We should also ensure that the substantial A® 4o is applied to avoid any potential barrier
preceding the well. Under these conditions, the switch-‘on’-time is determined by diffusion-controlled
adsorption of NPs and can be improved by reducing the average path length via increasing the NP
concentration or introducing convection. In our system we have sought to minimise convection by
performing experiments under temperature-controlled conditions in order to minimise thermally driven
convection in the electrochemical cell. Confirmation that diffusion is the predominant mode of transport is
provided by the optical images of the electrolyte adjacent to the ITIES, showing a smooth and graded
response over a distance of 1cm perpendicular to the ITIES during nanoparticle absorption and desorption
from the ITIES, Figure 7.4c. The lack of any sharp transitions and the significant distance over which the
gradient is maintained strongly suggests that diffusion, and not convection, is the major transport
mechanism. Without any detailed theory one can obtain an order of magnitude estimate for the time needed

to fill the monolayer via diffusion from the bulk. The area which is expected to be occupied by one particle
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in a complete monolayer, <77 R =1/ I' .. where R is the NP radius, ¢ is a packing factor with the value

ax

of the order of 1 (depending on the structure of the layer and the size of the ligands, e.g. for triangular lattice

23

o
arrangement & = —— (1 + E) where 0 is the length of functionalizing ligands) and; I, is the maximal
T

surface coverage. Given the average concentration of NPs in the solution, an average closest distance /

| r

from such spot to any NP in the solution is estimated from an equation: C,, ® Iz R Z% , hence
T

1 max . . . . . .
[~ 5= . The time needed for that particle to reach that spot by Brownian diffusion, is then
cnpfﬂR Cop
given by:
2 (Tha) 1
Tg=—= — 7.2
an Cnp an

Average concentration of NPs in the bulk of the aqueous phase of our sample is estimated as 5.3 x 10'? cm-
3; for the diffusion coefficient in water of 16 nm gold NPs with 2.4 nm ligands we take for orientation the

data of Ref*: Dyp = 1.53 X 1077 cm?s™1; for dense packing of such NPs (packing of NP centres on a

triangular lattice with a lattice constant 18.8 nm, c.f. the next section), I’ =3.26-10"" particles/cm?.

max

From Eq. 7.2 we obtain then a disappointingly long time of 7, =1.93-10"s . As T, is inversely
proportional to the square of concentration, the way to decrease the time is to increase concentration in the
same sample. We checked this law experimentally, and the inset of Figure 7.4d-i, proves that 7, oc C;;

law does work. However for practical applications increasing the NP concentration in our current
configuration is not the way to go, as the increase of the NP concentration in the bulk adds to light
absorption and the colour change. A clear way to achieve the fast switching time, is to use miniaturise,
micro/nano cell. Indeed, incorporating the platform into a microfluidic channel with the height of the
aqueous column of 10 um, i.e. 10~ times smaller than we use it now, but with 10° times higher nanoparticle

concentration will not increase light absorption, but will bring the switch-on time to the ms time scale.

Noteworthy, as is seen from Figure 7.4b-iii, the dynamics of monolayer formation, after abruptly polarizing
the aqueous phase negatively with respect to oil, does roughly obey law* of diffusion limited adsorption,

which before it reaches saturation is well reproduced by the simple diffusion law:
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IXQ/FmX:JEj 7.3
Td

These arguments are valid when the NPs in the bulk are in substantial excess above the amount to just cover

the surface. They also require the absence of the barrier for the NP at the entrance to their wells. If such
barrier exists, more general equations, accounting for adsorption limitations in the adsorption kinetics need
to be invoked, but in our case, this did not seem to be necessary. On the other hand, once the NPs are
assembled at the ITIES, removing them and switching the mirror ‘off” will be much faster, if the well at the
interface is destroyed completely. According the EMT calculation, it is sufficient for NPs to drift away
from the interface some distance [ > 10R (R is NP-radius) in order to stop performing the coherent mirror
function. The time needed for disassembly by the diffusion drift can then be estimated as:
12 (10R)?

Td~ —~
Dyp Dnp

7.4

With R ~ 8 X 1077 cm, and again Dyp = 1.53 X 1077 cm?s~twe get t4~4.2 X 10~*s. However, such
value for the mirror switching-off time will be valid only if the applied potential bias fully removes the well.
However, the voltage applied is seemingly insufficient to fully remove the well, because the observed time
is of the order of few seconds (Figure 7.4d-ii). Where is still a metastable well separated by a barrier, the
disassembly time will be determined by the Kramers time of escape from the well. Generally, it might be
interesting to describe such case, but the problem is that individual wells for NPs are affected by the
presence of neighboring NPs, and once they start leaving the surface, the wells will get deeper and the
process will slow down and overall will not be described by the classical Kramers model.* 4’ The theory
of such a complex process should be left for future research. But interestingly this is what Figure 7.4d-ii
exactly shows: a fast major initial stage of disassembly taking about 2s and a slower tail. This limitation
can be overcome for systems with a larger potential window, as larger voltages will remove the metastable

well to reach the sub-millisecond regime of disassembly.

