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Abstract

The development of programmable nanomachines that deliver therapeutic drugs to
specific target sites, assemble objects, or work together to apply coherent forces on-
demand has been long sought after in the field of nanotechnology. A major hurdle in
this endeavour is the lack of a reliable source of power for driving these machines. In
this work, plasmonic nanoparticles coated with thin thermoresponsive polymeric shells
actuate in response to light to give rapid, dynamic optical and mechanical responses.
They are called actuating nanotransducers (ANTs). Their fast, reversible response and

small size suggests they are good candidates for powering nanomachines.

ANTs consist of gold nanoparticles coated with the poly(N-isopropylacrylamide)
(PNIPAM). Gold nanoparticles have renowned tunable plasmonic properties, while
PNIPAM is a well-known polymer that expands and contracts in response to temper-
ature in aqueous media. The particular combination of these materials enables fast
local actuation of the PNIPAM shell in response to light via plasmonic heating. These
simple nanoparticle actuators exhibit optical and self-assembly behaviours that vary

greatly depending on their environment.

In this thesis, various ANT systems are studied. The crucial role of local surface
charge on the reversible self-assembly of gold colloids is examined. The mechanical
responses of individual ANTs are characterised in Nanoparticle on Mirror plasmonic
structures. The dynamic behaviours of ANTs in thin-films and microdroplets are also
investigated. It is observed that the thin-films undergo a reversible insulator-to-metal
transition that is well captured with an effective medium model. In addition, the
microdroplets are shown to mimic the optical response of chromatophores, giving rise
to substantial changes in colour. This work demonstrates that the optical and physical
properties of individual ANTs can be switched with light, and particle ensembles can

effectuate significant responses at much larger scales.

Dynamic Plasmonic Systems with Actuating Nanotransducers by Sean Cormier
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1. Introduction

For over half a century, the rapid development of nanoscience has extensively changed
the world with the advent of space age materials to the small chips that support
artificial intelligence. Still, there is much further to go, especially in the field of soft
nanotechnologies, where materials are grown and self-assembled with complex, weak
interactions. In 1959, Feynman presented his classic talk There’s Plenty of Room at
the Bottom at the annual meeting of the American Physical Society. He mentioned
an idea from his PhD student, Albert Hibbs, that one day we might swallow our
surgeons [1]. He was referring to ingestible nanomachines that could swim through
bodies and perform precise surgical procedures. Sixty years later, the realisation of
these nanomachines remains in the distant future, but the recent development of
molecular motors and stimuli-responsive materials in integrated systems is a significant
step towards this goal. The pursuit of these nanomachines remains a research topic of

great interest in the many scientific communities [2].

In nature, nanomachines control cellular functions in all organisms. For example,
motor proteins can transport materials throughout cells and work in unison to cause
larger scale actuation for muscle contraction. These motor proteins are powered with
the chemical potential of adenosine triphosphate (ATP), which is carefully regulated
by a complex cascade of cellular nanomachine interactions [3]. For artificial actuators,
a much simpler controllable power source is desired. Promising alternatives include pH,
temperature, and light. For many applications, light-driven actuators are preferred,
because they can be easily controlled remotely with high spatial and temporal resolution.
This work aims to examine the behaviours of simple artificial nano-actuators that
consist of plasmonic nanoparticles coated with thermoresponsive polymer shells. These

nanoparticles are called actuating nanotransducers (ANTS).

The ANTs discussed throughout this thesis are soft-plasmonic composites. They
consist of a heterogeneous mixture of soft and plasmonic materials. Soft matter is a
subclass of condensed matter that encompasses fluids, colloids, gels, and many other
materials that can be deformed easily with external stresses or thermal fluctuations.

Plasmonic materials are metals that can support the collective oscillations of electrons
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when excited by an electromagnetic field. These collective oscillations are called

plasmons.

The plasmonic properties of metal structures are highly sensitive to changes in
shape, size, refractive index, and their proximity to other plasmonic structures [4].
Their tunability makes them enticing materials for photonic applications. The plas-
monic response of metals, both in frequency and amplitude, is proportional to the
number density of conductive electrons as described in more detail in this chapter.
As a result, noble metals with high electron number densities, such as gold (Au)
and silver (Ag), are commonly used plasmonic materials. Remarkable advances in
lithography and nanoparticle synthesis have allowed for the preparation of gold and
silver nanoparticles in different shapes and sizes, tuning their optical properties across
the visible spectrum [5, 6]. However, once synthesised, it is challenging to tune the
optical properties of the nanoparticles, especially reversibly. This constrains their

application in photonic devices.

The integration of soft materials that readily change refractive index, shape and size,
such as stimuli-responsive polymers, with plasmonic materials, allows for the design
of tunable optical systems. Inversely, with the appropriate selection of soft material,
optically controlled nanoscale actuators are realised via plasmonic heating-induced

structural changes.

1.1 Outline

This initial chapter discusses the fundamentals of light interactions with plasmonic
nanoparticles and the basic principles of thermoresponsive polymers. It builds the base
for understanding the dynamic light-responsive behaviours of ANTs. It begins with
the fundamental interactions of light and plasmonic nanoparticles to generate colour
and localise heating on the nanoscale. Thermoresponsive polymers are then introduced
to describe sharp phase transitions with temperature that elicit mechanical actuation
on the nanoscale. Finally, the relevant forces on the nanoscale are presented, as they
play a key role for the understanding of the behaviours of ANTs in the various systems

explored in this thesis.

Chapter 2 covers the switchable optical and physical properties of gold nanoparticles

coated with thermoresponsive polymers. Recent studies in the field and current
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applications of these composite particles are highlighted. In addition, the ANTs are

characterised and their reversible self-assembly behaviour in aqueous media is discussed.

Chapter 3 is the experimental section of this thesis. It presents the preparation
procedures for ANT particles along with the various substrates used in forming different
ANT systems. In addition, the optical techniques and experimental setups used to

both control and characterise the behaviour of the ANT systems are described.

Chapter 4 investigates the underlying mechanisms driving the reversible assembly
and disassembly of the ANTs. The optical properties of ANT clusters are modelled to
distinguish their internal particle distributions. The effects of polymer functionalisation,
concentration, and solution ionic strength are examined. It is found that these factors

are responsible for the multi-stable nano-configurations observed in ANT self-assembly.

Chapter 5 discusses the temperature and light response of ANT particles in the
Nanoparticle on Mirror (NPoM) geometry. This plasmonic structure is designed for the
simultaneous probing and actuation of ANTs with light, and enables the mechanical
characterisation of individual particles. Large forces, > 0.3 nN, are observed with fast

(sub-ms) switching times, and stroke lengths on the order of 10 nm.

Chapter 6 investigates the unusual behaviours of dense ANT particle thin-films.
These plasmonic films exhibit interesting optical behaviours arising from the macroscale
effective medium response of the film and the microscopic interactions of the gold
nanoparticles within. They are thermally switched on large-scale areas with bulk heating
or locally with focused light. In addition, they exhibit interesting thermomechanical

and thermofluidic dynamics in response to local light-induced heating.

Chapter 7 describes the behaviour of ANTs encapsulated in microdroplets. The con-
finement of the particles within microscale volumes alters their response to temperature.
The microdroplets behave like artificial chromatophores, which are able to disperse
and localise pigments to drastically change their optical properties. Furthermore, they

exhibit optically driven locomotion from light-induced heating effects.

Chapter 8 recapitulates the key results and conclusions, and highlights interesting

future directions stemming from the work discussed in the previous chapters.
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1.2 Light Interactions with Metal Nanoparticles

Light consists of self-propagating electromagnetic fields that interact diversely with ma-
terials and are visible to the eye. The interaction of light with plasmonic nanoparticles
is interesting, because these particles can enhance optical fields on the nanoscale, and
they have tunable optical properties. In metals, these properties are predominantly
dictated by the interactions between light and electrons. Since metals are conductive,
some of their electrons are effectively de-localised throughout the material. These
electrons can be collectively modelled as a sea of free electrons that can move in waves
on the surface of the metal. This is the basis for the Drude model, which is commonly

used to approximate the optical properties of metals.

Under an external electric field E a force is applied on the electrons. Their motion
x over time ¢ is described by the general wave equation for a harmonic oscillator [4]
d*x dx

m*— +m*

o Vg = —cE, (1.1)

where m™* is the effective mass of the electrons, v is the damping coefficient of the
electron oscillations, and e is the electron charge constant. For the case of excitation
by light, the external field E is described by the time varying oscillating component
E = Eg exp{—iwt} where w is the frequency. The displacement of the electrons on a
gold particle is depicted in Figure 1.1. A particular solution of this equation in the

form x = xg exp{—iwt} results in the following relation

e
x=———"FK. 1.2
m*(w? + iyw) (1.2)
As the electron density shifts to either side of the nanoparticles an electric dipole is
formed that oscillates with frequency w. The dipole moment of the nanoparticle with
an electron density number N (the number of electrons per unit volume) is described

by its polarisation P, where

N 2
P=—Nex = —e,E. (1.3)
m*(w? + iyw)
The dielectric function, e, is the relative permittivity of a material and is defined
from the ratio of polarisation to external field. It is commonly used to describe

the light-matter interactions and relates to the refractive index, n, of non-magnetic
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Fig. 1.1 Schematic of conductive electron displacement on gold nanoparticles when
excited by an electromagnetic field. The collective oscillation of the electrons e~ on the
surface of nanoparticles is indicated with the translucent blue particle projection. The
corresponding electron vacancies, or holes h*, are also labelled. The arrows denote the
induced dipole orientation of the nanoparticles.

materials by n = y/z. The frequency-dependent component of the dielectric function

of free electrons is

P
ew)=14+—, 1.4
@) =1+ (14)
where gq is the permittivity of free space. Substituting Equation 1.3 into Equation 1.4
gives
w2
=1 - —L 1.5
) =1 - et (15)

where the characteristic plasma frequency w, is

Ne2
— ) 1.6
“r \ eom* (1.6)

In order to account for the effects of the bound electrons on the dielectric function,

the constant e, is introduced [7]. This gives the total dielectric function
2
wp

—_ 1.7
w? + iyw (1.7)

€= oo —

This is the Drude model for the dielectric function of metals. For real materials

~v > 0, hence the permittivity is complex with ¢ = &' 4+ i¢”. The modelled real and
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imaginary components of the dielectric function of gold are compared with experimental
data from Johnson and Christy in Figure 1.2 [8].

a) b)

— Exp. 6 — Exp.
0 N D)r(Ede Drude
. \ 5
© 201 | ranstions
2 -
40 F
1 1 1 O 1 1 1
400 600 800 1000 400 600 800 1000
Wavelength [nm] Wavelength [nm]

Fig. 1.2 Comparison of the dielectric function of gold according to the Drude model
with experimental results from Johnson and Christy [8]. a) The real and b) imaginary
components of the dielectric function of gold. The Drude model parameter values are
Ap = 277:; = 142 nm, £, = 9.5, and v = 1.3 x 10 s7! for gold.

The real part of the dielectric function in the Drude model agrees well with
experiment at visible wavelengths A > 500 nm (Figure 1.2a). For A < 500 nm, there
is a discrepancy which is caused by the interband transitions of gold. The effect of
these transitions is more dominant in the imaginary part of the dielectric function
(Figure 1.2b). Gold has particularly small interband separations due to large relativistic
effects, which raise the 5d electron energies and lower the energies of the valence 6s
electrons [9]. These relatively low energy interband transitions are responsible for the
absorption of blue light, giving gold its characteristic yellow lustre. In general, the
Drude model serves as a good approximation of the optical properties of the plasmonic
materials. However, since it does not account for interband transitions, it only agrees
well for A > 500 nm for gold.

1.2.1 Localised Surface Plasmon Polaritons

Plasmonic nanoparticles support localised surface plasmon polaritons (LSPPs). LSPPs

are collective, coherent oscillations of electrons on the surface of metallic nanostructures.
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They occur at specific frequencies based on the polarisability of the particles, which is

highly sensitive to size, shape, material, and proximity to other plasmonic surfaces.

The origin of LSPP resonances in spherical metal nanoparticles can be analytically
derived for spheres that are much smaller than the wavelength of light (R << A). Under
this condition, the external field is approximately uniform across the nanoparticle
such that the particle can be modelled as an oscillating electromagnetic dipole. The

polarisability, «, of a spherical nanoparticle with radius R is

€—¢
a = 4T R? i

_ 1.8
£+ 2, (1.8)

where ¢ and ¢, are the dielectric functions of the nanoparticle and the surrounding
medium, respectively [10]. For metals, ¢ is negative while &, is usually positive. This
results in the plasmonic resonance condition € = —2¢,, at which LSPPs are excited. The
polarisability of nanoparticles is related to their scattering, extinction, and absorption

cross-sections, o, by

B o (1.9
Ogscat = 67'(' |, .
Oext = kIm(a), (1.10)
and
Oabs = Oext — Oscat — klm(a) - a‘a‘ ; (111)

where k is the wavenumber, which depends on the wavelength of light with the

2mn

)
R3. Therefore, absorption dominates for smaller particles, while scattering is more

relationship £ = [10]. Notably, 0.t scales with R®, whereas 0,1, only scales with
efficient for larger particles. These equations define the optical response of nanoparticles.
In transmission, the resonance condition of the polarisability gives a bright red colour

to gold nanoparticle suspensions as shown in Figure 1.3.

The polarisation of spheres described in Equation 1.8 indicates ways to tune the
colour of the nanoparticles. The resonance can be tuned by changing the dielectric
functions of the nanoparticle or its surrounding medium, i.e. the materials. It is also
well known that changing the shape of nanoparticles significantly affects their resonance
frequency. Unfortunately, analytical models for the polarisation of nanoparticles only
exist for very simple geometries. The polarisation of more complicated geometries

must currently be solved with numerical methods.

As shown in Figure 1.3b, the resonance dependency on particle size is not captured

within the approximation that R << A. The redshift in resonance and peak broadening
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o
S
g

D [nm] — lg

—— 60
80
100

N
T

Extinction

500 600 700
Wavelength [nm]

Fig. 1.3 Plasmonic gold nanospheres in suspension. a) Photograph of red 60 nm gold
nanoparticles in a glass vial. b) Extinction spectra of gold nanoparticle suspensions
with diameters, D, varying from 16 to 100 nm.

with increasing size is caused by retardation effects. The larger particles experience
greater phase delays since the dipole surface charges are further separated [11]. Conve-
niently, the plasmon frequency can also be tuned without changing the size or shape of

the particles by controlling their separation distance.

1.2.2 Plasmonic Coupling Between Nanospheres

Plasmonic nanoparticles in close proximity interact strongly. The effects of plasmonic
coupling is most simply demonstrated between two identical nanoparticles that form
a dimer. Similar to molecular orbital hybridisation, their interaction creates new

hybridised modes that resonate at different energies as illustrated in Figure 1.4.

Out of the two hybrid modes depicted, only the ‘bright’” mode can be excited with
light because it is overall dipolar [12]. In addition, higher order ‘bright’ modes exist, but
they are generally outside the visible energy range and have lower quantum efficiencies.
Therefore, their contribution to the optical properties of ANT systems discussed in

later chapters is negligible.

An interesting feature of plasmonic coupling is the high sensitivity of the resonance
wavelength to the spacing between particles. The resonance redshifts as the spacing
decreases. The weak coupled mode overlaps the single particle mode at A = 530 nm

when the gap, r, is greater than 20 nm. For smaller separations, the coupled mode
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Energy

Fig. 1.4 Schematic of coupled modes and relative energies in the hybridisation model
for a plasmonic dimer under an exciting optical field E polarised parallel to the dimer
axis.

is strongly redshifted and both the single particle and dimer modes are spectrally

resolved, as simulated in Figure 1.5a.

Another notable characteristic of plasmonic coupling is the strong, confined field-
enhancement that occurs in the gap. The calculated near-field distributions of intensity
enhancement for 10 and 3 nm particle separations are shown in Figure 1.5b. The

enhancement is greatly increased for smaller gap sizes.

So far only dimers have been discussed. The addition of other nanoparticles to form
larger interacting chains or clusters discretely generates new ‘bright’ modes with lower
energy states. Hence, larger nanoparticle assemblies typically have further redshifted
coupled modes. This ability to tune optical properties by controlling the number and

relative position of coupled plasmonic particles is commonly used in ANT systems.

1.2.3 Plasmonic Nanoparticle Heating

Both single-particle and coupled modes have absorption cross-sections. The absorption
cross-section relates to the non-radiative decay of excited plasmons, which generates
heat. For nanoparticles, this process can rapidly generate large temperature gradients

across nanoscale volumes [14, 15].
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Fig. 1.5 Optical properties of plasmonic dimers. a) Extinction cross-section, geyg, of
dimers as a function of separation distance, r. The spectra are vertically offset by
0.5. b) Near-field intensity enhancement with separation distances fixed to 10 and
3 nm. The optical properties are calculated with a T-matrix solver by Mackowski and
Mishchenko for 60 nm gold dimers in water (n = 1.33) [13].

The absorption process consists of three steps, which are observed in short-pulse laser
excitation experiments. First, the laser pulse is partially absorbed by the conduction
electrons on the nanoparticle. This increases their temperature and they quickly
thermalise over a time scale of & 100 fs via electron-electron scattering [16]. Then, the
excited electrons scatter off lattice sites and excite phonons, which thermalise, through
electron-phonon and phonon-phonon interactions, over the time scale of &~ 1.7 ps for
gold [17]. Finally, the nanoparticle is approximately heated uniformly and the heat
dissipates into the surrounding medium. The rate of this final step depends on the
size of the particles and the thermal conductivity of the medium [18]. Under CW
irradiation, these processes occur concurrently and the characteristic timescale, 7, for

cooling of a spherical nanoparticle with a radius R is given by the following expression

B R*C%p
TT9C A,

(1.12)

where Cyp and C,, are the heat capacities (per unit volume) of the nanoparticle
and the surrounding medium, and A,, is the thermal conductivity of the surrounding
medium [19]. For particles ranging in size from 16 to 100 nm in diameter, this gives
expected temperature switching rates on the order of ~ 100 ps. This fast switching is

ideal for rapidly inducing local temperature gradients around plasmonic particles.
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For metal nanoparticles in aqueous solutions, the thermal conductivity of the
particle is typically much larger than that of the surrounding liquid (k >> k,,). Under
this condition, it can be approximated that the particle has a uniform steady state
temperature, while the temperature profile in the surrounding medium is a function of
the distance, r, away from the particle surface. The profile around the nanoparticle

under constant illumination at steady state can solved analytically from the heat

L0 l 28T] = —q. (1.13)

diffusion equation
r2 or or

Note that the thermal conductivity, x, and the generated heat, ¢, are functions
of distance r. For r < R, Kk = kyp and g # 0, and for r > R, Kk = k,, and ¢ = 0, as
light is only absorbed by the nanoparticle. Considering the conservation of energy, the
heat generation in the nanoparticle must be normalised by the total power absorbed @)
which is the product of the absorption cross-section of the particle, .5, and the light
intensity, 7, [20]

Q= /V q(r)dV = sl (1.14)

Using the total power absorbed, Baffou et al. derived an analytical expression for
the change in temperature, AT\p, of the nanoparticle under continuous irradiation [18].
Here, the nanoparticle temperature during constant irradiation is T'(r) = Ty + AT'(r),

where Tj is the initial temperature and

Q

Al = ATk R

(1.15)

Using the approximation that the thermal conductivity of the nanoparticle is much
higher than that of the surrounding medium, the following steady state temperature
profiles are found for two cases: (1) when r < R and (2) when r > R [18], giving

ATNP, T S R
AT(r) = B (1.16)
ATNP?, r> R.

The modelled temperature profile for a gold particle in an aqueous solution under

CW irradiation at A = 532 nm is shown in Figure 1.6. The temperature change in the
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surrounding medium is half that of the nanoparticle at a distance of r = 2R, hence R

away from the particle surface.

a)

F 5°C < ATyp < 50°C

[nm]
— 16
— 40
60
80
100

AT [°C]

10> 10° 10* 10° 10
Intensity [W cm]

6

Fig. 1.6 Local plasmonic heating of gold nanoparticles in aqueous solution. a) Steady
state radial temperature profile of a particle in solution with radius R. The calculation
uses the parameters A= 532 nm, I = 5 x 10° W cm™2, k,,, = 0.61 W m~' K™', and
R = 8 nm. b) Particle temperature as function of light intensity for particle diameters
ranging from 16 to 100 nm. The AT region 5°C to 50°C highlights a practical range for
heating the surrounding aqueous solution by few degrees above the ambient temperature
without generating vapour.