If the wells or barriers are removed by the applied voltage, and the system is rapidly switched on and off,
back-and-forth, the assembly time will be decided just by the shorter of the diffusion time and the switching
interval. In a macroscopic cell, the shortest time will be the switching-time, but it can be the diffusion-time

in a miniaturized cell.

7.5.  Optical response during assembly/disassembly process
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The results shown below demonstrate the proof-of the-principle of the electrovariable mirror—window,
consistent with these estimates of the time constants. In this work we focus on the physics of the
electrovariable effect, demonstrating how it works in a macroscopic cell, unravelling the interplay between
voltage-controlled assembly/disassembly and the optical response rather the working towards optimizing

the response time.

Optical reflectivity of this electrovariable interface was measured with a spectrometer when illuminated by
normal incidence of white unpolarised light through an optical probe. Such measured reflectance data
provide typically an estimate of the minimal reflectivity from any surface. Figure 7.4a shows the observed
evolution of the reflectivity spectra in real time after the application of -200 mV potential drop across the
ITIES. This voltage induces the adsorption of NPs at the interface; the reflectance spectra evolve until the
process stops. During this assembly process, the reflectance increases and its peak wavelength shifts to the
red. The obtained peak reflectance Rmax and peak wavelength Amax are found to be in excellent agreement
with theoretically simulated optical reflectance spectra, shown in Figure 7.4b-i and ii. ‘Theoretical” spectra

were generated using the original theory*®, under the following two assumptions.
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Figure 7.4 Dynamics of assembly and disassembly of 16nm diameter MDDA functionalised gold NPs at the ITIES interface.
(a) Optical reflectance spectra observed during assembly process in equally spaced time steps ranging from 1 to 14116 seconds at
the potential bias -200 mV (water relative to oil). (b) The peak reflectance Rmax (i) and peak wavelength Amax (i1) measured during
the assembly process (red filled circles) are compared against their theoretical estimates (blue open circles connected by a line).
(iii) The time dependence of the fill factors — the coverage of the interface by NPs (blue open circles) obtained from theoretical
fitting are then compared against those obtained from the diffusion-limited adsorption (Eq. 7.3) law (solid black curve), with a
fitted value of the diffusion coefficient, eventually coinciding with1.53x10”7 cm?/s reported in Ref.** and the bulk NP concentration
cnp=5.3x10"2NP/cm?. (¢) Cartoons of assembly (i) and (ii) disassembly process ‘viewed’ from the side of the container; the middle
colour gradients are real photographs of the same view taken during the experiment, with the ITIES at the bottom of the images.
The latter correspond to density distributions of NPs in the aqueous phase during (i) assembly and (ii) disassembly each shot after
a period of 4 hours. (d) Evolution of reflectance peak Rmax during assembly (i) and disassembly (ii) of NPs for two different
concentrations. The potential applied for assembly was -200 mV and for disassembly 200 mV. The scaling of the adsorption time
as 1/cqp” is well seen in the insert of (i) plotted for three concentrations of NPs — 5.3 x 102, 10.6x10'%, and 35.4 x 10'2 NPs/cm’.
ITIES: 10 mM NaCl aqueous | DCE + 10 mM TBATPB organic phases.

Firstly, at steady state the NPs are considered to form a homogeneous hexagonally-ordered monolayer. In
this formulation, we considered NPs settling right at the interface. The method described in Ref.? is then
applied to find the lattice constant that matches Amax Of the steady-state optical reflectance spectrum (the
‘long time’ data). It is found that the Amax at steady-state refers to a uniform monolayer with lattice constant

18.8 nm, i.e. shortest inter-NP, surface-to-surface, separation of 2.8 nm.