As previously discussed, the absorption cross-section also depends on the radius,
R, of the particle. Larger nanoparticles absorb significantly more light than smaller
particles. For comparison, a single 100 nm particle absorbs an order of magnitude more
intensity than a single 16 nm particle. However, there are diminishing returns with
size for the larger particles. This is evident from the negligible difference in heating

between the larger 80 and 100 nm particles in Figure 1.6b.

Considerable power is required for heating local volumes by a few degrees around
well-dispersed nanoparticles in aqueous solution (=~ 10* W ¢cm™2 for 100 nm particles).
Typically, the ideal range of heating to drive thermal processes surrounding the
nanoparticles, such as the switching of thermoresponsive materials, is ATyp from 5°C
to 50°C. Lower temperatures may be inadequate for switching or only result in partial
switching, while higher temperatures can generate steam or damage the polymer or
particle. Of course, this temperature range is subject to the initial temperature bias of

the medium.
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For plasmonic particle applications, it is very common to have the surface of the
nanoparticles coated with ligands for stabilisation effects in liquid suspensions or
to introduce other specific functionalities. Surface ligands or shells can affect the
temperature profile around the particles. If there is a sufficient discrepancy between
the thermal conductivities of the shell material and the surrounding medium, then the

analytical temperature profile from Equation 1.16 must be re-written as

Q ( 1 1 1 )
= — <
41 HlRl + KJQRQ HlRQ = Rl
Q ( 1 1 1 )
AT(r)=< — | — — R <R 1.17
(T) 41 R1T + HQRQ :‘ilRQ ’ LTS ( )
Q , r> RQ,
4T Ror

where R; and R, are the radii of the particle and shell, respectively, while x; and
ko are the thermal conductivities of the shell and the surrounding medium [18]. In-
terestingly, differences on the order of a factor of 2 between the shell and medium
conductivities result in significant changes for ATyp, but no change of the heat profile
in the surrounding solution (Figure 1.7). Considering the conservation of energy, this
result agrees well, since the heat flux in and out of the particle must remain constant

regardless of the shell’s conductivity.

1
Kl_EKZ
-——— K =Ky
K1=2K2

Fig. 1.7 Steady state radial temperature profile of core-shell nanoparticles with gold
cores and shells with different thermal conductivities from the surrounding media. The
parameters A = 532 nm, [ =5 x 10° W em™2, k; = 0.61 Wm~ K™!, and R = 8 nm
were used to generate this profile.
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The shell can play a much more significant role in the temperature profile by
affecting the plasmonic properties. From Equations 1.8 and 1.11, it is evident that
changes in the dielectric function, ¢,,, surrounding the particle can shift the plasmon
absorption and greatly affect the overall heating. Similarly, the emergence of plasmonic
coupled modes between multiple nanoparticles in close proximity can drastically change

the plasmonic absorption.

1.3 Stimuli-responsive Polymers

Stimuli-responsive materials are soft materials that have dynamic properties altered by
changes in the external environment. The external stimuli can be light, temperature,
pH, ionic strength, and electric or magnetic field. Depending on the material, the
response can vary as well [2, 21]. For example, common responses are changes in colour
and solubility. Stimuli-responsive materials have gathered a lot of interest from various
industries and scientific communities due to there innate ability to provide dynamic

functionality to nano-/microsystems [22].

Thermoresponsive polymers are a particularly interesting class of stimuli-responsive
materials. They typically undergo phase transitions with small changes in temperature.
The phase transitions can thermodynamically change the interaction potential between
polymers and their solvents, causing significant expansion and contraction of the
polymers. Poly(N-isopropylacrylamide) (PNIPAM) is particularly interesting because it
is biocompatible and undergoes a phase transition near physiological temperatures [23].
For this reason, PNIPAM is one of the most studied stimuli-responsive polymers and
is used as a model thermoresponsive polymer for the ANT systems presented in this

work.

1.3.1 Lower Critical Solution Temperature

The lower critical solution temperatures (LCST) marks the temperature at which
mixtures are miscible for all compositions. Below the LCST, a mixture will form a
single phase, while above the LCST, depending on the composition, the mixture can
separate into multiple phases. Usually, mixtures will separate into two phases. The
miscibility of the mixture depends on the change in Gibbs free energy of mixing, AG iy,
where [24]
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AGmiX == AHmix - TASmiX. (118)

The change in free energy takes into account both the differences in enthalpic,
AH,iy, and entropic, AShix, energy contributions. The enthalpic term accounts for
the difference in molecular interaction energies between miscible and immiscible states.
It is comprised of the differences in monomer-monomer, monomer-solvent, and solvent-
solvent interactions between the two states. Whereas, the entropic term accounts for

the change of entropy of the mixture.

Mixing is spontaneous when AGL; < 0. In general, mixing increases entropy
(ASpix > 0), which implies that mixtures are more miscible at higher temperatures.
This gives rise to upper critical solution temperatures (UCSTs), which marks the upper

limit of temperature that the mixture is partially insoluble for all compositions.

In 1941, the free energy of mixing for long polymers was solved independently by
Flory and Huggins [25, 26]. The Flory-Huggins solution theory is a thermodynamic
model of polymer solutions which adapts the entropy of mixing to account for the
typically drastic size difference between polymer chains and solvent molecules. The
mixing energy depends on the volume fraction of the polymer, ®, and degree of

polymerisation, NV, with the relation
)
AG ik = kgT X<I>(1—<I>)+N1n(1—<I>)+(1—<I>)1n<I> , (1.19)

where kp is the Boltzmann constant and x is the Flory parameter. Generally, x is
non-linearly dependent on temperature [23]. This dependency can vary greatly between
polymers with different monomer units, structures, and molecular weight. It is normally

fitted to measured solution phase transitions with analytical models.

Although, the properties of PNIPAM have been studied extensively, significant
variations in the phase diagrams have been reported [23]. The consensus is that the
critical transition temperature, T, is approximately 32°C, but this temperature varies
by a few degrees depending on the synthesis procedure. The T, can also be tuned by
introducing other monomers in the PNIPAM chains to form copolymers [27, 28]. Jain
et al. demonstrated that it can be tuned from 25°C to 55°C by varying ratios and
types of ionic liquid monomers in PNIPAM copolymers [29].

Unlike other acrylamide polymers, the T, of PNIPAM is consistent over a large

range of solution volume fractions, ®. In addition, there is negligible variation in 7,



16 Introduction

400
360
X
— 320
i 1 Phase |
280 | -

5 10 15 20
d [%]

Fig. 1.8 A modelled phase diagram for PNIPAM compared with experimental data.
a) Modelled spinodal curve for PNIPAM with degrees of polymerisation fixed to N
= 100 and N = 1000. The experimental data are from Gomes de Azevedo et al. [31].
This is a modified figure from Okada and Tanaka [30].

with molecular weight. This is surprising given that most polymers have increasing
transition temperatures with molecular weight. Very few theories have emerged to
explain this phenomenon, but Osaka et al. have proposed that cooperative hydration
of PNIPAM chains can explain this property (Figure 1.8) [30]. This is based on the
formation of favourable hydrogen bonding networks over extended stretches along the
chains.

The phase diagram indicates the T, where the PNIPAM undergoes a phase transition.
The transition is reversible and changes the polymer configuration between extended
coil and globule states, below and above T, respectively. These configurations are
depicted in Figure 1.9a. The changes in mean radius of gyration, < R, >, and radius
of hydration, < R;, >, with temperature demonstrate the sharp transition at 32°C
and significant change in size with a factor of ~ 6.3 (Figure 1.9b). The transition is
driven by alterations to the hydrogen bonding of the PNIPAM amide groups. Below
T., hydrogen bonds are preferably formed with the surrounding water molecules, while
above T, the intrachain hydrogen bonds between amide groups are favoured. This
leads to an increase in the hydrophobicity of PNIPAM above T, [32].
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Fig. 1.9 Transitions of single PNIPAM chains (My, = 1.3 x 107 g mol™*) between the
coil and globule states. a) Schematic of thermodynamically stable states of a single
homopolymer chain in the coil-to-globule and globule-to-coil transitions. The molecular
structure of the polymer with n repeat units is shown in the inset. b) Mean radius of
gyration, < R, >, and radius of hydration, < R}, >, in response to heating and cooling
above and below T,. This figure is adapted from Wu et al. [33].
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The reversible coil-to-globule transition is an intramolecular phase transition that
does not involve interchain interactions, hence can only be studied at low concentra-
tions [33]. At higher concentrations, the PNIPAM chains form aggregates mediated by
interchain hydrogen bonding. The formation of these aggregates increases the turbidity
or cloudiness of solutions when heated above T,.. This cloud point coincides with the T,
as shown in the extinction of the PNIPAM solution in Figure 1.10. Here, the measured
cloud point agrees well with the literature values for the T, of PNIPAM.
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Fig. 1.10 Extinction spectra map of a 20 pM amine-terminated PNIPAM (5.5 kDa,
molecular structure is shown in the inset) aqueous solution during heating. The solution
cloud point at 32°C indicates the critical solution temperature 7T, of the polymer. A
2 min. equilibration time was used for each temperature step.

The reversible swelling and de-swelling of the PNIPAM with temperature can apply
mechanical forces and move objects on the nanoscale. In addition, the interchain
interactions enable the reversible self-assembly of colloids in aqueous solutions [34].
To further understand these behaviours, the relevant forces on the nanoscale must be
considered.

1.4 Forces on the Nanoscale

The interparticle forces between colloids in solution are well described by extended
DLVO theories. The DLVO theory is named after Derjaguin, Landau, Verwey, and
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Overbeek [35, 36]. It predicts the interaction potentials between objects with nanoscale
separations by combining the van der Waals, Uyqw, and coulombic, Ucoulomn, interac-
tions [37],

Utot = UCoulomb + UVdW- (120)

The total interaction potential, Uy, between two identical spherical colloids with
radius R can be described analytically. Beginning with the electrostatic interaction,
the repulsion between two identical spherical colloids at a distance r between the two

surfaces is [38]

1
UCoulomb(r) = §RZ eXp(_KT)- (121)

The interaction constant Z is given by

kpT\” ze
7 = 64mee (i) tanh<4kj;>, (1.22)

and k is the inverse of the Debye screening length, Ap, such that [39]

(1.23)

1

1 e2Nx (1000 x 2Ti0n) ]2

K = )\D = .

5081{3 BT

Here, 1y is the surface charge of the colloids, e is the electron unit charge, Ny

is Avogadro’s number, and [;,, = %Z c;z? is the ionic strength of the solution. The

ionic strength is a function of the molar concentration, ¢, and ion charge, z, for all ion

species i in solution. For monovalent electrolyte solutions at room temperature (7' =
298 K), the Debye length simplifies to

1 __osm o (1.24)

Ap =
V/STABNA(1000 X Tign)  \/Tion [M]

62
AmegekpT’
static interaction between two elementary charges is comparable in magnitude to the

where the Bjerrum length, Ag = defines the separation at which the electro-

thermal energy, kgT'. For aqueous solutions at room temperature, Ag ~ 0.7 nm.

For identical colloids, Ugouomn(7) is always positive, as similarly charged colloids
have repulsive electrostatic interactions. The repulsion is reduced by increasing the

ionic strength of the solution or by reducing the surface charge of the particles. Added
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ions in solution effectively screen the surface charge by forming an electrical double
layer that consists of a layer of associated counter ions (Stern layer) and a diffuse layer

of loosely interacting ions, as depicted in Figure 1.11a [40].

In contrast to the electrostatic contribution, the van der Waals interaction potential
Uvaw () is always negative, as induced dipole-dipole interactions are always attractive.

The equation of the van der Waals interaction is [39]

Ay 2R? 2R? r? +4rR

U- = —— | 1.25
VWS T S TR T r2R)? 2R (1.25)

where the Ay is Hamaker constant. The Hamaker constant is defined as Ay = 72Cp? for
the interaction between identical materials, where C' is the atom-atom pair interaction

coefficient and p is the density of atoms in the material [38].
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Fig. 1.11 Electrostatic and van der Waals interactions between two gold nanoparticles.
a) Illustration of the ion distribution around a citrate-stabilised gold nanoparticle. b)
Interaction potential between two gold particles in a monovalent electrolyte solution
plotted with respect to the closest surface-to-surface separation distance. The parame-
ters T =298 K, R = 8 nm, Ay = 3.8x107 J, ¢y = 100 mV, x = 7.3x10% m~! are
used to calculate these interaction potentials.

The combination of the electrostatic and van der Waals interactions results in
different potential profiles for colloids in close proximity. Large positive potential

barriers indicate that the particles are highly repulsive and will not aggregate. The
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theory predicts that by regulating the colloid surface charges, thermally stable or
metastable flocculation states can exist. For these states, an attractive potential well
(at the secondary minimum) exists where the colloids are optimally positioned at set
distances away from each other as shown in Figure 1.11b. They are very interesting
for self-assembly processes because the colloids can reversibly arrange themselves at
set distances from each other. If colloids happen to approach one another at very close
distances, they can fall into the primary minimum potential well, which causes their

irreversible aggregation.

DLVO theory is very useful for predicting the stability of colloids in solution.
However, there are several other interactions between particles that are not accounted
for in the theory, such as hydrophobic and steric effects. Steric effects from long, soluble
ligands bound to colloids can sufficiently inhibit the irreversible aggregation of colloids
without electrostatic repulsion by preventing their close approach. Other interactions
include hydration forces, and the nuclear repulsion from the Pauli exclusion principle at

sub-nm separations. These forces are included in extended DLVO theory models [41].

1.5 Summary

The fundamentals of light interactions with plasmonic particles and the thermore-
sponsive properties of PNIPAM were introduced in this chapter. Plasmonic systems
allow for highly tunable photonic properties with changes in their environment, and
stimuli-responsive polymers can readily change material properties with external stim-
uli. In particular, the thermoresponsive polymer PNIPAM undergoes a reversible
coil-to-globule transition and forms aggregates above the critical temperature of ~
32°C. This aggregation of PNIPAM is cause by interchain hydrophobic and cohesive
interactions. The aggregation behaviour of colloids is dictated by electrostatic and
van der Waals interaction potentials, and other potentials as described by extended
DLVO models. The following chapters use these principles to explain the interesting
behaviours of ANTs which emerge from the synergistic interplay between plasmonic
nanoparticles and PNIPAM.
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2. Actuating Nanotransduce

In this chapter, the switchable properties of plasmonic particles coated with thin
thermoresponsive shells are introduced. In particular, the dynamic response of compos-
ite materials that consist of interacting gold nanoparticles and the thermoresponsive
polymer PNIPAM (Au@PNIPAM) are presented. This chapter draws from previous
studies of ANT particles (as indicated in the text) and provides an overview of their

known properties prior to the research discussed in the later chapters.

2.1 Au@PNIPAM Core-shell Nanoparticles

Au@PNIPAM nanoparticles are referred to as actuating nanotransducers (ANTS)
because they convert light into mechanical force on the nanoscale. A schematic of the
core-shell nanoparticles in the cold and hot state is shown in Figure 2.1. The high
absorption cross-section of the plasmonic cores enables local light-induced heating.
This triggers the shell phase transition and causes particles to approach within the
attractive regime of the extended DLVO potential [42, 41]. Therefore, it induces their
aggregation. Light-induced aggregation allows for interesting optical behaviours based
on the interplay between the dynamic optical properties of ANT systems and the light

that drives their transitions.

Au@PNIPAM core-shell particles have been studied with growing interest over the
last decade [43]. Their tunable colour, hydrophobicity, and mechanical switching have
been investigated for many research applications. Their change in shell hydrophobicity
at physiological temperatures as been studied for catch and release systems for drug
delivery [44-46]. In addition, this property has also been used to drive colloidal self-
assembly [47-51]. Their optical effects have been used in the design of colorimetric
sensors for temperature and pH [52, 53]. Also, the reversible change in size of the
PNIPAM shell has been used for the switching of surface-enhanced Raman scattering
(SERS) [54-56], as well as the development of colour displays [57-59] and fast mechanical
actuation on the order of 10-100 ns for stroke lengths of ~ 10 nm [60].
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Fig. 2.1 Schematic of the temperature response of an ANT particle in an aqueous
medium with a critical solution temperature, T,, of 32°C.

The preparation of the AuQPNIPAM core-shell particles varies significantly between
different studies, resulting in different shell thicknesses and densities. These differences
have an impact on the swelling and de-swelling ratios of the shells. The shells can be
‘erafted-from’ or ‘grafted-to’ the gold nanoparticles, which are methods discussed in
further detail in Section 3.1.2. In this work, the ANTs are prepared by synthesising
or procuring the particles and polymers separately, then coating the particles via the
‘grafting-to’ method. The PNIPAM is grafted at a solution temperature above T,
such that the polymer is in the globule state, to reduce surface density of the bound
PNIPAM. The full synthesis and preparation details are described in Section 3.1.

In order to attach PNIPAM strands to the gold nanoparticles, the PNIPAM is
terminated with binding functional groups. Amine-terminated PNIPAM is most
commonly used in this work. It is well-known that amine functional groups adsorb to
citrate-stabilised gold surfaces. However, it is still under debate whether the amine
group is associated with the surface-bound negative ions by an ionic interaction or if it
partially displaces the bound ions via a ligand-exchange interaction [61-63]. Regardless,
the effective binding of the amine group to the surface of gold nanoparticles is sufficient
to pin the PNIPAM to the gold nanoparticles. Alternative binding ligand groups,
such as thiols, also bind the PNIPAM chains effectively. For the case of the thiol-gold
interaction, it is understood that the thiol covalently binds to the gold surface [64, 65].
The effects of the different binding functionalisations are discussed in further detail in
Section 4.3.1.

The PNIPAM shell affects the stability of ANTs in solution. The colloidal stabilisa-

tion mechanism changes from electrostatic to steric stabilisation. This is inferred from
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the difference in zetapotentials of gold nanoparticles and ANTs. Synthesised 16 nm
citrate-capped gold particles initially have a zetapotential of ~ -30 + 7 mV. Upon
adding 20 pM of amine-terminated PNIPAM to form ANTSs, the magnitude of the
zetapotential reduces to -5 & 3 mV. In general, colloid zetapotentials with absolute
values below 20 mV are insufficient for charge stabilisation, and hence this suggests

that the particles are sterically stabilised.

The molecular weight of the amine-terminated PNIPAM is 5.5 kDa, giving an
average degree of polymerisation of ~ 49 monomer units. From this, the contour length
of the chains is ~ 12 nm and the polymer length (I,) in the extended coil state from
the Flory diameter is estimated to be [, = 2v/aN3/5 = 5.2 nm [66]. Here, a is the
length of a NIPAM monomer unit in the polymer backbone. An estimate can also be
made for the Flory diameter of the polymer in poor solvent conditions, when 7" > T,
where [, = 2v/aN'/3 = 1.8 nm. The change in Flory diameter of the polymer gives an
initial approximation to the actuation length of the individual PNIPAM chains.

The addition of the PNIPAM shell also affects the refractive index surrounding the
gold nanoparticles. The refractive index of PNIPAM at 25°C is n = 1.34 [67]. This is
only slightly different than that of the aqueous medium, n,, = 1.33, and thus, only
small differences are observed between the extinction spectra of ANT particles and
uncoated gold nanoparticles, Au NPs (Figure 2.2a). A similar, weak redshift of the
plasmon resonance is observed regardless of the initial particle diameter, as shown in

Figure 2.2b. These small spectral changes are not discernible by eye.

Heating the ANT solution beyond T, increases the refractive index of the PNIPAM
to n = 1.42, but also decreases the shell thickness [67]. These combined effects only
further redshift the plasmonic resonance of the ANTs by ~ 10 nm. However, redshifts
> 50 nm are observed experimentally when the suspension is heated. This large
plasmon shift with temperature is caused by the flocculation of ANT particles and the

subsequent plasmonic coupling between the gold nanoparticle cores [49].

2.2 ANT Flocculation

2.2.1 Heating-induced Flocculation

At temperatures above T, the hydrophobic and cohesive interactions between PNIPAM

shells induce flocculation. The close proximity of the gold nanoparticle cores inside
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Fig. 2.2 Spectroscopy of gold nanoparticles (Au NPs) and ANTs in aqueous solution
at 25°C. a) Normalised extinction spectra of 16 nm Au NPs and ANTs. b) Plasmonic
resonance wavelengths, A\, of Au NPs and ANTs with diameters of 16, 40, 60, 80, and

100 nm.

the clusters results in large plasmonic resonance shifts and colour changes observable
by eye (Figure 2.3a). Plasmon shifts, A\, are calculated from the difference between
the peak extinction wavelengths for the individual ANTs, Ayp, and the ANT clusters,
Acluster- From Figure 2.3b; a redshift of A\ &~ 70 nm is observed.
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Fig. 2.3 Temperature-induced flocculation of ANTs. a) Photograph of cuvettes with
16 nm ANTs below (left) and above (right) the critical solution temperature, T, at
25°C and 40°C. The cuvettes are 1 cm wide. b) Corresponding extinction spectra at
temperatures below and above T..
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Fig. 2.4 ANT solution clusters. a) Schematic of the reversible flocculation of ANTs
with temperature. b) SEM image of 16 nm ANT solution deposited on silicon at a
temperature below the critical solution temperature, 7., and ¢) SEM image of 16 nm
ANT solution deposited on silicon at a temperature above T.. Images b) and ¢) are at
the same scale.

Evidence for the flocculation of the ANTs in solution is obtained by dynamic light
scattering (DLS) and electron microscopy. A large increase in the hydrodynamic radius
of the colloids is observed when the solution is heated from 25°C to 40°C. For 16 nm
ANTs, the measured hydrodynamic diameter increases from ~ 60 nm in the cold state
to &~ 440 nm in hot state. The aggregation is further confirmed by scanning electron
microscopy (SEM) in Figure 2.4. These SEM samples are prepared by drop casting

ANT solution on silicon substrates at temperatures below and above T..

The flocculation of ANTs is completely reversible with temperature. When the
clusters are cooled below T, the ANT polymer shells rapidly swell and the clusters
disaggregate. UV-Vis extinction time-series spectra elucidate part of the cluster
formation mechanism (Figure 2.5). These spectra are captured while slowly heating the
ANT solution in 1°C steps. While heating from 25°C to 40°C, the extinction spectrum
remains constant until 7,.. Above T,, the ANT particles begin to aggregate. As the
temperature and time increase, the extinction peak redshifts until it eventually stabilises.
Here the stabilisation is observed at AX &~ 100 nm. While held at temperatures above
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T., the magnitude of the extinction slowly decreases due to sedimentation of the
aggregated ANTs. During cooling, no changes are observed until the temperature again
reaches T, where the extinction spectrum rapidly reverts back to the initial state. As
shown in Figure 2.5, the plasmon resonance consistently shifts with temperature over
many cycles. This highlights the ability of ANTs to achieve reversible, strong optical

responses to small temperature changes of ~ 2°C.
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Fig. 2.5 Step heating and temperature cycling of an ANT suspension. a) Step heating
of 16 nm with 1°C steps and a 2 min. equilibration time from 25°C to 42°C and then
back to 25°C. The dashed lines mark the transition temperatures for heating (red) and
cooling (blue). b) Peak extinction wavelength during 10 cycles of heating and cooling
between 25°C and 40°C. The plot in b) is reproduced from Ding et al. [49].

The concentration of PNIPAM used to make ANTs affects the aggregation. As
shown in Figure 2.6, there is an optimal concentration of PNIPAM to maximise
plasmonic redshift at ~ 20 pnM. At lower concentrations a peak remains at ~ 520 nm,
which indicates that either the individual ANT particles do not fully aggregate or
smaller aggregates are formed. At concentrations > 20 pM the peak shift diminishes.
This is caused by a reduction in plasmonic coupling strength, which in turn is likely
caused by an increase in spacing between the ANT particles inside the clusters. The
interparticle spacing could increase due to the increased amount of excess unbound
PNIPAM in the solution, which can fill the gaps between the particles. Regardless
of the PNIPAM concentration in solution, the plasmon resonance in the cold state

remains stable, which indicates that the colloids remain dispersed below T..
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Fig. 2.6 Effect of PNIPAM concentration on the optical properties of the heated
ANT solutions. a) Extinction spectra of 60 nm ANTs with different amine-terminated
PNIPAM (5.5 kDa) concentrations. b) Peak extinction wavelength for heated ANT
solutions with varying PNIPAM concentration. This figure is adapted from Ding et
al. [49].

Other factors that influence the aggregation and optical response of the ANTs,
include the termination of PNIPAM, the solution ionic strength, and the presence of
excess PNIPAM. The effects of these parameters are studied in detail in Chapter 4.

2.2.2 Light-induced Flocculation

Plasmonic gold nanoparticles efficiently convert light to heat via absorption. This allows
for the light-induced flocculation of ANTs in solution. As discussed in Section 1.2.3,
the shells surrounding the gold nanoparticles with different thermal conductivity from
the surrounding medium affect the particle temperature. Li et al. studied the change in
thermal conductivity of aqueous solutions of PNIPAM in response to temperature and
found that, for 25 g L= PNIPAM solutions, it does not deviate further than ~ 10%
from water [68]. Therefore, it is assumed that the most prominent effect of the PNIPAM
shell on the plasmonic heating is the strong increase in absorption cross-section of
the particle clusters in comparison to individual particles. The extinction spectra of
16 nm ANTSs over time under 10 W irradiation at 532 nm is shown in Figure 2.7a. For
this measurement the beam is blocked at 10 s intervals to acquire the spectra without

saturation from laser scatter [49].
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Fig. 2.7 Light-induced flocculation of 60 nm ANT particles. a) Extinction spectra
evolution over time under 10 W irradiation at 532 nm. The beam is blocked at 10 s
intervals to capture the spectra without saturating laser scatter. b) ANT solution

temperature response during continuous irradiation. This figure is adapted from Ding
et al. [49].

As observed in the direct heating case, when the solution temperature increases
above T, the extinction redshifts and broadens as ANT particles flocculate. The clusters
rapidly disaggregate when the temperature drops below T,.. The measured increase in
solution temperature as a result of the exposure to irradiation is plotted in Figure 2.7b.

Over 2 minutes of constant irradiation, the temperature of the solution rises to =~ 55°C.

In principle, the basic properties described here are not exclusive to AuQPNIPAM
systems. Alternative plasmonic materials, such as silver, copper, and aluminium or
even other highly absorbing materials, such as carbon nanoparticles, could be used
depending on application constraints. Similarly, other thermoresponsive polymers
could be used as the shell material. One could select polymers with different critical

temperatures to satisfy the requirements of specific ANT system applications [69)].

2.3 Summary

In this chapter, the dynamic assembly of PNIPAM-coated gold nanoparticles was
introduced. These particles have been used for many applications that take advantage
of their tunable optical and physical properties. The swelling and de-swelling of the
PNIPAM shells and their ability to induce highly reversible colloidal flocculation in

solution are presented. Furthermore, the self-assembly of ANTs is shown to strongly
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change the plasmonic resonance of the colloids due to plasmonic coupling of gold
nanoparticles inside clusters. These large physical and optical changes are triggered by
bulk or light-induced heating above 32°C and reset by cooling back below the critical
temperature. The assembly and disassembly of ANT clusters is revisited in Chapter
4 to propose a mechanistic model for the formation of the clusters after examining
the effects of PNIPAM termination, concentration, and the ionic strength of ANT

suspensions.
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This chapter presents the methods used for fabricating and characterising ANT systems.
The optical techniques and experimental setups designed to both control and charac-
terise the behaviour of ANT systems are detailed. The following chapters regularly

refer to the specific sections in this chapter to avoid repeating experimental details.

3.1 ANT Synthesis

The ANT nanoparticles consist of plasmonic cores surrounded by stimuli-responsive
shells. Throughout this work, gold nanoparticles are used as the cores and the shells
are poly(N-isopropylacrylamide) (PNIPAM). The materials and chemicals used for the

preparation of ANTs are summarised in Table 3.1.

3.1.1 Gold Nanoparticle Cores

The plasmonic cores of ANT particles are monodisperse citrate-stabilised gold nanopar-
ticles with selected diameters varying from 14 to 100 nm. As discussed in Section 1.2,
the optical properties of plasmonic particles depend on their size. Advantageously,
larger particles have greater absorption and scattering cross-sections as well as greater
sensitivity to interparticle plasmonic coupling. The increase in the absorption cross-
section reduces the irradiation power required for plasmonic heating. Also, the greater
scattering cross-section and stronger plasmonic coupling enhance the optical signals of
particles. This is very helpful for observing the behaviours of individual particles using

optical microscopy, as presented in Chapter 5.

Although larger nanoparticles (> 40 nm) have advantageous optical properties, they
are more challenging to produce. They suffer from greater polydispersity and generally
require slow multi-step synthesis procedures to mitigate this, as compared to one-step
synthesis procedures for small nanoparticles [70]. In addition, increasing size decreases

particle sphericity, as crystal shapes with larger facet sizes become more dominant [71].
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Table 3.1 List of materials and chemicals used for ANT preparation.

Component Type Size Source
Nanoparticles Au NPs 14 nm Synthesised
Au NPs 16 nm Synthesised
Au NPs 20 nm  BBI Solutions
Au NPs 40 nm  BBI Solutions
Au NPs 60 nm  BBI Solutions
Au NPs 80 nm  BBI Solutions
Au NPs 100 nm  BBI Solutions
PNIPAM PNIPAM-NH, 5.5 kDa Merck
PNIPAM-SH 15 kDa  Synthesised!
PNIPAM-COOH 6 kDa Merck
PNIPAM-H 10 kDa Merck
Chemicals Gold(III) Chloride Trihydrate Merck
Trisodium Citrate Merck

Interpreting the optical signatures from ANT systems is more challenging with the
loss of particle sphericity, as the complexity of the system greatly increases. Due to
these disadvantages, the smaller 14 and 16 nm particles are predominantly used in this
work. Beyond the differences in optical properties, the observed physical behaviours
of ANTs do not change greatly with size, hence the choice of nanoparticle size is not

crucial for many of the studied systems.

As indicated in Table 3.1, some gold nanoparticles are purchased while others
are synthesised. The 20 to 100 nm particles (CV < 8%?) are procured from BBI
Solutions. Smaller particles with diameters of 14 and 16 nm are synthesised in-house
by modified Turkevich methods [72-74]. The 16 nm particles are prepared by refluxing
an aqueous solution of 0.26 g L~! gold(IIT) chloride trihydrate and abruptly adding
trisodium citrate to reach a concentration 0.60 g L=!. The reaction proceeds for
10 minutes, turning from a light-yellow solution, to black, and finally wine red, the

characteristic colour of 16 nm gold particles. The size of the nanoparticles is confirmed

!Synthesis conducted by Dr. Steven Barrow, Department of Chemistry, University of Cambridge
2Coefficient of Variation, CV = 2, where o and p are the standard deviation and mean of the
particle diameters, respectively.
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with a combination of UV-Vis extinction spectroscopy and electron microscopy (LEO
GEMINI 1530VP FEG-SEM).

The 14 nm particles are synthesised by an adapted method with the purpose of
increasing the particle density. This increases the extinction of the suspension and
also simplifies post-synthesis processing to achieve dense slurries of ANT particles.
The dense suspensions are used for the ANT systems described in Chapters 6 and
7. The particle density is increased during synthesis by proportionally increasing the
concentrations of reagents. However, this only works up to a certain concentration
before the quality of the nanoparticles diminishes. Li et al. proposed that the increased
acidity of the trisodium citrate is the source of reduction in quality of nanoparticles
when synthesised at higher concentrations [75]. They developed the simple strategy
of compensating for the acidity of the trisodium citrate by adding sodium hydroxide.
Adapting from their procedure, the 14 nm particles are synthesised by refluxing 1.0 g L1
gold(IIT) chloride trihydrate and 0.30 g L™! sodium hydroxide. Trisodium citrate is then
rapidly added to reach a concentration of 1.3 ¢ L=!. The change in procedure increases
the particle density from 3.1x10*2 mL~! for the 16 nm particles to 1.8x10* mL~! for
the 14 nm particles.

3.1.2 Grafting PNIPAM Shells

PNIPAM shells can be prepared by either ‘grafting-to’ or ‘grafting-from’ the surface
of colloids. The method of ‘grafting-to’ involves adsorption of the polymer onto the
colloid surface. On the other hand, the method of ‘grafting-from’ the colloids relies on
surface initiated polymerisation from which the polymer is grown during synthesis [76].
Typically, polymer shells prepared by the ‘grafted-from’ method have greater surface
density than shells prepared by ‘grafting-to’ the colloid [77]. Increasing the surface
density tends to reduce the switching response of thermoresponsive polymers. For
example, Malham and Bureau observed that high surface densities limit the thickness

variation of PNIPAM layers in response to temperature cycling [78].

Consequently in this work, the ANT particles are coated with PNIPAM via the
‘grafting-to’ method in the globule state. Short-chain amine-terminated PNIPAM
(PNIPAM-NH,) is predominantly used; the effects of different terminations are ex-
plored in Chapter 4 including, thiol-terminated PNIPAM (PNIPAM-SH), carboxylic
acid terminated PNIPAM (PNIPAM-COOH), and PNIPAM without a functional
termination (PNIPAM-H). These polymers were purchased from Merck, formerly
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Sigma-Aldrich, except the PNIPAM-SH, which was provided by Dr. Steve Barrow.
When possible, PNIPAM with similar molecular weights (5 to 15 kDa) were selected
to mitigate any effects from changing the length of the polymer.

The ANTs are prepared by coating the gold nanoparticle cores with non-crosslinked
PNIPAM polymer shells. The standard preparation consists of adding 0.11 g L™ of
PNIPAM in two steps to the gold nanoparticle suspension as synthesised or purchased.
Two aqueous stock solutions of the PNIPAM are prepared, one at a concentration of
0.1 g L=! and the other at 1.0 g L=!. First, the 0.1 g L™! solution of PNIPAM is added
to the particle suspension and heated to 40°C in a 1:8 (V:V) ratio. Subsequently, the
1.0 g L' stock is added to the heated solution in a 1:9 (V:V) ratio for a final PNIPAM
concentration of 0.11 g L™ (20 pM for 5.5 kDa). The two step addition sequence is
adopted to reduce the irreversible aggregation of the nanoparticles during addition
of the PNIPAM. It is observed that the gold nanoparticles remain more stable, with
less aggregation during preparation, when adding the polymer ligands in two steps
rather than all at once. Upon adding the second solution of PNIPAM, the ANTs form
and immediately begin flocculating, which is marked by a change in solution colour
from red to violet. The ANTs are prepared in the hot state such that the colloids
are initially coated with collapsed PNIPAM. This leads to a lower surface density
coating that exhibits better actuating properties. After one minute, the ANT solution
is passively cooled and the red colour returns when the temperature drops below the

critical temperature, T,.

Once the standard ANT solutions are prepared, they can be further processed
depending on their application. For some applications, the excess PNIPAM and ions in
solution are removed by sequential sedimentation of the particles via centrifugation and
redispersion in de-ionised (DI) water. Other applications require very dense particle
solutions beyond what can be synthesised with current techniques. To achieve extremely
dense particle solutions, the ANTs are sedimented by centrifugation. After decanting
the supernatant, the dense solution is re-spun above an equal volume of chloroform
to sediment the ANTs in the chloroform phase. The centrifugation of 14 and 16 nm
gold nanoparticles is conducted with a minicentrifuge (Minispin Plus, Eppendorf) at
14.5 krpm for 15 minutes. After removing the aqueous and chloroform supernatants,
the ANT slurry is dried in an oven at 70°C. The dried particles are then stored and

redispersed in DI water prior to use.



3.2 Substrates for ANT Systems 37

3.2 Substrates for ANT Systems

The ANT systems discussed in later chapters make use of various important substrates.
These include ultra-flat gold surfaces for the nanoparticle on mirror plasmonic structure
presented in Chapter 5 and nanoporous membranes for the controllable exchange of

fluids to dynamic thin-films which is studied in Chapter 6.

3.2.1 Template-stripped Gold

Template-stripping is a method for generating wafer-scale ultra-flat gold surfaces
developed by Hegner et al. [79]. The gold substrates are prepared in a clean room
facility with an electron beam (e-beam) evaporator (Kurt J. Lesker Company PVD
200)!. The substrate preparation begins with a cleaned 4” silicon wafer (<100>) as
illustrated in Figure 3.1. The wafer is cleaned by sequential rinses of Decon90, DI
water, ethanol, isopropanol, and DI water. Then it is dried with a nitrogen gun. A
100 nm thick gold film is deposited at a rate of 1 A s~! on the wafer without an
adhesion layer. Drops of Epo-Tek 377 epoxy glue (~ 3 nl.) are cast on the film and
diced pieces (= 1 x 1 cm) of silicon wafer are placed on the drops. The glue is cured at
150°C for 2 h and slowly cooled to room temperature at 10°C h™! to avoid cracking
from temperature gradient-induced film stresses. Prior to use, individual silicon dice
are pried from the gold coated wafer. The low adhesion between the gold and silicon
wafer allows for the gold to be easily stripped off with the glued silicon wafer dice. The
released gold surface is near atomically-flat and dust free. This is ideal, since the low
surface roughness minimises sharp features on the gold surface which can greatly affect
plasmonic field enhancement profiles. These flat gold surfaces play a crucial role in
Chapter 5, where individual ANT particles plasmonically couple to their image charges

in the gold substrate.

3.2.2 Semi-permeable Membranes

Semi-permeable membranes made of thin nanoporous materials are used to allow water
to flow through while inhibiting the flow of ANT particles. These membranes enable the

exchange of water to and from ANT particles for reversible hydration and dehydration.

!The evaporation of gold was conducted by Dr. Bart de Nijs, Department of Physics, University
of Cambridge
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Fig. 3.1 Schematic of the template-stripped gold preparation procedure.

This type of system is explored in Chapter 7, where porous aluminium oxide (Al305)
is used as the model membrane. The Al30, membranes with a 25 mm diameter and
20 nm pore size (50% porous) are procured from ThermoFisher (Whatman Anodisc).
The membrane thickness is ~ 60 pm and the pore density is 10'* cm~2. The pores are
small enough to prevent the 14 nm ANT particles (= 60 nm in size with the PNIPAM

shell) from diffusing through, while retaining the ability for water to wick across.

3.3 Optical Setups and Techniques

3.3.1 Extinction Spectroscopy

Extinction spectroscopy is used to study the size and concentration of gold nanoparticles
and probe the aggregation behaviour of ANTs suspensions [80]. The extinction spectra
are highly sensitive to the size and spacing between the nanoparticles when forming
clusters. Hence, it is a useful technique for analysing the temperature response of ANT

suspensions.

Collimated white light from a fibre-coupled (50 pm diameter) Xenon lamp (HPX-
2000-HP-DUV) is passed through a sample cuvette with a fixed length of 1 cm. The
transmitted light is focused into a 50 pm diameter fibre connected to a spectrometer
(Ocean Optics QE Pro), as illustrated in Figure 3.2. The illumination area through the
sample is &~ 2 mm in diameter. The cuvette holder has 2 pairs of orthogonal optical
ports which allows for the simultaneous free-space coupling of a 532 nm laser. The laser
can optically heat the ANT solutions during extinction measurements and a heated

metal cuvette holder is used to bias the temperature of the suspensions.
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Fig. 3.2 Schematic of the extinction spectroscopy setup. The sample temperature is
controlled optically with a free-space coupled laser and electrically by adjusting the
temperature of the cuvette holder with a heating plate.

The transmitted light intensity, I, through the sample is referenced to the transmit-
ted light intensity through a cuvette with DI water, I,. The ANTs partially scatter and
absorb the incident light depending on the wavelength, which results in an attenuation
of the transmitted light. The attenuation follows Beer-Lambert’s law and directly

relates to the sample transmittance, T, by

I
T=— =exp(—0eaN¥), (3.1)

Iy
where 0y is the extinction cross-section (Gepy = Tabs + Oseat), IV is the particle number
density, and ¢ is the sample path length (¢ = 1 cm). In relation, the extinction, eey, is

conventionally defined as

I
Eext = — lOgyg (T) = —logy <I_o) . (3-2)

Given that the aggregation of ANT particles greatly changes the extinction proper-
ties of solutions, these measurements give insight into the structure of ANT clusters.
The extinction is closely tied to ey from equation 1.10. This means it is directly
dependent on the ANT colloid polarisability, which also implies that . relates to
both the size of clusters and proximity of the gold nanoparticles within. These relations

are explored in greater detail in Chapter 4.
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3.3.2 Dynamic Light Scattering

Dynamic light scattering (DLS) is an optical technique for determining the hydrody-
namic size of colloids suspended in solution. The hydrodynamic radius refers to the
radius of an effective slipping plane surrounding an arbitrarily shaped colloid. The
slipping plane defines an interface near the surface of a colloid, which divides solvent
molecules that behave as if they are bound to the colloid and solvent molecules that
behave freely as if they are far away in the bulk solution. For ANT solutions, the
hydrodynamic size is determined by the combination of gold nanoparticle core size,
the thickness of the PNIPAM shell, and the additional thickness of a bound water or
diffuse ion shell. It is assumed that the excess bound water layer (=~ 2 nm from the
Debye screening length) is negligible compared to the PNIPAM thickness shell, such
that the slipping plane of the ANT particles approximately contours the PNIPAM

shell surface.