127



Chapter 7

Secondly, for less dense layers it is convenient to use the approach where the filling fraction,

f=T@)/ I' .. of the monolayer is varied, instead of varying the lattice constant. The fill factor f= 1

corresponds to a dense hexagonal monolayer in which each lattice-site would have been occupied by an NP
with 100% probability. When the assembly process starts, f<<1. With time, more and more NPs adsorb at
the interface, and fincreases, and its optical reflectivity reaches saturation. This way we are left with just
one fitting parameter f, the value of which can in principle vary between 0 and 1 to match the optical
reflectance spectrum at different stages of the monolayer formation. The theoretical model for calculating
optical response from an incomplete monolayer follows the same strategy as applied for the complete
monolayer. The only difference would be in the effective polarizability expressions, which are affected by
the value of f. With this new approach, we can find the fill factors that match the reflectance maximum Rumax
and peak wavelength Amax at every time point of the assembly process. As expected and already mentioned,
the fill factor evolution follows a diffusion limited adsorption law (Eq. 7.2), up to the times close to the
saturation (as shown in Figure 7.4b-iii), with the diffusion coefficient of NPs of the value of 1.53x107

cm?/s Ref.*4.

The spatial density distribution of NPs in the solution adjacent to the ITIES can be clearly observed from
the side windows of the cell. Figure 7.4¢ shows the schematic and actual photographs (colour gradient
panels) corresponding to the NP density distribution in the aqueous phase during assembly (i) and

disassembly (ii), each after a period of 4 hours.

Evolution of the reflectance peak Rmax during assembly and disassembly of NPs for two different
concentrations are shown in Figure 7.4d. According to Eq. 7.2, the speed of assembly increases

quadratically with the concentration of NPs (Figure 7.4d-i). The insert in Figure 7.4d-i shows data for

experiments performed at three concentrations, which clearly demonstrates the 7, < c;ﬁ law. The

disassembly process is practically independent of concentration, c.f. Eq. 7.4 (Figure 7.4d-ii).
7.6. Electrotuning of the optical metasurface

A clear advantage of an electroactive TOM is in the ability to fine tune the reflectivity spectrum, including
peak reflectance, Rmax, and peak wavelength, Amax, by changing the applied potential. Figure 7.5a shows
the time-dependence of Rmax and Amax during the disassembly process. In this experiment, first a monolayer
was formed at A®ao0 = -250 mV, then the potential was increased to the p.z.c. until the spectra stabilized.
Noticeably within the first 30 s the system attained a constant reflectivity, although Amax takes a little longer
to stabilize (~100s).
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Figure 7.5 Voltage-controlled plasmon ruler utilising 16nm diameter MDDA functionalised gold NPs at the ITIES interface.
(a) Evolution of peak reflectance Rmax and peak wavelength Amax of the NP mirror. The experiment was conducted in a two-step
process: first, the NP mirror was assembled at a negative polarization (-250 mV) of the aqueous phase relative to the oil phase.
Then the potential was increased to the p.z.c. and kept such for 200 seconds, the spectra were recorded until they stabilize. (b)
Optical reflectance spectra were recorded at steady-state for different applied electric potentials: experimental (left panel) and
theoretical (right panel). (¢) Comparison between the experimental data (red circles) and theoretical calculations (blue open circles
connected by a line) for (i) Rmax and (ii) Amax for different applied potentials; (iii) shows variation of the inter-NP separation, fitted
for the theory to reproduce the experimental reflectance spectra, with applied voltage. (d) Steady states observed when the NP
mirror was disassembling in a multi-step process, starting from a fully assembled layer to a state when the majority of NPs leave
the interface. Each step, corresponded to indicated voltage, lasted 1000 seconds after which the spectra stabilized. ITIES: 10 mM
NaCl aqueous /1,2 dichloro ethane + 10 mM TBATPB organic phases.

In Figure 7.5b the equilibrium reflectance spectra are shown, as well as the theoretically calculated ones,
for a series of potentials between -250 to 250 mV. In the calculated spectra, for each potential, the adopted
lattice constant (NP-surface-to-surface separation) in the NP hexagonal array was different, subjected to
the best fit to the measured spectra; Figures 7.5¢-i and ii show fits being in excellent agreement. Figure
7.5c-iii shows the dependence of the thus obtained inter-NP separation on voltage; as expected for large
negative A®x0, a dense monolayer is formed with short inter-NP separation. For less negative voltages the
potential well that keeps NPs at the interface becomes less deep, which makes it harder for them to tolerate
their mutual electrostatic repulsion, so some NPs will have to leave the interface. As a result, the inter-NP

separations increase and the reflectance diminishes, vanishing at large positive potentials.
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The variation of inter-NP separation as a function of applied voltage demonstrates the proof-of-concept for
a ‘voltage-controlled plasmon ruler’. It allows us to tune inter-NP separation over a range of about 3—20

nm in-situ just by altering the applied potential A®o within a 500 mV window.