Briefly, DLS involves irradiating dilute solutions of colloids with coherent light.
The intensity of light scattered by the colloid dispersion projects a fluctuating speckle
pattern that is recorded. These fluctuations are caused by the Brownian motion of the
suspended colloids. The decay rate of the time dependent intensity-autocorrelation
function of these fluctuations relates directly to the translational diffusion coefficient
of the colloids. The second order autocorrelation, g2, is determined from the recorded

intensity over time, I(q,t), [81]

<I(q,t)I(q,t+ 1) >
< 1I(q,t) >2

9*(q,7) = =1+ exp(—¢*Di7), (3.3)

where ¢ = ‘“TT” sin (g) and 7 is the delay time. The scattering vector ¢ is related to
the incident laser wavelength, A; the sample refractive index, n; and the angle of
detection, #, with respect to the angle of the incident laser. The hydrodynamic radius,
Ry, of a sphere can be calculated from translational diffusion coefficient, D,, using the

Stokes-Einstein equation, [82, 83]

kgT

= — 3.4
t 67TT]Rh, ( )

where, kg is the Boltzmann constant, 7' is the sample temperature, and 7 is the

viscosity of the medium.
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The DLS measurements of ANT colloids were conducted with a Zetasizer Nano
(Malvern). They are used to estimate the changes in the size of the dispersed ANT
particles and aggregates with temperature. Although, these measurements are very
convenient for studying the dynamic behaviours of ANT suspensions, they suffer from
systematic errors. The sedimentation of the colloids partially segregates the aggregates
by size vertically along the sample cuvette. In addition, The absorption of light by the
ANT particles generates local thermal gradients as discussed in Section 1.2.3. These
gradients can drive convective flows, which cause additional motion of the colloids on
top of their typical Brownian motion. The drawbacks of DLS measurements prevent
the precise measurement of the size ANT particles and aggregates. However, the
relative changes in size estimated by DLS, in conjunction with electron microscopy, do

provide useful insights on the interactions of ANT particles.

The Zetasizer Nano instrument is also used for measuring the zetapotentials of
ANT colloids. Unfortunately, it does not resolve the location of charges on ANT
colloids, which can be at the surface of the gold nanoparticle cores or trapped within
the polymer shell. However, relative changes in the zetapotential are indicative of

differences between ANT colloid solutions as discussed in Chapter 4.

3.3.3 Microscopy Techniques

The primary technique used to characterise the behaviours of ANT systems is optical
microscopy. The microscope used consists of a modified Olympus BX51 coupled with
a spectrometer (Ocean Optics QE65000), laser (Coherence CUBE), camera (Teledyne
Lumenera Infinity 2 or Photron FASTCAM for high speed imaging) and a removable
heating stage (Linkam). The microscope can be reconfigured for bright-field (BF)
and dark-field (DF) reflection imaging and spectroscopy, as well as BF transmission
imaging and spectroscopy. These configurations have different illumination paths, but

share collection paths.

The DF reflection configuration is used to image scattering objects. In this configu-
ration, only scattered light from the sample is collected while light that is specularly
reflected is omitted, as illustrated in Figure 3.3a. Among several lenses, the illumination
path consists of a halogen lightsource (Philip 7023), an aperture diaphragm (AD), a
field diaphragm (FD), an elliptical mirror, and an objective lens. The light from the
source is guided by a series of lenses through the aperture and field diaphragms in an

illumination arm above the sample. The light is reflected off an elliptical ring mirror
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Fig. 3.3 Schematic of the microscope setup in the dark-field illumination configuration.
a) Microscope setup with the illumination path in teal and the collection path in yellow.
The laser irradiation path is shown in blue. Black dotted lines mark slots for optical
filters. The abbreviations AD and FD refer to the aperture and field diaphragms. b)
[Mustration of the DF objective lens cross-section with the illumination path in teal
and the collection path in yellow. Only light that is scattered from the sample within
the cone defined by the angle 6., is collected.

and the lightsource is imaged at the back focal plane of the objective to satisfy the
Kohler illumination criterion. This defocuses the light source on the sample plane
to uniformly illuminate the sample without introducing features from the lightsource
filament. The iris for the aperture diaphragm limits the brightness by reducing the
solid angle of light projected from the lightsource. It lies on a focal plane conjugate
to the back focal plane of the objective. Whereas the field diaphragm controls the
illumination area size on the sample. It lies on a focal plane conjugate to the sample
surface, such that the iris and sample surface are in focus simultaneously. This implies
the iris can be imaged on the camera to focus the sample surface, which is very helpful

for imaging samples with weak contrast.

The microscope uses specialised DF objectives, as shown in Figure 3.3b, with distinct

illumination and collection paths for DF microscopy. The microscope objectives and
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their optical specifications are listed in Table 3.2. The elliptical ring mirror couples a
ring of light into the illumination path of the objective. This illuminates the samples
at an angle 6;,. which is larger than the collection angle 6.,. In this configuration,
high-angle specular light reflected from the sample is not collected, whereas light that
is scattered within the cone defined by the solid angle 26, is collected. The collection

angle relates to the numerical aperture, NA, by
NA =nsin(0.y), (3.5)

where n is the refractive index between the objective and the samples, which in this

case is n = 1 for air.

Table 3.2 List of microscope objectives and their optical specifications.

Magnification NA WD Source
DX 0.15 20 mm  Olympus BD MPlanFL N
20x 0.45 3.1mm Olympus BD MPlanFL N
50x 0.8 1.0 mm Olympus BD MPlanFL N
100x 0.8 3.3mm Olympus BD LMPlanFL N

The BF configuration is very similar to that of DF except the centre light path of
the objective is used simultaneously for the illumination and collection paths. The
elliptical ring mirror is replaced with a 50:50 beamsplitter and a ring-shaped beam
stop to block the DF illumination path. In this configuration both specular and diffuse
reflected light are collected within the solid angle 26,.,;.

The setup can also be configured for BF transmission microscopy to characterise
transparent or semi-transparent samples. In this case a different illumination arm is
used. It contains similar a lightsource, lenses, and diaphragms and is positioned below
the sample plane. The sample is illuminated from below using the a similar component
arrangement as the reflective illumination arm, but the illumination and collection
paths are decoupled. A condenser lens focuses the light on the sample and sharpens

the transmission images by increasing the light incident angles.

The collection paths for the different imaging and spectroscopy configurations are

shared. The light collected by the objective is collimated towards the lens that focuses
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the sample image onto the camera. A removable 50:50 beamsplitter is inserted to
simultaneously conduct imaging and spectroscopy. The beamsplitter sends 50% of
the collected light towards a lens (f = 15 cm) that focuses the light into a 50 pm
multimode fibre connected to the spectrometer. The fibre lies on a conjugate plane to
the sample surface and only collects light from a small area on the sample. The size of
the area depends on which objective is used. For instance, with the 100x objective the

fibre collects light from the sample surface in an ~ 2 pym diameter spot.

Another removable beamsplitter is inserted into the collection path to deliver
laser irradiation onto the sample. This irradiation is used to drive the actuation of
ANT systems. It is coupled to a single-mode optical fibre with its end positioned on
another conjugate sample surface plane. The beam is collimated and projected onto the
objective back aperture with a 90:10 beamsplitter, and then focused into a tight spot
on the sample surface. Two lasers with emission wavelengths of 447 nm (Pax= 40 mW)
and 635 nm (Ppa.x= 25 mW) are interchangeably coupled. The laser is connected to
a function generator (Hewlett Packard 33120A) for modulation at frequencies up to
15 MHz. Optical filters are placed in front of the camera, spectrometer, and laser
during irradiation experiments, as marked by the black dashed lines in Figure 3.3a.
Various optical filters are used to reduce the laser spectral linewidths and to remove the
saturating laser reflection and scattering from images and spectra during measurements.

The filters are specified in the following chapters where they are relevant.

3.4 Summary

The experimental methods for preparing ANTs and characterising their behaviours
in various systems were described in this chapter. ANT solutions are prepared from
gold nanoparticles with different sizes and PNIPAM with different termination groups.
The solutions can be further processed to reduce the excess PNIPAM and ions in
solution, or to increase particle density, depending on their application. In addition,
important substrates for various ANT systems were discussed, including template-
stripped gold and semi-permeable membranes. Lastly, the methods used to characterise
the behaviours of ANT systems, including extinction spectroscopy, DLS, and microscopy
techniques, were presented. The next chapters rely greatly on these methods to provide

evidence for their respective conclusions.



This aim of this chapter is to investigate the underlying mechanisms driving the

reversible assembly and disassembly of ANT colloids. Chapter 2 introduced the
reversible flocculation behaviour of ANTs and it was demonstrated that the optical
properties of ANT clusters depend on the concentration of PNIPAM in solution. Here,
other parameters that affect the flocculation of ANTs are studied. The effects of the
PNIPAM terminal group on the cluster formation are discussed, followed by the effects
of salt concentration, and the role of excess PNIPAM in solution. In addition, the
optical response of nanoparticle clusters is modelled to predict the internal structure
of the ANT clusters and explain the observed behaviours of ANTs in different solution
conditions. It is shown that these factors are responsible for the multi-stable nano-

configurations observed in ANT particle assembly.

4.1 Cluster Formation Mechanism

It is observed that clusters form when ANT suspensions are heated above the critical
temperature T,.. These clusters have very different hydrodynamic sizes and plasmon
shifts depending on their solution conditions. This suggests that the structures formed
by the reversible assembly of ANT colloids can be controlled. This could be of great

interest for regulating the self-assembly of complex nanostructures [84].

Initially, the effects of different PNIPAM terminations and solution ionic strengths
are studied. The size, zetapotential, and plasmon shift of the ANTs in the cold
state (1" = 25°C) and hot state (T' = 40°C) are measured, both with and without an
added 50 mM NaCl, as summarised in Table 4.1. The plasmon shifts are measured
from the difference between the resonance peak wavelengths in the hot state and
cold state extinction spectra. These solutions are prepared using 16 nm particles
with low-molecular weight PNIPAM as described in Section 3.1. The polymer chains
coat the surface of the gold, forming ANTs which reversibly aggregate with cycling

temperature. The sizes of the ANT particles and colloids are approximated by their
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hydrodynamic radii, which are measured by Dynamic Light Scattering (DLS). This

technique is discussed in further detail in Section 3.3.2.

Table 4.1 Effects of PNIPAM termination and salt on ANT cluster formation.!

Sample PNIPAM-H PNIPAM-NH, PNIPAM-SH PNIPAM-COOH
NaCl [mM] 0/ 50 0/ 50 0/ 50 0/ 50
Diameter (25°C) [nm] 50 / 94 60 / 75 60 / 120 40 / 60
Diameter (40°C) [nm] 50 / 520 440 / 460 150 / 680 76 / 450
Plasmon Shift [nm] 2 / 40 30 / 105 4/ 42 375

Au NP Gap (est.)

41 / 8.4 10 / 2.5 44 / 9.4 38 /3.8
@40°C [nm] / / / /

Interestingly, without the addition of NaCl, only ANTs prepared with PNIPAM-NH,
show a significant spectral redshift and a large increase in hydrodynamic radius when
heated. This suggests that the amine termination group plays an important role in the
aggregation of the particles. It is also observed that the addition of NaCl increases the
size of the clusters in the hot state and the plasmon shift for all PNIPAM terminations.
In addition, the plasmon shift is not simply dependent on the size of the clusters,
as the largest clusters do not exhibit the largest plasmon shifts. For instance, the
680 nm diameter clusters that are formed with PNIPAM-SH, when 50 mM of NaCl is
added, have plasmon shifts of 42 nm. Whereas, smaller 460 nm clusters formed with
PNIPAM-NH; show much larger plasmon shifts of ~ 105 nm. Furthermore, for the
PNIPAM-SH without NaCl, 150 nm clusters are formed, yet the observed plasmon
shift is negligible at ~ 4 nm. These observations can be attributed to differences in

the proximity and number gold nanoparticles within the clusters.

The unintuitive results obtained here are explained with a cluster formation model
where the ANTs can form distinct cluster configurations depending on the electric
potential (¢) of the gold nanoparticles within the clusters. Initially, the particles are
assumed to be uniformly distributed within the clusters, but retain mobility such that

they can migrate to reduce their interparticle distance, as illustrated in Figure 4.1.

!The DLS data for this table was acquired by Dr. Tao Ding, Department of Physics, University
of Cambridge
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Fig. 4.1 Schematic of the ANT cluster formation. When heated above T, the ANTs
aggregate with excess PNIPAM forming clusters with a roughly uniform distribution
of ANT particles. These particles can subsequently migrate closer together within the
cluster to set distance depending on the electric potential between the particles (¢xp).
This assembly is reversibly controlled by cycling the temperature of the solution below
and above T, = 32°C.

The initial mean separation of the ANTs in the cold state (dxp) can be approximated
by the Wigner-Seitz radius, where dxp ~ (3/ (47TNNP))% = 460 nm and Nyp is the
particle number density. Similarly, the mean separation of the polymer strands in
solution can be estimated, giving ~ 30 nm for 0.11 g L~! PNIPAM-NH,. Because
the hydrodynamic radius of the polymers is also much smaller than that of the gold
nanoparticles (for 5.5 kDa PNIPAM this is ~ 1.4 nm), the PNIPAM chains are able
to diffuse much faster [85]. Hence, it is expected that PNIPAM clusters form before
encountering ANTs in solution. This process spaces the ANTs within the clusters.
Therefore, in this mechanistic model, the PNIPAM tethers the ANTs together, but
they remain mobile within the cluster to reach a final proximity set by the electric
potential repulsion between them. This proposed model can explain the discrepancies

between the optical properties and sizes of the clusters.

4.2 Modelling ANT Clusters

Before further analysing the experimental results, a mathematical model is developed
to describe the effects of cluster size and gold particle separation on the plasmon
resonance. The model predicts plasmon shifts for clusters with respect to the gap
size between the particles at given cluster sizes. The model is based on transition

matrix (T-matrix) simulations of gold colloids inside a spherical PNTPAM matrix.



48 Formation of ANT Clusters

Extrapolation is required for the largest aggregate sizes due to the heavy computational

resources required for these simulations.

4.2.1 Multisphere T-matrix Simulations

Mackowski’s Multiple Sphere T-matrix (MSTM, v3.0) code (available open source) is
used to compute the extinction cross-sections of the ANT clusters [13]. The T-matrix
simulations are performed for varying interparticle distances and aggregate sizes. The
arrangements of particles in the clusters are generated quasi-randomly using a step-wise
addition growth method (Figure 4.2). Beginning from a randomly orientated dimer,
individual 16 nm spherical gold particles are randomly adhered to the surface of the
growing cluster with a fixed interparticle distance, d. The incident particles are allowed
to relax to the nearest surface dimer while maintaining a constant interparticle distance.
The clusters are grown using this method until a specified total diameter, D, is reached.
The relaxation step mitigates the rapid formation of fractal chains, which are not

observed experimentally.
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Fig. 4.2 Instances of randomly generated 16 nm gold particle clusters with set nearest-
neighbour interparticle separations, d, and cluster diameters, D. Each particle has a
coordination number greater than or equal to 2 within the clusters.
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The T-matrix simulations are performed on the clusters after they are enveloped
in a spherical PNIPAM medium (n = 1.42 [67]) with an external aqueous medium
(n = 1.33) (Figure 4.3). The dielectric function of the gold is interpolated from Johnson
and Christy [8].
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Fig. 4.3 Simulated extinction spectra of ANT clusters with 16 nm particles from T-
matrix calculations with cluster diameter, D, and particle separation, d. a) Extinction
spectra, and b) plasmon resonance response to changing cluster diameter for 1 nm
gaps between the nearest particles. ¢) Extinction spectra, and d) plasmon resonance
for different particle separations inside an aggregate with a 200 nm diameter. The
shaded areas correspond to the standard deviation from many (> 50) quasi-randomly
generated aggregates and the solid line is the mean extinction.

Fixing the interparticle spacing to 1 nm and increasing the size of the ANT cluster
results in a redshift of the extinction peak (Figure 4.3a). This approximately linear
response (Figure 4.3b) is similar to redshifts observed for one-dimensional plasmonic

particle chains with increasing length [86]. It is also shown that decreasing the
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interparticle distance in the cluster induces a significant redshift (Figure 4.3¢ and
4.3d). The plasmon shifts for larger (> 200 nm) clusters, as measured by DLS in
Table 4.1, must be extrapolated due to the excessive computational resources required

to calculate the extinction cross-sections (> 600 particles are used here already).

4.2.2 Extrapolated Cluster Model

The aim of the extrapolated model is to generate an analytical expression for the
plasmon shift that takes into account the effects of interparticle separation and the
overall cluster size. The strategy begins with an analytical expression for estimating
the plasmon shifts, A\, from dimers based on the gap size, d. The expression is then
modified with a model for one-dimensional particle chains with increasing length to

approximate the effect of growing larger clusters with diameter, D.

Benz et al. derived the analytical expression for the plasmon resonance wavelength
of dimers, A4, which is [87]

A = AV 26m + E0o + dEm, (4.1)

where A, is the plasma frequency, €,, is the permittivity of the medium, e, is the
high frequency limit of the permittivity, and n = C,/Cs = n§'5 x In {1 + %} is the
ratio of the gap capacitance and the capacitance due to the fringing field between
the particles. The gap refractive index is n,, R is the radius of the particles, and a
is a fitted parameter related to the area of interaction between the dimer particles.
This expression is derived from a capacitance model where the coupling between
plasmonic particles is mediated by a gap capacitance, C,, which redshifts the resonance
frequency of the single particles and provides a good prediction for the plasmon shift
of dimers. The plasmon shift is the difference between the dimer resonance, A4, and
the single nanoparticle resonance, Ayp, where Ayp ~ )\pm from the Drude

model. Therefore, substituting in Equation 4.1 gives

26m + €oo

4
AN = A — Ap = Av2em T N1 + (gm> 25 x In {1 + acﬂ - 1) (42)
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This is the basis for expressing the plasmon shift as a function of the fitted

parameters a, b, and ¢ in the form

szb{\/1+c1n[1+cf]—1}, (4.3)

where ¢ is constrained to ¢ = nZ2® X 4ep/(26p + €50) = 0.43, and aR=1.48 nm.

The parameter b is selected to contain the right dependence on cluster size in the

form AN o< (N — 1)? where 3 is fitted to the T-matrix simulation results giving
AN o (N —1)%% and N = . The final fitted expression for the extrapolated plasmon
resonance shift, A\, of clusters of 16 nm particles with respect to cluster size, D, and

gap size, d, is

AX[nm] = 175[nm] x (ﬁ - 1)0'55 {\/1 +0.431n [1 + 1;18] - 1} . (4.4)

The extrapolated model is presented in Figure 4.4 along with the T-matrix sim-
ulation results, demonstrating good agreement. The T-matrix calculations and the
extrapolated model allow for the correlation of the cluster size, interparticle spacing,

and the plasmon shifts reported in Table 4.1.
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Fig. 4.4 Extrapolated model for ANT clusters in water with 16 nm particles. The
circles mark the plasmon shifts from the T-matrix calculations with a fixed particle
separation of 1 nm, while the squares mark the plasmon shifts for 200 nm diameter
clusters with particle separations of 1, 3, 5, 10 and 20 nm.
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4.3 Effects on ANT Cluster Formation

In this section, further experimental results are presented that support the proposed
ANT cluster formation mechanism. The effects of PNIPAM termination, ionic strength,
and excess PNIPAM suggest that electrostatic interactions play a key role in the size

and plasmon shift of clusters.

4.3.1 Effects of PNIPAM Termination

It is not intuitive that the end-group of a macromolecule (N = 49 repeat units)
would drastically change the properties of the molecule. To examine the effect of the
termination group, the temperature response of the ANT clusters with PNIPAM-NH,
and PNIPAM-SH are compared in Figure 4.5. The ANTs prepared with PNIPAM-NH,
have very different characteristics to the ANTs coated with PNIPAM-SH in response
to temperature cycling. They have a greater plasmon shift when heated, as well as a
lower zetapotential, and a larger cluster diameter. The larger shift is attributed to a

combination of smaller gaps in the cluster and the formation of a larger cluster overall.

At temperatures below T, both types of ANTs look similar with swollen shells of
~ 20 nm, giving a total diameter of ~ 60 nm. When heated, ANTs prepared with
PNIPAM-NH, form much larger aggregates than those prepared with the thiolated
PNIPAM, as seen in Figure 4.5d. In the aggregated state, it is expected that the
particles have similar separations due to their similar initial shell thicknesses. However,
using the extrapolated plasmon shift model with D = 440 nm and A\ = 30 nm
for the PNIPAM-NH,, and D = 150 nm for the PNIPAM-SH with AA = 4 nm for
PNIPAM-SH, it is found that the predicted gap sizes are d ~ 10 nm and d > 30 nm,
respectively. This implies that the termination has an effect on both the cluster sizes and
particle separations. This result can be explained by the contrasting interactions of the

positively charged amines and thiols with the surface charges of the gold nanoparticles.

The zetapotentials, ¢, of the ANT clusters highlight the stark difference between the
electric potentials of the particles in the clusters. It is a measure of the residual electric
potential at the hydrodynamic radius of the ANT particles and clusters from the gold
core surface charge. Initially the gold nanoparticles have -( = 30 + 7 mV, which is
greatly reduced to -¢ < 10 mV after grafting the PNIPAM shell. The reduction in - is

!The data for this figure was acquired by Dr. Vladimir Turek and the SEM images were provided
by Dr. Tao Ding, Department of Physics, University of Cambridge
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Fig. 4.5 Temperature response of ANT clusters formed with PNIPAM-NH, and
PNIPAM-SH. a) and b) Extinction spectra of 16 nm ANTs in the hot (7" = 40°C)
and cold states (7' = 25°C). ¢) Zetapotential and d) cluster size measurements during
temperature cycling. e) and f) SEM images of hot dried aggregates formed with
PNIPAM-NH, and PNIPAM-SH. No extra salt is added to the solutions.!
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caused the displacement of citrate molecules, the screening of the citrate charge (in the
case of the positively charged PNIPAM-NH,), and the increase in hydrodynamic radius
which sets the slipping plane further from the charged gold surface. The remaining
negative potentials are from trapped citrate molecules and ions bound to the gold
surfaces or trapped within the PNIPAM shell.

The charge plays a role in the both assembling larger aggregates and reducing the
particle separation in clusters. It is not fully understood how the termination group
affects the size of ANT clusters, but it could be linked to the increase in zetapotential
in the hot state (Figure 4.5¢). The collapse of the PNIPAM shell surrounding the
ANTs increases the zetapotentials by reducing the hydrodynamic radius and expelling
screening ions from the polymer shell. During growth, it is possible that the clusters
accumulate charge, which eventually limits their size due to charge repulsion effects.
In this case, the positively charged PNIPAM-NH; is expected to better screen the
negatively charged gold surface, hence allow for large clusters to form. The scanning
electron microscopy (SEM) images confirm the large size difference measured by DLS
in Figures 4.5e and 4.5f.

4.3.2 Effects of Ionic Strength

The importance of electrostatics in the formation of ANT clusters is demonstrated
further by changing the ionic strength of the solution with the addition of known
concentrations of salts. Increasing the concentration of ions in the solution decreases
the Debye screening length as mobile ions diffuse to compensate surface charges. As
shown in Figure 4.6, adding 50 mM of NaCl drastically increases the plasmon redshift
of the clusters. Maji et al. [52] also demonstrate similar effects of salt concentration on
Au@PNIPAM core-shell particles. The effect of added NaCl on the extinction saturates

at a concentration near 50 mM, as shown in the inset.
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Fig. 4.6 UV-Vis extinction spectra of ANTs with different solution ionic strengths.
a) Extinction spectra of ANTs using different functionalised PNIPAM without and b)
with added 50 mM NaCl. The inset in the top-right of b) shows the plasmon shift, A\,
as a function of NaCl concentration for ANTs prepared with PNIPAM-SH.*

The magnitude of the redshift depends on the polymer termination, with PNIPAM-
NH; > PNIPAM-COOH > PNIPAM-SH ~ PNIPAM-H. The predicted particle sepa-
rations for all termination groups is greatly reduced with the increase in ionic strength.
In fact the separations decrease well below what is expected from the shell thickness.
The first layer of grafted chains extends a distance L = Nao'/? for a degree of poly-
merisation N with back-bone spacing a and typical close-packed surface density of
o ~ 0.3 [66]. Using the variations in molecular weight described in Table 3.1, the dif-
ferent lengths L are approximately 8.2 nm (PNIPAM-NH,), 7.4 nm (PNIPAM-COOH),
15 nm (PNIPAM-H), and 22 nm (PNIPAM-SH) for well solvated polymers, which is the
case when T' < T,. Similarly, L in a poor solvent (T' > T.), the typical swelling ratio
for the PNIPAM branches follows a = Ry(cold)/R(hot) &~ N%*7 which approximates
the swelling ratio of grafted layers o & Leoq/ Lot [88, 78]. Therefore, the expected
minimum spacing between the gold particles, 2L, are 5.8 nm (PNIPAM-NH,), 5.4 nm
(PNIPAM-COOH), 9.0 nm (PNIPAM-H), and 12 nm (PNIPAM-SH). Agreeably, these
values are smaller than the predicted spacings in Table 4.1 without added salt, but they
do not agree when 50 mM NaCl is added. For instance, in the case of PNIPAM-NH,
the predicted gap size is 2.5 nm, which is far lower than estimate from the branch

lengths 2L = 5.8 nm. To explain this discrepancy, the ability for ANTs to diffuse

!The data for the inset in this figure was acquired by Dr. Vladimir Turek, Department of Physics,
University of Cambridge
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inside the clusters and displace the polymers from within the gaps are considered. The
result suggests that the particles can squeeze out polymer from within the gap if the
electrostatic repulsion between the gold surfaces is sufficiently small. Since the amine
group partially compensates for the negative citrate charge, it can screen the repulsion
between the particles and allow them to approach more closely (enhanced by their van

der Waals attraction).

Zhang et al. report that the temperature response of PNIPAM is affected by specific
ions according to the Hofmeister series [89]. However, as shown in Figure 4.7 the
counterion does not appear to play a significant role in this system. Regardless of the
sodium salt used, the extinction spectra and plasmon shifts remain consistent with
AM = 42 nm, as reported in Table 4.1 for NaCl.
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Fig. 4.7 Specific ion effects on ANT cluster formation. a) Extinction spectra of 16 nm
ANTs made with PNIPAM-SH. Various sodium salts are added at a concentration of
50 mM. b) Comparison of the extinction peak shift for the different salts.

The main contribution of NaCl in this system is to reduce the screening length, which
implies that the total redshift of the plasmon resonance is governed by electrostatics.
The reduction in net charge on the gold cores allows them to approach more closely,
while also allowing the cluster to grow larger to produce AX > 100 nm strongly

redshifted resonances even for such small plasmonic particles.
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4.3.3 Effects of Excess PNIPAM

The need for excess PNIPAM is still an outstanding question that must be discussed.
Even for the PNIPAM-NH, there seems to be an optimum concentration of 0.11 g L™!
for the plasmon redshift, as demonstrated in Figure 2.6. Jones et al. also reported that
the flocculation of Au@PNIPAM particles only occurs in the presence of free PNIPAM
(PNIPAM,,) strands in solution [48]. However, as presented in Figure 4.8, PNIPAM,,
is not required to achieve large plasmon shifts when the solution ionic strength is
sufficiently high.

In this case, excess PNIPAM is removed by repeated centrifugation. A negligible
optical response is observed for the ANTs without 50 mM NaCl nor excess PNIPAM.
When the excess PNIPAM is left in the solution, the extinction of the solution increases
with temperature. This effect is observed with and without added NaCl or even without
ANT particles, as the free PNIPAM aggregates above T, to form scattering colloids.
When the excess PNIPAM is removed and 50 mM of NaCl is added, strong plasmonic
shifts are observed with heating. This implies that excess PNIPAM is not required for
aggregation, which is helpful for applications where having excess PNIPAM in solution

is not feasible, such as in physiological conditions.

4.4 Conclusion

In summary, as reported in previous literature, the reversible aggregation of ANTs
is caused by the increase in hydrophobic and cohesive interactions of PNIPAM when
heated above the critical temperature. However, it is now clear that the internal
structure and size of the clusters depend greatly on the local charges of the particles
within the aggregates. High ionic strengths, and charged PNIPAM terminations help
screen the surface charges. This enables the particles to approach closer within the
clusters and increases the overall cluster size. These effects work in conjunction to
increase the plasmonic resonance shift of the clusters. This optical response is captured
in a proposed analytical model that is based on the size and separation of coupled
plasmonic chains. Although these findings rely on the observed plasmonic response of
the solution, they are also applicable much more generally to polymer-assisted colloidal

self-assembly.

!The data for this figure was acquired by Dr. Vladimir Turek, Department of Physics, University
of Cambridge
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Fig. 4.8 Effect of excess PNIPAM on the optical response of ANTs prepared with
PNIPAM-SH. a) Extinction spectra of ANTs without NaCl or free PNIPAM,, (re-
moved by repeated centrifugation), and b) with excess PNIPAM,, but no NaCl. c)
Extinction spectra with 50 mM NaCl, but without excess PNIPAM,, and d) with
excess PNIPAM,,.!



This chapter describes the mechanical characteristics of individual ANT particles using

a plasmonic geometry designed for the simultaneous probing and actuation of the
particles with light. The structure consists of a plasmonic particle positioned above
a metal film with a sufficiently small separation for plasmonic coupling. In general,
this system is called the Nanoparticle on Mirror (NPoM) structure, and here the term
ANT on Mirror (ANToM) is used to specifically describe NPoM structures made with
ANT particles.

First, the relevant theory for the key properties of the ANToM geometry are
described. Then, the collective reversible switching behaviour of the ANToM structures
is demonstrated when controlled with temperature, followed by the local light-induced
switching of individual ANToMs. The response of the ANToM structures is compared
to simulations to extract the changes in the PNIPAM shell thickness as well as the
characteristic forces and efficiencies of the actuation. Finally, the potential use of the
NPoM geometry for giving insight into the dynamics of other switchable polymeric
nano-shells is highlighted with electronically modulated polymers.

5.1 ANT on Mirror Structure

The NPoM geometry consists of a plasmonic nanoparticle, typically 40-100 nm in
diameter, deposited on a flat plasmonic substrates, where the spacing, d, between the
nanoparticle and the substrate is much smaller then the radius of the nanoparticle
(typically d < %) The close proximity of the nanoparticle and substrate creates a
plasmonic cavity that supports plasmonic coupled modes between the nanoparticle
and its induced image charge in the substrate [90, 91, 71].

A schematic of an ANToM structure with scanning electron microscopy (SEM),
dark-field spectroscopy, and dark-field (DF) microscopy characterisation are shown
in Figure 5.1. Unlike in previous chapters, 80 nm gold particles are used instead of

the 16 nm particles. Larger nanoparticles have greater scattering cross-sections, which
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enhances their brightness in DF microscopy. This facilitates the optical characterisation

of individual ANT particles.
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Fig. 5.1 ANToM sample characterisation. a) Schematic of an individual particle on an
ANToM sample. The ANToM samples are submerged in an aqueous solution of 50 mM
NaCl and sealed under a coverslip. b) Scanning electron microscopy (SEM) image of
an individual ANToM. c) Scattering intensity spectrum of a typical ANToM structure
at room temperature, and d) 100x DF microscope image of ANToM structures. The
two peaks in the scattering spectrum are associated with the transverse and coupled

plasmonic modes, as labelled.

Samples are prepared by sparsely drop-casting ANT suspensions on template-
stripped gold substrates. The suspension is quickly rinsed away with de-ionised (DI)
water and dried with a nitrogen gun. The preparation of ANT suspensions with
amine-terminated PNIPAM and the template-stripped gold are discussed in detail in

Section 3.1.

The ANToM structures are submersed in an aqueous solution with 50 mM NaCl

and protected with a microscope coverslip. SEM imaging is used to confirm that
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the structures consist of well distributed individual ANT particles with an average
spacing greater than 10 pm, such that NPoM structures are non-interacting and can be
individually addressed optically. The SEM technique does not resolve the thin PNIPAM
coatings on the ANT particles, but it reveals the faceted nature of the particles. There
are many geometries for gold nanoparticles which impact the plasmonic properties of
the NPoM structure as highlighted in the work published by Benz et al. [71].

Figure 5.1c and 5.1d show a typical dark-field spectrum and image of the ANToM
structures. The spectra contain two characteristic peaks near the wavelengths of
550 nm and 700 nm. The peak near 550 nm is associated with the transverse plasmon
resonance mode of the ANT particle and is observed regardless of the underlying
substrate, whereas the peak near 700 nm is ascribed to the lower energy coupled
mode between the ANT particle and the underlying gold substrate. The ANToM
structure can support many other higher-order modes, but these generally occur at
higher energies and have lower radiative efficiencies. Therefore, the ANToM scattering

spectra are dominated by the transverse mode and the coupled mode.

In comparison to the traverse mode, the coupled mode exhibits greater sensitivity
to its local structure and environment. Changes in particle type, size, shape, and the
refractive index of the surrounding medium, significantly affect the coupled mode. In
particular, the couple mode is extremely sensitive to changes in the refractive index
and size of the gap between the particle and the substrate [92-94, 59]. The size of the
gap is defined by the thickness of the PNIPAM shell. Since, the size of the PNIPAM
coating is not precisely controlled, there is significant variation in the coupled mode
position between ANToM structures and the effective colour of the particles observed

by microscopy.

The plasmonic properties of the NPoM structure are analogous to that of a nanopar-
ticle dimer for the half-space Z > 0, as shown in Figure 5.2. Both configurations exhibit
confined volumes with strong field enhancement when excited at particular frequencies

and polarisations. These local volumes of confined light are referred to as hotspots.
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Fig. 5.2 Comparison of the plasmonic coupling between NPoM and dimer structures.
a) and c¢), Schematics of the plasmonic structures. b) and d), FDTD simulated
near-field enhancement at resonance for the NPoM and dimer structures. The gold
nanoparticles are 80 nm in diameter and the gap is 3 nm for both structures. The
near-field enhancement was calculated at a wavelength of 730 nm for the NPoM and
700 nm for the dimer.

Although, dimer and NPoM structures share many similarities, there are some
key distinguishing features. The predominant advantage of NPoM structures is the
ease of fabricating the structures with single plasmonic cavities. A major drawback,
however, is the fixed orientation of the NPoM structure. The coupled antenna mode
oscillates along the normal of the film and hence, radiates orthogonally to the film’s

normal. This fixed orientation makes it more challenging to excite the coupled mode
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of NPoM geometry using conventional microscopy techniques. In comparison, the
dimer structures can be orientated horizontally to the collection and incident angles
for effective excitation of the coupled mode. Fortunately, due to the large difference
in dielectric permittivity between the plasmonic film and the surrounding medium of
nanoparticle, the far-field emission pattern of the coupled mode bends towards the

incident and collection areas, as shown in Figure 5.3.
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Fig. 5.3 Emission angles and collection of the dominant radiative plasmonic modes
of an ANToM structure submerged in water. a) Normalised angular emission power
calculated at 550 nm (green) and 730 nm (red), with horizontal and vertical dipole
orientations resonant with transverse mode and coupled modes, respectively. The
effective collection angle of the 100x DF objective used and a schematic of the ANToM
structure is overlaid. b) Angular emitted power of the coupled mode corrected for
transmission from water to air and total internal reflection (TIR) at emission angles
greater than the critical angle, > 6.. For collection using a 100x DF objective with
NA =0.8(i.e. 0. = 53°), integrating the emitted power below the maximum collection
angle gives an optimum collection efficiency of 7., = 18%.

The bending of the emission pattern is estimated by modelling the NPoM structure
as a radiating dipole at the interface of two continuous phases with different dielectric
constants (n; and ng, respectively) where n = ny/n;. W. Lukosz [95] derived these
emission patterns in terms of power, P, for arbitrarily oriented radiating electric dipoles

in the half-space Z > 0 for both s- and p-polarisations,

. . 2
cos® ay (n cos @ sin ay — sin @ cos ¢ cos ay)

P,(aq,az,¢,0) , (5.1)

3
o7 (n.cos a; + cos ay)’
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and ) ) )
3 cos” aq sin” fsin” ¢

Ps(a17a27¢79) (52)

T or (cos ay + ncosas)?’
where 6 is the dipole orientation, ¢ is the azimuth angle, o is the angle between the
normal of the interface and the propagation direction vector of the radiation, and as
is the transmitted angle into the second medium defined by n sin as = sin ;. These
equations are valid for 0 < a7 < o) forn >1and 0 < oy < oy, for n < 1, where
a1, = asin(n) is the critical angle. Therefore, for the case of a radiating dipole at
the interface of water and gold n < 1, and for the angles a; . < a; < 7 the radiation

patterns are
P,(0q,¢,0) = [cos2 0 sin® o +n~*sin? 6 cos? p(sin® oy — nz)} gp(ar), (5.3)
and
Py(o1,¢,0) = [sin?Osin® | go(as), (5.4)

where g,(a;) = 2 (1—n2) "' cos? a; and gy(a1) = n? [(1 +n~2)sin® a; — 1] gy(ar) [95].
Since the ideal NPoM structure is azimuthally symmetric, the angle ¢ = 0 is set and
the radiated s-polarisation reduces to zero for all projection angles, «a;, and dipole

orientations, #. Now the emission pattern can be re-written as

. . 2
3 cos? ay (ncosfsin oy — sin 0 cos ay)

2 (ncos ay + cos )2 ’ fsam <o
P(Oél,OQ,Q) = 1 2

[cos*Osin*a; +n~tsin®0(sina; — n?)]gy(a), aie < ag < g
(5.5)

From equation 5.5, the emission patterns are plotted for the traverse mode with
a horizontal dipole (6, = 0°) and the coupled mode with a vertical dipole (¢ =
90°). Note that the refractive index of water is relatively constant in the visible
regime, near n,.; = 1.33, while the different gold refractive indexes at the appropriate
resonance wavelengths for each mode must be taken into account. From the polar plot
in Figure 5.3a, it is observed that the traverse mode is emitted diffusely in the vertical
direction, while the coupled mode emits at higher angles with maximum intensity near
62°.

Although the model holds well for an ideal NPoM structure, it does not account
for the effects of surface roughness and particle faceting. These break the azimuthal
symmetry of the NPoM structure and may broaden the emission angles. Currently,

there are no theoretical models directly relating nanoparticle facet properties to their
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NPoM emission angles. However, the model can be used to estimate the maximum
collection efficiency of the ANToM structures. Using real parameters from the DF
microscopy setup as described in Section 3.3.3, the maximum collection angle for a
100x DF objective with NA = 0.8 is 0., = 53°. It is also important to consider
that the light is emitted into an aqueous solution and collected in air. Therefore, the
emitted angles are further shifted to higher angles, as the light is transmitted from the
aqueous phase, through the coverslip, and into air before collection. Using Snell’s law,
nysinf; = nysinbsy, the highest emission angle that is collected is 6%, = 34°. This gives
a maximum collection efficiency of 7., = 18% from integrating the emitted intensity
within the collection area. Although, most of the emitted light from the coupled mode
is lost, it remains easier to optically resolve the coupled mode than the traverse mode
due to the large field enhancement in the NPoM hotspot.

5.2 Numerical Modelling of ANToM

The ANToM geometry is used to measure the actuation stroke length and speed of
individual nanoparticles, which relate to the force and efficiency of these nano-actuators.
However, these measurements are only possible by correlating the change in thickness
of the PNIPAM shell with the plasmonic response of the ANToM structure. Here, the
change in thickness of the PNIPAM is expressed as a changing gap spacing between

the gold nanoparticle core and the gold substrate.