Tuning the NP array structure can also be performed consecutively. After inducing the complete assembly
at -250 mV we further conducted a multi-step disassembly process (Figure 7.5d) with the potential ADao
increased in 50 mV steps, from -250 mV to 250 mV. Each potential step had a duration of 1000 seconds.
These experiments once more show that the interparticle distance can be precisely controlled which allows

accurate tuning of both reflectance intensity and peak wavelength.
7.7.  Reversibility of the electrotuneable device

Switching the liquid-mirror ‘on’ (applying A®s0=-200 mV) and ‘off” (ADA0=200 mV) for two consecutive
cycles demonstrates the full reversibility of the designed TOM (Figure 7.6a-i—iv). We fabricated a
prototype device (Figure 7.6b) of a switchable window—mirror, which can be altered electrovariably
between its transmissive and reflective states. To demonstrate this, we placed a coin in front of the liquid

mirror and a currency note at the back of the mirror, as shown in the schematic Figure 7.6c.

a Assembly process Disassembly process Assembly process Disassembly process
200 mv —-200 mV 200 mv

-200 mV
(i) Transition ‘ (if) (iif) Transition ‘ (iv)

'Window' State 'Mirror' State

Figure 7.6 Switchable window—mirror. (a) Time dependent study showing two cycles of reversible spectral characteristics of a
mirror/window application where NPs (i) assemble at -200 mV and(ii) disassemble at 200 mV, followed by a repetition of those
two states in a consecutive cycle — (iii) and (iv). (b) Experimental setup for recording switchable liquid window—mirror application.
(¢) Schematic showing the setup with a coin facing the liquid mirror and a currency note at the back of the mirror. (d) Real images
observed during the transition between a transmissive ‘window’ state (when no NPs are at the interface) to a reflective ‘mirror’
state (when NPs assemble densely at the interface). 16nm diameter MDDA functionalized gold NPs at the ITIES interface which
was composed of a 10 mM NaCl aqueous | DCE + 10 mM TBATPB organic phase interface.
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The transformation from a ‘window’ to a ‘mirror’ is shown in Figure 7.6d. A positive applied potential
made the ITIES free of NPs and hence, the interface emulated a transmissive ‘window’ that allows us to
see the currency note. After reversing the voltage polarity, NPs gradually adsorb to the interface and form

a dense layer that behaves like a reflective ‘mirror’. The reflection of the coin can thus be seen.

7.8. Conclusion

Here we present the first realization of an electrochemical nanoplasmonic platform operating with medium
size NPs that provides electrotuneable optical responses. In this platform we reversibly control the
interparticle distances in two dimensional arrays of NPs at a liquid-liquid interface, from full assembly to
disassembly and back, by varying the potential drop across the interface. This allows us to control the
wavelength-dependent reflectivity of the interface. We demonstrated that different potentials produce,
correspondingly, different steady-state reflection spectra. The peak reflectance was tailorable both in
intensity and wavelength. We show how this system can be used to fabricate a switchable window—mirror

device.

The dynamics of the operation is dictated by the diffusion of NPs to/from a polarized liquid | liquid interface.
We observe that the assembly time is inversely proportional to the square of the concentration of NPs, as
expected from a diffusion driven assembly process. The disassembly time is independent of NP
concentration. In a macroscopic electrochemical cell, used in this proof-of-the-principle investigation, the
dynamics of assembly is slow determined by diffusion of NPs over, on average, long distances. The

dynamics can be sped up by orders of magnitude via miniaturization of the cell.

Experimental results are corroborated by theoretical predictions, demonstrating the simple physics behind
the voltage-controlled assembly-disassembly of NPs is correct, as well as our ability to calculate the
reflection spectra from NP arrays using transparent, simple theory. This study opens up a wide range of
possibilities for designing electrotuneable optical metamaterials including switchable mirrors, filters,

displays and SERS sensors.
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8. Conclusions and outlook

Tunable metamaterials composed by stimuli-responsive nanostructures are promising for future smart
optical devices. In our proof-of-concept studies, functionalized metallic NPs are assembled into plasmonic
active arrays at SLI or LLI, and tuned through electric, thermal and chemical methods. The control over the
interparticle distance affords these systems tailorable optical outputs such as the intensity and wavelength
of the reflectance dip or peak and the enhancement of Raman signals. Future on-demand optical

applications require the optimisation of the tuning range, switching speed and reversibility.
8.1. Tuning range