The scattering cross-sections of ANToM structures with different gap sizes are
simulated with a finite-difference time-domain (FDTD) model using Lumerical solutions,
as shown in Figure 5.4. The calculations are performed with an 80 nm gold nanoparticle
on a 100 nm thick gold film with gap spacings varying from 1 to 20 nm. The particles
are surrounded by a 20 nm PNIPAM cladding. The dielectric function of gold is
interpolated from Johnson and Christy [8], while the PNIPAM refractive index is set
to n = 1.34 for the cold state and n = 1.42 for the hot state [67]. The calculations
use a broadband plane-wave source incident parallel to the gold film and polarised
normal to the film. This orientation of the incident light efficiently excites the coupled

plasmonic resonance of the ANToM structure.
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Fig. 5.4 Simulated scattering from FDTD simulations of ANToM for different gap
sizes. a) and b) Scattering spectra maps of ANToM structures with PNIPAM claddings
of varying thickness with 7' < T, (n=1.34) and T' > T.. (n=1.42). c) Scattering spectra
of an ANToM structure with a fixed 3 nm gap at 25°C and 40°C. d) Plasmon resonance
wavelength of ANToM coupled mode with different gap sizes at 25°C and 40°C.

The FDTD modelling shows the sensitive plasmonic response of the ANToM
structure with gap sizes below 20 nm. While the change in PNIPAM refractive index is
shown to only have a minor effect on the coupled plasmons, giving redshifts of less than
15 nm, as shown in Figure 5.4c [90]. The combination of these contributing factors
to the plasmon shift is summarised in Figure 5.4d. The correlation of gap sizes and
plasmonic resonances effectively creates a nano-ruler that estimates the gap sizes of
ANToM structures from their optical signatures.

These calculations assume that the gold particle and PNIPAM shell are spherical
and the gold mirror is perfectly flat. In reality, the faceting of ANT particle gold
cores and variance of the PNIPAM shells between ANT particles is uncertain. Due to
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the lack of available theory and experimental means to characterise and correlate the
exact geometries of the ANToM structure, measurements are compared to this ideal
model. However, the effects of nanoparticle faceting on the plasmonic coupled-mode
resonance can be examined using the FDTD simulations. Here, the facet at the base
of the gold particle is modelled by cutting the bottom of the spherical particle to
make a circular facet. As presented in Figure 5.5, increasing the amount cut off from
the sphere base increases the facet width, w. The FDTD simulations show that the
resonance wavelength redshifts from 740 to 785 nm as the bottom facet grows until a
critical size, where the resonance begins to blueshift. The blueshift is attributed to the

decrease in the overall size of the NPoM antenna structure.
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Fig. 5.5 FDTD-simulated scattering spectra as a function of nanoparticle facet size.
The diameter of the spherical particle is fixed at 80 nm while the base of the sphere
is cropped to generate a circular facet at the bottom of the nanoparticle. The gap
between the nanoparticle and the mirror is set to 3 nm. The dashed line marks the
coupled plasmon resonance.

In previous work with the NPoM geometry using self-assembled monolayers to form
well-defined gaps between 80 nm gold nanoparticles and a gold mirror, it has been
predicted that the bottom facet width generally ranges from 20 to 40 nm [71]. This
facet size does not scale linearly with the size of the particle, since different crystal
structures are more prominent for different sizes. Although, it is evident that the
faceting of the nanoparticle plays a role in the peak position of the coupled mode,
currently there are no simple methods to determine the facet properties and orientation
of the ANT particles as they deposit on the surface. Therefore, ANT particle gold

cores are assumed to be spherical.
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Fig. 5.6 Thermally-induced switching of the coupled plasmon resonances in ANToM
structures. a) Schematic switching and dark-field images (3 x 3 pm) at 25°C and 40°C.
b) Scattering spectra of ANToM at 25°C and 40°C. c) Scattering spectra map over
time with reversible switching of coupled plasmons with several temperature cycles.
d) Plasmon resonance wavelength response to stepwise heating and cooling with a 1
minute equilibration time for each step. The dashed line is a polynomial fit for the
coupled mode resonance and the vertical dotted line marks the critical temperature 7.

5.3 Heat-induced Switching

The ANToM structures actuate individually with focused light or collectively with
bulk heating. Heating the entire sample from 25°C to 40°C switches the dark field
image of a typical ANT from red to green or green to red depending of the thickness of
the PNIPAM, as shown in Figure 5.6. The coupled plasmon resonance of the ANToM
redshifts from 590 to 645 nm, demonstrating that the thermoresponsive actuation of
PNIPAM indeed changes the gap size.

Using the FDTD simulation results in Figure 5.4d, the gap size is estimated from

the coupled mode peak position. It is found that the gap size, d, decreases from
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dy =21 &£ 2nm tods = 12 = 1 nm upon heating above T,.. Cooling down the sample to
25°C causes the coupled plasmon resonance to switch back to its initial state. This can
be reproduced for many cycles as shown in the scattering spectra map in Figure 5.6c.
This indicates that the PNIPAM shell can re-swell inside the plasmonic cavity, resulting
in good reversibility for this system. In addition, it is demonstrated that the high
sensitivity of the plasmonic resonance to the gap size provides an effective measure for
the thickness of ANT particle shells.

Interestingly, the step-wise heating and cooling of the sample between 25°C and
40°C shows slow redshifting of the coupled mode with temperature in Figure 5.6d.
Usually PNIPAM systems show sharp transitions over ~ 2°C around the critical
temperature, T,. This may suggest that PNIPAM confined in the NPoM gap behaves
differently than in bulk systems. The surface confinement of the PNIPAM and

considerable van der Waals pressure in the gap may be responsible for such effects.

5.4 Light-induced Switching

Alternatively to heating samples, individual ANToMs can be locally switched using a
focused irradiation. This is achieved with a 447 nm pump laser, which is easily spectrally
filtered from the coupled-mode resonance and excites the interband transitions of the
gold nanoparticle cores for efficient heating. Faster switching rates are achieved using
light, because the temperature changes occur over much smaller volumes. The switching

of an ANToM structure is demonstrated in Figure 5.7.

The coupled plasmon resonance reversibly shifts between 655 and 710 nm as the
laser is modulated on and off. The change in plasmon resonance is indicative of
changes in the cavity size. In this case, the size oscillates between d; = 7 & 1 nm
and dy = 4 £ 1 nm, when the pump laser is off and on, respectively. The difference
in plasmon wavelengths of the ANToM structures in Figure 5.6 and 5.7 is caused
by differences between the individual structures, such as the shell thickness, and the

nanoparticle size and faceting [71].

Similar to the case with bulk heating, the actuation driven by light-induced heating
is reversible. The dynamics of switching in Figure 5.7c reveals both fast and slower
effects. The slow effect is likely caused by the accumulation of residual PNIPAM in
solution onto the ANToM structure. The effect of laser power in Figure 5.7d shows

that there is a minimum power to sufficiently heat the ANToM structures. However,
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Fig. 5.7 Light-induced oscillation of an individual ANToM structure biased at 29°C.
a) Schematic of switching for a laser-irradiated ANToM structure, insets show cor-
responding dark-field images (3 x 3 pm) in the hot and cold states. b) Scattering
spectra with laser irradiation on and off. ¢) Scattering spectra over time with 3 on/off
irradiation cycles. d) Scattering spectra with increasing irradiation powers.



5.4 Light-induced Switching 71

there is also a high power limit since the laser can damage or restructure the polymer
coating [96-98]. This is discussed in greater detail in Section 5.4.1.

The ANToM switching is much faster than typical PNIPAM systems, which mostly
transition with timescales on the order of seconds to minutes [99, 100]. The speed is
measured by modulating the CW pump laser at a set frequency, while recording changes
in the plasmon resonance, as shown in Figure 5.8. The pump modulation frequency
is limited to 90 Hz by the detector exposure time, because at higher frequencies
the amount of scattered light from the ANToM structure is reduced. However, the
sub-millisecond half-cycles observed are already much faster than current molecular
machines, and it is understood that the actuation of PNIPAM can be extremely fast
for nanoscale volumes [101]. Murphy et al. reported PNIPAM re-swelling times < 100
ns for 13 nm gold nanoparticles coated with 85 nm PNIPAM shells in response to 10
ns light pulses [60].
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Fig. 5.8 High-speed ANToM oscillation with a laser modulated with a drive voltage.
The dark-field scattering intensity is spectrally integrated over 550 nm < A < 650 nm.

The fast response of the ANToM structure is mainly due to local laser-induced
heating and rapid cooling inside the sub-20 nm gap volumes, which allows water to
rapidly swell the PNIPAM [102]. The heated volume can be approximated by the area
heated by the irradiation of a gold nanoparticle. The thermal diffusion length, {;, of

water that is significantly heated around the particle is given by



72 ANT on Mirror

lg=\/TDp, (5.6)

where D,, is the thermal diffusion coefficient D,, = g—m, C,, is the heat capacity

(per unit volume) of water, and A,, its thermal conductivity. The characteristic cooling
time, 7, of the particle is
R?*C%p
T = ,
9C A

given the heat capacity of the nanoparticle, Cxp [19]. This gives a cooling time of 7 ~

(5.7)

430 ps for 80 nm gold particles and a thermal diffusion length in the water of [; ~ 8 nm.
For the ANToM structure, the gold substrate can improve this cooling rate as the heat
is more rapidly dissipated inside the gold substrate than in water. However, in the cold
state, ANT particles with thicker coatings are essentially thermally decoupled from
the substrate since {; < d. Other effects such as thermofluidic forces and nanoscale
convection are not accounted for here as they are not well studied in such nanoscale

geometries.

5.4.1 Light-induced Damage

Although, light-induced switching is observed, the ANToM system is less robust when
switched with light in comparison to bulk heating. The power needed to heat the
constructs is on the same order as the irreversible damage threshold. The response of
the ANToM structures under continuous irradiation over time is shown in Figure 5.9.
Consistent spectral drifts are observed for three similar ANToM structures with
irradiation powers of 2.5 mW, 5.0 mW, and 7.5 mW. This drift is likely caused by
the deformation of the gold cores. This effect has been reported before at the similar
irradiation powers with 80 nm gold particles deposited on various 2D materials and
SAM layers by Mertens et al. [96].
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Fig. 5.9 Scattered spectra map over time of three ANToM structures under continuous
447 nm irradiation at 2.5 mW, 5.0 mW, and 7.5 mW. The laser is focused to a 2 pm
spot. The inset schematic depicts the growing facet at the bottom of the nanoparticle
due to light-induced damage.

A significant, slow redshift is observed in the coupled mode over time while under
irradiation. The rate of irreversible redshifting is accelerated with increasing power.
Further irradiation and higher powers can generate new modes or completely extinguish
the scattered signal in the visible range [96]. The threshold power as well as the extent
and rate of shifting varies between individual particles. It is predicted that there is a
correlation between the combination of gap size and facet properties of the particles,

and their threshold power for damage.

Damage to the PNIPAM shell could also explain the irreversible change in response
to light. Aibara et al. [103] reported the irreversible transition of the PNIPAM shell
for 100 nm Au@PNIPAM particles with irradiation power (3.5 mW pm=2, A= 488 nm),
which is similar to the damage threshold observed in the case of ANToMs. The cause
of this irreversible switch is unknown, but it is suggested that thermally-induced flows
could displace the shell strands within the gap or vitrification of the shell could occur.
Interestingly, this irreversible change is not observed for ANTs dispersed in solution

when they are irradiated under the same conditions.
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5.5 ANT Force and Efficiency

An estimate for the forces generated from the fast expansion of the ANTs is found by
considering the state just after the PNIPAM cools below T,.. At this moment, the ¢t =
21 nm thick PNIPAM layer is elastically squeezed down to d = 12 nm with maximum
strain e = (¢t — d)/t = 40% which exerts a strong vertical force (Figure 5.6). This
resulting force is estimated as F' = Y,qqv/R(t — d)*® [49, 104], where Y,y = 1.8 MPa is
the Young’s modulus of PNIPAM in the cold state [99]. For a 80 nm diameter particle
with a 21 nm PNIPAM coating, the forces during the oscillation are ~ 0.3 nN, directed
away from the substrate. Forces on this order of magnitude are required to overcome
the van der Waals attraction between the gold nanoparticle and the substrate. For
the small gaps and large nanoparticles, the van der Waals attraction force, Fy 4, for
a spherical particle of radius R is approximated by Fygw = ’6%]; [105], where Ay is
Hamaker constant (Ay = 2.5 eV) and d is the gap size [106, 107]. For the ANToM
structure in Figure 5.7, the gap size is d = 4 nm. This gives an attractive force of
Fyaw ~ 0.2 nN, which is overcome by the shell expansion.

In addition to the force calculations, the work done and energy efficiency of the
w

Q
where the work done, W, is expressed as W =~ %F (t — d) =~ 2 aJ. The thermal input,

@, to heat the l; = 8 nm thick shell of water around the ANT above the transition
temperature by 67 = 2°C is Q ~ 47 R?1;C0T = 1 {J. Therefore, the efficiency of this

nano-oscillator is on the order of 7 = 0.1%. These force and efficiency estimates for

nano-oscillating system can be estimated. The efficiency is defined as nn = 100% x

the ANTs are already impressive without optimisation. They demonstrate that the
particles could be used to separate nano-objects that would normally be fixed together

due to strong van der Waals or ionic interactions.

5.6 Dynamics of Polymer Nano-shells

The ability to optically characterise the behaviour of stimuli-responsive nano-coatings
with the NPoM geometry can be used to study the dynamics of other polymers. For
instance, the switching of electrically-modulated polymers is observed, which could be
applied in plasmonic sensing devices and tunable colour displays [108, 109]. The tunable
plasmon resonance of NPoM structures is demonstrated with the electrochemical and
electrical switching by replacing the PNIPAM shell of ANTs with polyaniline (PANI)
and polystyrenesulphonate (PSS) (Figure 5.10).
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Fig. 5.10 Dynamic NPoMs with different stimuli-responsive polymer nano-shells. a)
Polyaniline (PANI) chemical structure change with an electrochemical redox reaction.
b) Polystyrenesulphonate (PSS) chemical structure with and without sodium ion associ-
ation. ¢) Switching of the NPoM with a 20 nm thick PANI coating via electrochemical
cell biasing.! d) Switching of a NPoM structure prepared with a thin PSS shell around
the nanoparticle. The shell is switched with an applied bias, V, on the gold mirror.

Large changes in refractive index for the PANI coated NPoM structure in response
to electrochemical potential reversibly tune the plasmon modes, as demonstrated by
Peng et al. (Figure 5.10c) [110]. Similarly, electrically biasing the gold substrate tunes
the coupled plasmon mode of polyelectrolyte-coated NPoM structures. In this case, the
large plasmon shifts are observed due to the swelling and de-swelling of the PSS shell
by moving the counter ions in the bulk solution with the applied electric field [111].
Further work on integrating active polymers with the NPoM geometry could lead to

the discovery of more efficient nano-actuating systems.

!The data for the PANI NPoM scattered intensity plot was acquired by Jialong Peng and Dr.
Hyeon-Ho Jeong, Department of Physics, University of Cambridge
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5.7 Conclusion and Outlook

In conclusion, the temperature and light-induced response of individual ANTs are
revealed using the Nanoparticle on Mirror plasmonic structure. The measured dark-
field scattering spectra of 80 nm ANTs are compared to FDTD calculations to precisely
measure the gap size between the particle and the mirror. This gap is set by the
PNIPAM shell thickness that can expand and contract with cycling temperature. The
change in gap size is monitored in real-time with the coupled mode of the NPoM
structure. The stroke lengths of the individual particles are found to be ~ 8 nm, with
sub-ms switching times. The force of expansion of the PNIPAM shell is observed
to be > 0.3 nN giving an actuating efficiency of ~ 0.1%. This demonstrates that
ANTs can overcome the strong van der Waals forces at nm separations and thus,
they are promising candidates for powering nanomachines. Lastly, the ability of the
NPoM system to track the dynamics of colloid shells demonstrates a useful method for
studying other active polymer chain dynamics, which could lead to the development of

more efficient nano-actuators.
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This chapter presents the dynamic properties of dense ANT thin-films. These plasmonic
films exhibit unusual optical behaviours arising from a combination of the macroscale
effective medium response and microscopic interactions of the gold nanoparticles. They
are observed to undergo a reversible metal-insulator transition and a semi-fluid to
semi-solid transition by direct- and light-induced heating. Furthermore, self-healing
properties and 2D gold microstructure printing are studied in this system. These films
can be used for different applications such as sensing, imaging optics, displays and

dynamic metamaterials or metasurfaces.

6.1 ANT Film Preparation

ANT particle films are prepared by drop-casting or spinning dense ANTs onto flat
substrates. The preparation of dense ANT solutions with amine-terminated PNIPAM
is described Section 3.1. The films are prepared with small 14 and 16 nm particles
because they are easier to synthesise in large quantities and empirically form films with
lower roughness. They consist of gold particles embedded in a non-crosslinked PNIPAM
medium where the voids between ANT particles are filled with excess PNIPAM.

Initially, dense ANTs are drop-cast and dried on a silicon wafer and examined with
reflection spectroscopy, as shown in Figure 6.1. Interestingly, the observed reflectivity

is very different compared to PNIPAM and the extinction spectra of the nanoparticles.

Dispersing highly absorbing colloids, such as ANTs, in a transparent dielectric
medium normally creates a highly absorbing medium, however here a reflective surface
emerges. In fact, the spectrum and high reflectivity (~ 0.2) more closely resemble a
mixture of the spectra from a PNIPAM film and that of a gold mirror. Based on the
structure of the film, this coloured reflection must arise from the interface between air
and a metamaterial formed of randomly dispersed plasmonic particles interacting on a

scale much smaller than the wavelength of visible light.
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Fig. 6.1 Dense 16 nm ANT particle film dried on a silicon substrate. a) Schematic of
ANT films on silicon with nanoparticles embedded in PNIPAM matrix. The inset is a
BF microscope image of the film. b) Reflection spectra of the ANT films compared to
gold and PNIPAM films as well as the extinction spectra of a 16 nm gold nanoparticle
suspension.

6.2 ANT Film Structure

The thickness and distribution of ANTs inside the films drastically affect the optical
properties of the films. In order to resolve the thickness and particle distribution, the
dried structure of the ANT films is characterised with electron microscopy (FEI Helios
NanoLab) and correlated optical microscope imaging in Figure 6.2. The film shown in
this figure was prepared with triple the amount PNIPAM to reduce the nanoparticle
volume fraction and improve film homogeneity. Focused ion beam (FIB) milling is
used to mill wedge structures in the films for cross-sectional electron imaging. Prior to
imaging, the films are coated with 200 nm of gold by e-beam evaporation, followed
by 80 nm of platinum by ion-beam-induced gas deposition. The gold layer serves to
reduce charging during imaging and the platinum improves the perpendicularity of the

milled cross-section.
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a)

300 nm

Fig. 6.2 Images of ANT films dried on silicon. a) Focused ion beam (FIB) cross-section
image of a 600 nm thick ANT film and b) BF image in reflection. For the FIB imaging
the films are coated with a 200 nm layer of gold by e-beam evaporation and 80 nm of
platinum by ion-beam-induced gas deposition to mitigate charging effects.

The FIB cross-section images reveal that the gold particles are randomly dispersed
in the film (Figure 6.2a). In addition, it is observed that reducing the film thickness
as well as the gold volume fraction allows incident light to pass through the film and
reflect back from the silicon substrate. Reflected light from the air-film and film-silicon
interfaces give rise to thin-film interference effects which form rings on the films in
Figure 6.2b. This optical behaviour implies that light can pass through the films even
though they are composed of highly absorbing particles. This property can be used to
optically probe the composition and thickness of the film using an effective medium

approximation.

6.3 Modelling Optical Properties

6.3.1 Effective Medium Approximation

Since the ANT particles and their separations are much smaller than the wavelength
of light, the impinging photons do not interact with the particles and continuous
PNIPAM medium discretely. The photons interact with an effective medium based the
local distribution of the gold nanoparticles. Under the assumption that the particles
are spatially uniform and isotropic on average, the films can be modelled with an

effective medium approximation [112, 113]. The optical constants of the constituents



80 Dynamic ANT Films

in a heterogeneous medium are essentially mixed to form effective parameters related
to the relative volume fractions, ®, as illustrated in Figure 6.3. This approximation
greatly simplifies calculations as the effects of individual interstitial particle interactions

are disregarded and only averaged interaction effects are considered.

Heterogeneous Homogeneous
Medium Approximation

Fig. 6.3 Schematic of the effective medium approximation of gold nanoparticles in a
dielectric matrix with high and low gold volume fraction, ® 4,.

Effective medium approximations have been extensively studied and there have
been many successful methods, such as Bruggeman, Maxwell-Garnett, Drude, and
Lorentz-Lorenz models [114-117]. Here it is found that the Maxwell-Garnett (MG)
approximation provides the best fit to observed results. This is not surprising as the
MG method is derived specifically for spherical interstitial colloids randomly distributed
in a continuous medium [112; 118]. In this approximation, the effective permittivity of
the film, e.g, is determined by the permittivity of the film matrix, €,,, the interstitial

particles, €;, and relative volume fraction, ®;, of the particles in the film,

25m +é&; + 2@1 (5i — 8m)

m . 6.1
c 2em e+ D (e —ei) (6.1)

Eeff =
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The effective permittivity relates to the effective refractive index with neg = |/€eqr.
The real and imaginary parts of the effective medium are shown in Figure 6.4, where
the complex refractive index defined as n = n — ik and ¢ = &’ + ie” for the the complex
permittivity. Although the MG model appropriately converges to the ¢, of PNIPAM
at 4, = 0 and g4, at Py, = 1, the maximum expected volume fraction ® for spherical

interstitial particles is ® 4, = 0.74 for crystalline close-packed spheres and ® 4, ~ 0.64
for random close-packed spheres [119].

a) b)
800 800
= g . 100 £ 200
£. 700- Dielectric £ 700
-.'C-: 50 -.'C- 150
(®)] (®)]
& 600- Metal 0 & 600 100
% 500 > % >
; -100 ; 0
. 00 02 04 06
c) d)

'g' 12 'g‘ 12
k= 10 = 10
< 8 £ 8
% 6 g 6
E 4 § 4

2 2
() ()
= 0 = 0

00 02 04 06 00 02 04 06
(-I)Au CDALL

Fig. 6.4 Effective medium approximation of optical constants for different gold volume
fractions, ®4,. a) Real and b) imaginary parts of the effective dielectric constant. c)
Real and d) imaginary parts of the effective refractive index.

The MG model predicts the optical constants for the ANT films with any nanopar-
ticle volume fraction. It shows a strong changes in optical properties with ® 4, as
expected. The real part of the dielectric constant &' notably changes from positive to
negative with increasing gold concentration for wavelengths above ~ 520 nm. This
marks the insulator-metal transition for the films, where they switch from behaving
like insulators that resist electric field flux to conductors that compensate changes

in electric field with de-localised electrons. In addition, the redshifting of both the
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dielectric constant and refractive index reflects the observed plasmonic shift when gold

nanoparticles are brought into close proximity.

6.3.2 Thin-film Interference

Now the reflected spectra from ANT films can be calculated using Fresnel coefficients
with the effective refractive index from the MG model. The calculations begin with the
generic form of the Fresnel equations for the interface between two mediums defined by
refractive indices n; and n;,q, where light is incident from the n; side with an angle 6,.

The reflection and transmission coefficients for both s- and p-polarisations are [120]

() _ Mit1co8; —mn;cosbiy

NC , 6.2
ST 008 0,40 + Ny cosB; (6.2)
7"(8) _ n; COS 02 — Nj41 COS 02‘4_1 . (63)
BT, cos €; + myyq cos 041
and
) 2n; cos 0; (6.4)
ST co8 0341 + Mg cos 6;
s 2n; cos b;
tz(,i)Jrl = (6.5)

n; cos 0; + nq cos by’
where the refracted angle, 6;,1, is correspondingly found from n; sin 6; = n;,1sin ;.
These coefficients define the light interactions at a single interface. The reflectance

2
and transmittance of the interface are expressed as R = (r(p’s)) and T®*) =

n;+2cosBiyo
n; cos 6;

and reflected from the interfaces can interfere. Constructive interference occurs when

2
(t(p’s)) , respectively. For the case of multiple interfaces, the light transmitted

the light reflected from different interfaces is in phase, whereas destructive interference
occurs when it is out of phase. The phase, ¢, evolves periodically as a function of the
optical path length, where ¢ = aniﬂd cos #;+1. The interference of light from multiple
interfaces results in effective Fresnel coefficients [121, 122]. For the case of a thin-film
with a refractive index of n; on a substrate with ny, the effective coefficients are

o e

T 4 @) (2s) 2]

(6.6)

0,1 T1,2
and (p,5) 1(p,s)
t b,s t p,s 672i¢)
((3}},]50) _ 0,1 %1,2 (67)
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From these equations, the effective reflectance and transmittance of the film are

expressed as

£\ 2
and p
. . 2
T — Nit2CO8Tir2 (4(ps))* 6.9
n; cos 0; (eff> (6.9)

Since the light transmitted through the ANT film, T, and into the silicon substrate
is quickly absorbed, it can be neglected. Whereas, the reflectance, R, determines the
colour of the films.

Combining both the MG effective medium approximation and the thin-film calcula-
tions provides accurate fits to the ANT thin-films, as shown in Figure 6.5. Spectral line
scans across the film show periodic microcavity modes from the interference of light
reflected from the top and bottom interfaces. In order to fit these interference modes,
the gold volume fraction must be known. It can be inferred by fitting the position of
the constant reflection band around 570 nm, where strong absorption and scattering
prevent thin-film interference effects. Both the position and width of the reflection

band depends on the gold fraction, giving ® 4, = 3.5%.
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Fig. 6.5 Fitting of the reflected spectra of dried ANT thin-films with an effective
medium approximation model. a) Measured ANT thin-film spectra line scan and b)
fitted effective medium approximation with a volume fraction ® 4, = 3.5% and varying
thickness, t.

The thickness of this ANT film sample is accurately fitted with this model as
the sample region varies in thickness with t ~ 1.0 £+ 0.5 pm determined by SEM.
Furthermore, the agreement of the MG model fit with the ANT films is very helpful
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for approximating the separation of the nanoparticles. The fitted particle volume
fraction, ®,4,, implies a mean spacing between the particle surfaces of < d >~
2R L( 6@2)1/3 — 1| = 28 nm. Therefore, the MG model allows for the determination
of the composition of ANT films based on their optical properties.

6.4 ANT Film Switching

6.4.1 Bulk Heating

The dynamic properties of ANT films are studied on porous aluminium oxide substrates
rather than silicon. As demonstrated in previous chapters, the ANT systems rely on an
aqueous environment for their dynamic temperature responses. Unfortunately, adding
water to the dried ANT films on silicon rapidly destroys the films by dissolution. This
problem could be mitigated by crosslinking the film, however this is challenging because
of the high interstitial particle density in the films. In addition, crosslinking reduces the
transition rate of PNIPAM [123, 124]. Hence, an alternative solution is used. The films
are deposited on aluminium oxide membranes with 20 nm pores. The properties of
these membranes are described in more detail in Section 3.2. They are water permeable
but remain impermeable to the nanoparticles allowing water to wick in and out of
the film when they are placed over a water reservoir, as shown in Figure 6.6. Unlike
samples deposited on silicon, thin-film interference is not observed for these films as

the underlying aluminium oxide membrane is rough and optically diffusive.

Below the critical temperature T, = 32°C, the films draw water through the
membrane and swell. Whereas, above T, the films expel the water back through the
membrane and de-swell due to the phase transition of the PNIPAM. This swelling
and de-swelling induces a strong optical response. The colour changes from green, in
the cold state, to bright-yellow when heated. This dynamic response is driven by the
change in the separation of the plasmonic particles in the film, and likewise, the gold

volume fraction.

Upon heating above T, the peak reflectivity redshifts from ~ 570 to 600 nm and
the reflectivity doubles as shown in Figure 6.6b. This transition is completely reversible
over > 1000 cycles with fast modulated light-induced heating. However, only 3 cycles
are shown in Figure 6.6c, where the temperature is controlled with a heating stage,

because the bulk heating and cooling are slow (&~ 20 minutes).
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Fig. 6.6 Temperature response of ANT Film on anodised aluminium (AlyO3) mem-
branes when heated to 40°C and cooled to 25°C, where is 7. = 32°C. a) Schematic
ANT films exchanging water between the film and the reservoir below with temperature.
Top-right insets highlight the changing spacing between the ANT particles adsorbed
to the surface of the film. Bottom-right insets display BF reflection microscopy images
of the film. b) Reflectance spectra of the films above and below T, along with the
reflectance of the fitted MG effective medium model. ¢) Plasmon resonance wavelength

over several temperature cycles.
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Similar to the films dried on silicon, the optical properties of the films on anodised
aluminium can be extracted by fitting the MG model and reflectance calculations at
the air-film interface. The peak positions and shapes agree well in Figure 6.6b, but
do not capture the tails of increased reflectance attributed to additional scattering
from the porous aluminium oxide membrane. The model implies that the volume
fraction of gold is significantly higher when the film is wet, although the peak reflected
intensity is smaller than expected from the model. This discrepancy is likely due to
diffusive scattering losses from the rough substrate. The inferred gold volume fractions
are ~ 35% for the swollen state and ~ 50% for the collapsed state, suggesting mean
particles separations of 4.5 nm and 2.2 nm. Accounting for these results suggests that a
very dense, nearly close-packed layer of ANTs accumulate at the air-film interface and
dominate the reflectance of the wetted films. This agrees well with previous studies
of core-shell gold nanoparticle monolayers assembled at liquid-liquid and liquid-air
interfaces [125-128].

The MG model allows for further analysis of the films optical properties as shown
in Figure 6.7. The complex refractive index, n = n + ik, and permittivity, ¢ = &’ 4+ ig”,
of the switchable films are extracted in the swollen (cold) and contracted (hot) states.
Both real and imaginary parts of the refractive index roughly double, with peak n > 6
in the hot collapsed state.

In addition, for the changes in volume fraction observed, a significant change in
the real part of the permittivity occurs at A = 600 nm. The permittivity switches
from positive to negative indicating a insulator-metal transition. This implies that at
this optical frequency the electrons on the surface of the film behave as if they are
de-localised across the close-packed ANT particles. However, it is noted that at the
high volume fractions in this top layer, the MG formalism is less reliable, but analytic
models are not yet available for such random organisation of interacting plasmonic

particles.

6.4.2 Light-induced Heating

The colour change in response to bulk heating is relatively slow due to the time
required to heat and passively cool the water reservoir below the film. The switching
speed is greatly improved with plasmonic heating since only small volumes change

temperature. Modulating irradiation at 447 nm causes the film to rapidly collapse and
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Fig. 6.7 Fitted refractive index and dielectric constants for the surface of hydrated
ANT films in response to temperature where 7. = 32°C. a) Real and b) imaginary
parts of the refractive index in the cold and hot states. ¢) Real and d) imaginary parts
of the effective dielectric constant in the cold and hot states.
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swell. Conceptually it acts as a light-driven water pump, expelling the water upon

heating above T, and absorbing the water again once it cools with the irradiation off.

The transition area of the film clearly depends on laser power, as shown in Figure 6.8.
Due to the large absorption cross-section of these dense nanoparticle films, low powers
can induce the film transition. Switching is observed at powers below 2x10* W c¢cm™2
(Figure 6.8a) when the film is biased at a temperature of 29°C. Also, as in the case
of bulk heating, the switching of the films is completely reversible (Figure 6.8b). As
the power is increased, the diameter of the transitioned area increases linearly for the
examined range P, < P < 2.5 mW, where the beam spot is 5 pm. The power threshold,
Py, depends on the initial biasing temperature, T};.s, as depicted in Figure 6.8c. The
transitioned area discretely marks the region where 7" > T.. The high contrast and
sharpness of transitioned region is a testament to the sharp transition of the ANT

particles.
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Fig. 6.8 Local heating of 14 nm ANT films with focused light at 447 nm. a) Images
of ANT films during a power sweep from 0 mW to 2.5 mW and b) laser cycling on and
off at 2.5 mW. ¢) The corresponding transitioned area diameters, where T' > T, for
given powers. The images are acquired through a 500 nm long-pass filter to remove
the saturating laser scatter. The pump laser is focused to a 5 pm spot.

In the centre of the irradiated region, asymmetric features appear. These features
are caused by the kinetics of the capillary-assisted assembly of the ANT particles in
the transitioned area. It is important to note that the hydrated ANT films (i.e. in
the cold state) are a semi-fluid and whereas in hot state the films are a semi-solid.
Initially, upon irradiation, the ANTs in the beam path rapidly expel the local water

and aggregate forming semi-solid arbitrary structures. Changes in the absorption
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cross-section and the thermal conductivity of these structures help dissipate heat into
the surrounding film. This effectively grows the transitioned area as ANTs near the
irradiation spot are heated above the T, and aggregate onto the initial asymmetric
semi-solid structure. The shape is affected by capillary and jamming effects between
the semi-fluid cold ANTs and the semi-solid heated ANTs. This process generates the

fingering instabilities at the centre of the irradiated spots, as observed in Figure 6.8.

Light-induced switching occurs locally near the beam spot without heating the
entire water reservoir below the sample. This greatly reduces the switching time
from minutes to milliseconds when compared to bulk heating. The switching speed is
characterised with video analysis from a high speed camera at 8000 fps, as shown in
Figure 6.9. Even at this speed, the initial switching speed during heating cannot be
resolved because the transition is too fast. However, the slower response of the growing
transitioned area around the irradiation spot is captured as well as the cooling rate

when the laser is switched off.
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Fig. 6.9 Switching time of ANT films with light-induced heating (A = 447 nm, 1 mW).
a) Change in the transitioned ANT film area size (7' > T.) over time when the laser is
switched on, and b) when the laser is switched off. The irradiation spot size is 5 pm.
The solid lines are exponential fits with rise and fall times 7, and 7}, respectively.

The initial switching time is less than the video frame rate, hence < 0.1 ms, but it
takes =~ 500 ms to reach the full size of the transitioned area. This is limited by the
thermal diffusion from the irradiated spot to the surrounding film. In addition, it is
found that the fall time observed in Figure 6.9b is ~ 24 ms. These switching times are
much faster than normally observed for thermoresponsive films. For example, Pong et
al. measured de-swelling times of ~ 3 h for 750 pm thick PNIPAM cross-linked films at
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40°C [129]. The fast response of the ANT films is attributed to the lower thickness of
the films (~ 1 pm) and the fact that the PNIPAM continuous phase is not cross-linked.

6.5 Self-healing Behaviour

The ANT films also have self healing properties. As briefly mentioned above, they
are semi-fluid at temperatures below T,.. This allows for the films to heal minor scuffs
when hydrated. This is demonstrated by scoring ANT films in the dried state with
a sharp blade and then placing the damaged samples on a water reservoir. As water
wicks through the membrane and hydrates the film, the viscous ANTs can flow over

surface scratches and restore the film, as shown in Figure 6.10.
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Fig. 6.10 Self-healing of ANT films. a) Schematic of film scratching with a scalpel
and restoration from temperature cycling. b) Microscope images of a 12 pm scratch
before and after wetting the film.

It is observed that scratches up to 12 pm can be healed. Larger scratches are more
challenging to restore with hydration through the membrane; however, they can be
removed by dissolving the ANT film on the substrate and drying the film. This process

effectively re-casts the film.

6.6 Printing by Sintering

Another interesting property of the dense ANT films is the ability to sinter the gold

nanoparticles with higher irradiation powers. Extensive research has been conducted
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on the sintering gold nanoparticles with electron beams and irradiation, because it has

the potential to 3D print electrical wires and plasmonic structures [130-133].

In the ANT films, it is shown that the particles can approach one another at
short enough distances for the excited gold atoms to diffuse and bridge adjacent
gold nanoparticles. This sintering occurs when the interband transitions of the gold
nanoparticles are excited with high power irradiation > 2.5x10° W cm™2 at \ =
447 nm. This property can be used to print fixed patterns on the ANT films by raster
scanning a focused beam, as demonstrated in Figure 6.11. The minimum printed

feature is limited by the diameter of the irradiation spot.

a) Laser
Sintering

447 nm 1 —-

Fig. 6.11 Laser-induced sintering of the ANT film with irradiation at 447 nm and
7.5 mW focused to a 5 pm spot. a) Schematic of the laser sintering process. b)
Dark-field (DF) and c) bright-field (BF) microscope images of the sintered Cambridge
coat of arms. The circular 5 pm pixels are sintered with 1 s irradiation times. The
scale bar is 50 pm.

Planar structures are easily printed by this sintering process, but in principle this
technique can produce 3D structures by sequentially casting more ANTs above the
printed layer and repeating the laser writing. Furthermore, it is observed that well-
interconnected sintered structures can be washed off the substrate for use as standalone

gold microstructures.

Although these properties are interesting, they are not specific to ANTs. Gold
nanoparticles, and other metal particles, passivated with short thiol-alkanes have
previously been shown to exhibit similar sintering behaviour [134]. However, sintering
of ANT films could potentially be used to directly pattern permanently conductive

areas for the design of dynamic metasurfaces.
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6.7 Conclusion

In summary, this chapter demonstrates the ability to tune the optical properties of
ANT films with the volume fraction of gold. These properties depend on the complex
quasi-random plasmonic interactions of the gold nanoparticles within the film, which
can be analytically approximated with the Maxwell-Garnett effective medium theory.
ANT films prepared on aluminium oxide membranes can reversibly change the spacing
between the interstitial gold nanoparticles from 4.5 nm to 2.2 nm with temperature.
This change greatly increases the reflectivity of the films and redshifts the plasmon
resonance, as the film undergoes an insulator-to-metal transition. Furthermore, light-
induced heating enables the sub-second switching of the film with an initial transition
within the irradiation spot that occurs in less than 0.1 ms. The films also show
self-healing capabilities due to the semi-fluid behaviour at temperatures below 32°C.
Finally, high laser powers are shown to sinter the particles, which enables the patterning
of conductive regions that are no longer thermoresponsive. These films demonstrate
many interesting behaviours and show high potential for realising fast light-controllable

metasurfaces.
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In this chapter, the behaviour of ANTs encapsulated in microdroplets is investigated.
The confinement of the particles within microscale volumes greatly changes their
temperature response as compared the flocculation of ANTs presented in Chapters 2
and 4. The results show interesting biomimetic behaviours where chromatophore-like

switching and droplet locomotion are observed.

In nature, motor proteins, such as myosin and kinesin, are used to drive the motion
of functional components within cells. For example, pigments and nanocrystals in
chromatophores are reversibly moved around the cells to give strong changes in colour
and transparency. This is used for active camouflage in many organisms, including
cuttlefish, zebrafish, and chameleons [135]. There is substantial interest in mimicking
such behaviour, particularly for applications in artificial active camouflage [136-139].
Similarly, there is a push towards developing biomimetic locomotion at the micro- and
nanoscale [140-142].

The ANT microdroplets display dynamic colour effects similar to chromatophores
in response to bulk temperature changes and local light induced switching. In addition,
optically driven locomotion is observed from several mechanisms depending on the
irradiation intensity. The droplets demonstrate how nanoscale changes can invoke

microscale behaviours, similar to the nanomachines found in nature.

7.1 Artificial Chromatophores

Dense solutions of 14 nm ANT particles are prepared as described in Section 3.1
with amine-terminated PNIPAM. The particles are encapsulated inside ~ 50 pm
diameter microdroplets using a PDMS flow-focusing microfluidic device!. The aqueous
ANT phase is formed into water-in-oil microdroplets with a fluorocarbon oil phase
(NOVEC 7500 with 0.5 wt% Pico-Surf 1 (Sphere Fluidics)). Once formed, the droplets

!The microfluidic chip was provided by Wenting Wang, Department of Chemistry, University of
Cambridge
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are transferred to a sealed optical liquid cell, which allows for further analysis without

the evaporation of the droplets and the oil phase.

The formation of the water-in-oil microdroplets is shown in Figure 7.1a. The
droplets are generated at a rate of ~ 1000 s~! with flow rates of 250 uL h™" for the
aqueous ANT suspension and 500 pL h™' for the continuous fluorocarbon phase. The
droplet are initially &~ 70 pm in diameter but overnight they equilibrate to ~ 50 pm.
This is attributed to the dissolution of water inside the fluorocarbon oil phase and
results in slightly greater densities of ANT particles within the droplets. From the
nanoparticle concentration and the droplet volume, there are ~ 10° nanoparticles per

droplet.

b) T, = 32°C
T>T,

Sedlmentatlon

lefu3|on

Fig. 7.1 Composition and encapsulation of ANTs in water-in-oil microdroplet chro-
matophores. a) Microscope transmission image of the formation of the ANT micro-
droplets with a microfluidic device. b) Schematic of the temperature response of the
ANT microdroplets at the microscale and nanoscale.