Across all the projects, controlling the interparticle distance is a key factor in tuning the optical output in
the terms of wavelength and intensity. The closer NPs, the redder the SPR wavelength shifts and the more
intense the reflectance dip (at SLI) and peak (at LLI) become. Moreover, by correlating the reflectance and
SERS signal to the interparticle distance, Figure 8.1 (take the data in Chapter 4 as an example), it can be
found that this relationship is non-linear. This is because the SPR coupling among NPs become increasingly
stronger when the gap narrows.! Therefore, in order to construct a metamaterial with wider tuning range,

the further reduce of the interparticle distance could be a promising direction.
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Figure 8.1 Dip wavelength of the reflectance dip (up) and Raman intensity of the peak 1078 cm™' (down) versus calculated
interparticle gap, extracted from Figure 4.9.
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For electrochemical systems, as explored in Chapter 3, both the electrolyte concentration and positive
electric potential help with reducing the interparticle distances. The former screens the repelling
electrostatic forces between NPs while the later increases the attractive forces between NPs and the
substrate, deepens the energy well at the interfaces. However, too much electrolyte will destabilise the NP

solution and too high potential will electrolyze the solvent.

It has been demonstrated that ligands with longer chains such as polyethylene glycol (PEG) and polystyrene
(PS) can prevent NP aggregation.> NPs covered with polyvinylpyrrolidone (PVP) can even be re-dissolved
into mono-dispersed solution after drying. After attaching disassociating moieties on these polymers, the
functionalized NPs are expected to be able to tolerate higher salt concentrations while still providing
electrotunable capability. Another alternative is DNA. Carrying huge amount of negative charges on its
phosphate backbones, DNA functionalized NPs can withstand electrolyte at mol/L levels.> However, the
increased number of negative charges on DNA potentially hinders the NPs coming close with each other,
which needs careful adjustment in future experiments. Furthermore, thanks to the programable nature of

DNA sequences, functionality for sensing can be incorporated.*

As to the electrochemical window that currently limited by the aqueous system, an extension is expected
by transferring to the ionic liquid system. Compared with water based electrolyte systems, the widely
studied 1-Ethyl-3-methylimidazolium dicyanamide, Triethylsulphonium bis(trifluoromethylsulfonyl)imide
and N-Butyl-N-methylpyrrolidinium bis(trifluoro-methylsulfonyl)imide provide a much wider
electrochemical window ranging from 2.9 V to 6.6 V.° The only concern is the relative high viscosity which

could slow down the switching speed of the system.
8.2. Switching speed

The fast 2 s switching speed of thermo-responsive system in Chapter 5 underscores the need for further
speeding up our electro-tunable systems. As mentioned in Chapter 3 and 7, the diffusion process plays a
key role in the dynamics of the assembly process: its speed has an inverse relationship with the NP
concentration in the solution. Thus, using small amount of ultra-high concentration of NP solution in a
small cell could greatly speed up the assembly kinetics. We performed preliminarily experiments in this
direction. As shown in Figure 8.2, our collaborator Klaus Mathwig from University of Groningen,
Netherlands fabricated the nanoscale electrochemical cell. The substrate was reduced to a 4 X 5 um gold
electrode, above which a was a 100 nm nano-channel which contained a high concentration NP solution.
The reduced diffusion length and increased NP concentration are expected to shorten the switching time to

the ms range.
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Side view
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Figure 8.2 The schematic structure of the miniaturized cell.

8.3. Reversibility

Although the reversibility using smaller NPs (16 nm) in this thesis is satisfactory, the 40 nm NP data as
shown in Chapter 4 is still far from ideal, especially during the disassembly process. The main issue is that
some NPs cannot be released back into the bulk solution. This is likely due to the van der Waals forces
between those NPs and the substrate being too strong when they come closer to each other. The possible
existence of some bare gold surface on the NPs and the defects on the TiN films could also provide the
chance of merging the NPs onto the exposed Ag substrate. Extra passive layer or self-assembled monolayer
(SAM) on the substrate could possibly remedy this. In addition, more negative potential could also increase
the repelling force between the NPs and the substrate when disassembling the NP array, but this should be

supported by more stable electrolytes and solvents.

In the thermo-responsive system based on pNIPAM factionalized NP array, it was observed that the
swelling process during the cooling of the system required much longer time than the shrinking process
during the heating. Researchers attributed this to the phase transition hysteresis which could be induced by
the hydrophobic interactions and hydrophilic intramolecular interactions.® To tailor these interactions,
additional hydrophobic/ hydrophilic groups could be incorporated into pNIPAM molecules, and indeed a
vast varieties of derivatives have been designed.” Further screening of these polymers and a balance

between switching speed and reversibility could be achieved in later experiments.
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