The ANT microdroplets demonstrate artificial chromatophore-like behaviour where
the ANT particles reversibly disperse and localise within the droplets with temperature,
as depicted in Figure 7.1b. Below the critical temperature of PNIPAM, T, ~ 32°C,
the ANT particles are uniformly distributed within the droplet. Whereas above T,
the particles aggregate as previously shown in Chapters 2 and 4. However, here they
form a single ~ 30 pm-wide aggregates in each microdroplet. Confocal transmission
microscopy is used to resolve the position of the aggregates within the droplets, as shown
in Figure 7.2. Interestingly, the aggregates are situated at the base of the microdroplets
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and the assembled particles resemble two-dimensional (2D) fractal structures with

fixed arm widths (=~ 1 pm).
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Fig. 7.2 Confocal transmission microscopy images with a 100x objective (NA = 0.8)
where the focal plane offset by -20 pm (further from objective), 0 pm, and +20 pm
(closer to objective). The scale bar is 50 pm. A schematic of a heated droplet illustrates
the expected position of the focal planes.

The 2D fractal geometry is characteristic of 2D diffusion limited aggregation [143].
This suggests that the ANT particles assemble at the interface of the microdroplets and
then sediment to the bottom of the droplets as a result of their larger size and dense
gold composition. It is not clear why the fractal branch width is relatively uniform,
but it may indicate that there is a critical size limit for the ANT cluster sedimentation
along the interface of the microdroplets. Upon cooling the droplets below T, the
sedimented ANT aggregate quickly re-disperses throughout the droplet with Brownian

forces.

7.1.1 Optical Response to Bulk Heating

The optical properties are strongly dependent on the distribution of ANTs within the
droplets. The transmission and scattering of the droplets changes drastically with
temperature as shown in Figure 7.3. In transmission, the colour changes from red
to transparent with a strong broadband absorbing centre. Whereas for dark-field

scattering, the colour changes and the brightness is strongly increased in the hot,
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aggregated state (Figure 7.3a). This is caused by large changes in scattering cross-
section brought on by plasmonic coupling between closely packed gold nanoparticle
assemblies. These changes are demonstrated in the spectra Figure 7.3b, taken from
a 2 pm collection region at the centre of the droplets. The individual ANT plasmon
mode at 526 nm redshifts to aggregate ANT coupled modes in the assembled state [86].
Notably the extinction in the assembled state covers the whole visible spectrum, whereas
the dispersed ANT particles absorb predominantly blue and green light. Crucially, this

process is fully reversible over repeated heating and cooling cycles.
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Fig. 7.3 Reversible temperature-induced optical response of the ANT microdroplets.
a) Microscope images acquired in bright field transmission mode (top images) and
dark field top illumination mode (bottom images) at temperatures below and above
the critical temperature (7. = 32°C). The scale bar is 200 pm. b) Extinction and
scattering spectra below (7' = 25°C) and above (7" = 40°C) the critical temperature
acquired from a 2 pm spot in the centre of the droplets, as highlighted in the top-right
inset.!

The strong absorption of dispersed ANT particles in the green spectral region (A &
510 nm) can be used to gate the transmission of green light through the microdroplets,
as demonstrated in Figure 7.4. The zoomed insets reveal the stark difference in green
light transmission through the microdroplets. This is caused by the change in particle

distribution within the microdroplets below and above 7.

! Microscope images were acquired by Dr. Andrew Salmon, Department of Physics, University of
Cambridge
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Fig. 7.4 Transmission microscopy images of the ANT microdroplets with green back
illumination (A = 515-535 nm) at 25°C and 40°C. Scale bar is 25 pm for the top right
inset.

Multilayers of ANT microdroplets can be packed into large-area sealed cells
(1.5x1.5 cm) for macroscale colour change in response to temperature (Figure 7.5).
With a white or reflective backing, the transmitted colour changes between the red of

the dispersed ANTs and a relatively transparent grey.

Reflective White Green
Back Backlighting Backlighting

Fig. 7.5 Camera images showing the large area switching of the microdroplet chro-
matophores with temperature (7. = 32°C) in various lighting conditions. Top-left scale
bar is 1 cm.

The highest transmission contrast is achieved using a green backlight, which is
strongly absorbed by the dispersed ANTs. In this case a ~ 50% increase in green
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transmission is observed when 7" > T.. Using a peltier stage to heat and cool the cells,
it is found that the on/off half-cycle switch time is approximately 5 s, which agrees
well with the time-scales observed with light-induced switching in the following section.
These switching times are longer than what is observed for the ANT films (< 1 s)
in Section 6.4.2. This is because the droplet switching times are limited by particle

diffusion and the particles are much further separated than in the case of ANT films.

7.1.2 Local Light-induced Heating Effects

The local heating of the artificial chromatophores using laser irradiation at 447 nm
is investigated. At this wavelength, the gold interband transitions are strongly ab-
sorbing [144]. With the laser spot centred on the droplet, 0.5 mW focused to a 2 pm
spot produces observable colour changes on the millisecond timescale (Figure 7.6a).
The heat from the illuminated volume conducts throughout the droplet and into the
continuous oil phase to neighbouring droplets. Time resolved spectra in Figure 7.6b
demonstrate that this is highly reversible over 10 cycles. The short timescales involved
in the assembly can be explained by the high particle concentrations. Aggregation
of nanoparticles within microdroplets is well described by the diffusion-limited col-
loidal aggregation model in which the characteristic aggregation timescale is inversely

proportional to concentration [145].

The kinetics of the ANT particle aggregation and dis-aggregation are resolved in
videos of the transitions, as shown in Figure 7.6¢c. The initial response of the droplets,
when the laser is turned on, is observed after 80 ms, where the droplet becomes darker
due to the broadband absorption of the ANT aggregates, which begin to form. Over
time, the aggregates grow in size and equilibrate after ~ 5 s. Unlike the case of bulk
heating, strong temperature gradients limit the localisation of the aggregates at the
base of the droplet.

The observed cooling kinetics are remarkably fast as the red colour returns within
the first 80 ms from shutting off the laser. This rapid response suggests that the
microdroplet is rapidly cooled and the remaining 5 s relaxation time is set by the mass

transport of the ANT particles to uniformly diffuse throughout the droplet.

The redshifted absorption spectra of the ANT aggregates, in comparison to the
dispersed ANTSs, suggests that there are different power threshold for instigating the

aggregation and dis-aggregation for select wavelengths. This hysteretic behaviour
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Fig. 7.6 Switching the microdroplet chromatophores with light using a 447 nm beam
centered on the microdroplet. The images are acquired through a 500 nm long pass filter
to remove the saturating laser scatter. a) Schematic of the light-induced microdroplet
switching. b) Time-series extinction spectra map with the irradiation cycled at 100
mHz (50% duty cycle). ¢) Transmission video frames when switching the laser on and
off. The scale bar is 50 pm. The blue crosses mark the 2 pm laser spot positions.
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is demonstrated in Figure 7.7 by using 635 nm irradiation and sweeping the power

between 0 and 0.3 mW over 3 cycles.
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Fig. 7.7 Local microdroplet switching hysteresis with irradiation at A=635 nm. a)
Transmission microscopy image of microdroplet chromatophores with focused laser
irradiation at 0.25 mW at 635 nm. The image is acquired through a 650 nm long pass
filter to remove the saturating laser scatter. The blue cross marks the 2 pm laser focus
spot. b), Transmission at wavelengths between 660 nm and 665 nm at the centre of an
irradiated droplet during 3 cycles of power sweeps from 0 mW to 0.3 mW and back at
a rate of 3 pW s 1.

The light-induced switching of an individual microdroplet is observed through a
650 nm long pass filter (Figure 7.7a). The power sweep shows that the threshold for
heating the ANT particles above T, and initiating aggregation is approximately 0.2 mW
(Figure 7.7b). Above this power the transmission of red light (660 to 665 nm) is
greatly diminished from ~ 80% to ~ 20%. Reducing the power below 0.2 mW does not
induce dispersion of the ANTs until the 0.1 mW lower power threshold is reached. This
hysteresis is caused by the increased absorption of the ANT aggregates at the excitation
wavelength of 635 nm. The behaviour is observed over several cycles, however, the
power thresholds are not very consistent. These inconsistencies are attributed to
the random variations in cluster formation and flows generated by the temperature

gradients in the irradiated microdroplets.
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7.2 ANT Microdroplet Swimmers

Off-centre irradiation results in locomotion of the ANT microdroplets as shown in
Figure 7.8. Two separate mechanisms are identified for the light-induced microdroplet
propulsion. In the first case, the focused irradiation locally heats the ANTs gener-
ating a temperature gradient across the droplet. The heated ANTs have increased
hydrophobicity which drives them to the water-oil interface. PNIPAM colloids are
known to increase the surface tension at the water-oil interface at temperatures just
above T, due to increased interparticle cohesion [146, 147]. This in effect with the
temperature gradient, preferentially increases the surface tension on the irradiated side
of the droplet, and causes Marangoni flow at the interface, as shown in Figure 7.8a.

The interfacial flow results in a shear force that acts as a “pull stroke”.

a)
447 nm
0.5 mwW L
1 &
X
b)
447 nm
10 mW
Vapor : .

Fig. 7.8 Off-centred irradiation for microdroplet chromatophore locomotion. Two
mechanisms are described: thermocapillary force and vapour expansion propulsion. a)
Schematic of thermocapillary-induced swimming by off-centred laser-induced heating
and time-stamped microscope video frames. b) Schematic of the vapour expansion
mechanism for locomotion and time-stamped microscope video frames taken with a
high-speed camera. The black and red dashed lines mark the start and stop positions
of the microdroplets, respectively. The blue crosses mark the 2 pm laser spot positions.

The condition for locomotion at low Reynold’s number is that the swimming action
is non-reciprocal with time [148]. Hence, if the ANTs caused a reciprocal interfacial
flow when the droplet moves out of the laser spot, then the net locomotion would be

zero. This is not observed as the aggregated ANTs simply desorb from the interface
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and disperse inside the droplet to return to their initial internal state. This swimming
action can be summarised as a Marangoni pull stroke followed by a diffusive recovery.
The swimming of droplets by Marangoni flow (though with a chemical rather than
optical fuel) has been well studied previously [149].This motion is termed squirming,
after the similar swimming action used by micro-organisms including paramecium and
volvox. The key parameter that determines the locomotion velocity is the capillary
number:

Ca="mV 287

(A e

where 7, is the viscosity, V is the velocity and v is the surface tension. Therefore, the

(7.1)

velocity is determined by the change in surface tension, A, across the droplet. A~ is
small relative to v as the droplets remain spherical, however it is sufficient to move the

droplets at microns per second.

The second mechanism for droplet locomotion occurs at relatively high laser powers,
as shown in Figure 7.8b. The local high temperatures excited with the 10 mW pump
rapidly generate a gas bubble at high pressure. This bubble expands and propels the
chromatophore before collapsing reaching maximum speeds of > 6 cm s™!. In this case
the movement is inertial: the bubble expansion and collapse is geometrically reciprocal
yet net motion still occurs. The motion is fast enough that, despite the high viscous
damping in the fluid, there is still significant displacement. Interestingly, the lack of
change in size of the droplets after repeated locomotion suggests that the source of
gas for propelling the droplet is dissolved gas inside the oil phase. Furthermore, the
formation of condensed water droplets after propulsion is not observed and oil vapour

is also ruled out since its boiling point is 128°C, which is greater then that of water.

Therefore, release of gas from the oil is the most likely candidate. Fluorocarbon
oils are well known to hold large quantities of dissolved gas [150]. The gas solubility
decreases with temperature and thus, bubbles form when the oil is heated. This is also
consistent with the observation that in some cases, after formation, the bubbles grow

spontaneously. This implies that the bubble is growing in a supersaturated solution.

7.3 Conclusion

Mobile artificial chromatophores were made by densely loading microfluidic micro-
droplets with ANT particles. The ANT aggregation in the confines of the droplets

differs greatly than in bulk, as seen in previous chapters. They reversibly assemble and
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disassemble between dispersed and localised configurations upon temperature cycling
above and below T,. This transition produces dynamic colour effects. In the hot state,
the light can transmit through the droplets, while in the cold state, light is strongly
absorbed. This behaviour mimics the colour changing mechanism of chromatophores
seen in nature. This switching is also demonstrated with light control and it is highly
reversible. Complete switching times of ~ 5 s are observed, which are limited by

diffusional mass transport of ANTSs.

Light-induced droplet locomotion is also presented with two distinct propulsion
mechanisms. Droplet squirming is driven by interfacial thermocapillary flows with lower
power irradiation, whereas inertial locomotion by rapid gas expansion is observed at
higher powers. The ANT droplets showcase how the interaction of millions of artificial

nano-actuators can drive larger, microscale physical changes.






8. Conclusions and Outleok
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The dynamic behaviours of actuating nanotransducers (ANTs) have been investigated
in 4 different systems in this work. The integration of ANTSs in aqueous suspensions,
nanoparticle on mirror structures (NPoMs), films, and microdroplets has been studied.
This final chapter contains a brief summary of the main findings presented for each of
these systems. Recommendations for future applications and research areas for ANTs
are also discussed, including the development of ANTs with alternative cores, DNA

nanomachines, artificial cilia, and dynamic metasurfaces.

8.1 Summary

ANTs are very versatile. They bring about dynamic properties to many, otherwise,
static systems. This work examined the behaviours of simple artificial nano-actuators
that consist of plasmonic nanoparticles coated with thermoresponsive polymer shells.
Here, gold nanoparticle cores with grafted poly(N-isopropylacrylamide) (PNTPAM)

shells were studied.

This thesis begins with the fundamentals of light interactions with plasmonic
particles. Plasmonic nanoparticles were shown to exhibit optical signatures that are
highly sensitive to their environment. Changes in shapes, size, refractive index, and
the proximity to other plasmonic surfaces, significantly affect their optical properties.
This reaction of plasmonic systems to their local environments enables the inference of
their surroundings with spectroscopy. In addition, their large absorption cross-sections
effectively convert light to heat in nanoscale volumes. Heat is rapidly generated and
dissipated from these small volumes, which allows for fast temperature changes that

are sufficient to induce a phase transition in PNIPAM shells.

The robust ability of PNIPAM chains to readily swell and de-swell in response to
small temperature changes was demonstrated. This response is characterised by a
coil-to-globule transition mediated by intrachain hydrogen bonding that occurs at a

critical temperature, T,, of 32°C. Simultaneously, an increase in interchain cohesion
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drives the assembly of colloids at temperatures above T,.. The assembly of these colloids

is dictated by intercolloidal interaction potentials described by extended DLVO theory.

The reversible assembly of colloidal ANTs in aqueous media was introduced. In
heated ANT suspensions, closely-packed gold particle assemblies enable strong inter-
particle plasmonic coupling. This can produce large shifts in plasmonic resonance
wavelengths greater than 100 nm. This drastic optical response is triggered with bulk
or light-induced heating of the suspension above T,. Crucially, upon cooling, the initial

state of the suspension is fully recovered.

The effects of PNIPAM termination, solution ionic strength, and excess PNIPAM
on the reversible assembly of ANT colloids was studied. An analytical model was
developed to predict the plasmon shift of the aggregates based on the size and separation
of coupled plasmonic particles. It was found that the internal structure and size of
the ANT clusters depend greatly on the local charges of the particles within the
assemblies. High ionic strengths, and charged PNIPAM terminations help screen the
surface charges and enable the particles to approach closer within the clusters as well
as increase the overall cluster size. These effects work in conjunction to increase the
plasmonic resonance redshift of these assemblies, resulting in the observed drastic

changes in the optical properties of ANT suspensions.

The dynamic behaviours of individual ANT particles were characterised in the
NPoM plasmonic structure. The NPoM structure enables the simultaneous probing
and actuation of ANT particles with light. The mechanical actuation of individual
particles was inferred from the dynamic optical signatures of the plasmonic structures.
The gold core of an ANT particle plasmonically couples to its image charge in the gold
mirror. This generates a coupled mode that is highly sensitive to the spacing between
the particle and the mirror. The spacing is defined by the thickness of PNIPAM
shell, which expands and contracts in response to temperature, and modulates the
coupled mode resonance. The transient shell thickness is optically resolved in real-time
with fitted FDTD solutions. The stroke length of individual particles was found to
be ~ 8 nm, with sub-ms switching times. In addition, the force of expansion of the
PNIPAM shell is > 0.3 nN, which is more than sufficient to overcome the large van
der Waals forces at nanoscale separations. Therefore, it is evident that ANT particles

can produce useful mechanical work on the nanoscale.

ANTSs were also studied in dense films cast on silicon and porous anodised aluminium.
The optical properties of the films are found to depend greatly on the fill fraction of

gold nanoparticles. A Maxwell-Garnett effective medium approximation was used to
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analytically model the optical constants of these heterogeneous films. On porous media,
water is effectively pumped in and out of the film in response to temperature. The
swelling and de-swelling of the film is accompanied by significant change in the gold
fill fraction and an interesting insulator-metal transition. Furthermore, fast transitions
below 0.1 ms were observed with light-induced heating. The films also exhibit self-
healing capabilities due to their semi-fluid state at temperatures below 32°C. Finally,
high laser powers were shown to sinter the particles, which enables the patterning of
permanent conductive regions that no longer switch. There is potential to exploit the
dynamic properties of these ANT films for the development of transient light-configured

metasurfaces.

The last ANT system studied in this work consisted of microdroplets densely loaded
with ANT particles. The ANT assembly within the droplets differs greatly than in
bulk due to confinement effects. They reversibly assemble and disassemble between
dispersed and localised configurations upon temperature cycling above and below T,
producing dynamic colour. This behaviour mimics the remarkable colour changing
mechanism of chromatophores as seen in nature. Furthermore, light-induced droplet
locomotion was presented with two distinct propulsion mechanisms. Light-induced
interfacial Marangoni flows cause droplet squirming. This is driven by a surface tension
gradient across droplet in response to the light-induced temperature gradient. In
addition, inertial propulsion by rapid gas expansion was demonstrated with higher
irradiation powers. These droplets demonstrate how ANTS can interact with each other

to cause microscale effects both in droplet colour dynamics and locomotion.

8.2 Future Directions

The work presented in this thesis describes a significant advance in plasmonic light-
driven nano-actuator systems. The remarkable variety of dynamic behaviours presented
in ANT systems has inspired several other research topics. Notably the development
different types of ANT particles and ANT systems, including DNA nanomachines,

artificial cilia, and dynamic metasurfaces.

Although, the ANTs discussed throughout this work consist of gold nanoparticles
coated with PNIPAM. In principle, the basic ANT properties are not exclusive to
Au@QPNIPAM nanoparticles. Alternative plasmonic materials, such as silver, copper,
and aluminium or even other highly absorbing materials, such as carbon nanoparticles,

could be used depending on application constraints. These proposed materials can
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greatly reduce the cost of developing ANT systems. However, the alternative plasmonic
materials are plagued by thin innate oxide coatings that complicate the correlation
between the dynamic optical signatures and the mechanical responses of ANT systems
to light and temperature [151, 152]. For less stringent applications, where optical
feedback is not required, even cheaper non-metal particles, such as carbon nanoparticles,
can be used as strong absorbers for local heating on the nanoscale. Similarly, the choice
of PNIPAM as the shell material is not critical. Other thermoresponsive polymers with
convenient LCSTs, or even UCSTs, could be used. Potentially, polymers with different
critical temperatures could be selected to satisfy the requirements of specific ANT
system applications [69]. Although, different types of ANT particle could demonstrate
similar or even improved functionalities compared to the Au@QPNIPAM particles, it
is important to recall that they will likely behave differently due to differences in the
local charges on the ANT cores and the effective charge screening of the suspension, as

discussed in Chapter 4.

The ANT systems presented in this work demonstrate that the ANT particles
are promising candidates for driving nanomachines. With the recent advances in
DNA origami leading to unprecedented control on the nanoscale, dynamic DNA
nanomachines could be realised. Recently, dynamic hinges on the scale of ~ 50 nm
have been developed by integrating PNIPAM with DNA origami plates [153]. In
addition, another study has shown temperature-induced switching of DNA origami
structures with PNIPAM [154]. This suggests that the incorporation of ANT particles
in DNA origami structures could enable light-induced switching via plasmonic heating.
In such systems, individual DNA nanomachines could be optically addressed. These
machines could mimic cellular nanomachines, such as enzymes and ribosomes, to realise
artificial ‘DNAzymes’ and nanofactories. The advent of such nanomachines could lead

to novel nanodevices and therapeutic treatments.

The nano-actuation of ANTs could also be harnessed for the design of beating and
flexing filaments. Again mimicking a natural system, such as the behaviours of cilia
and flagella, to develop artificial dynamic filaments could produce a useful nanodevice.
Loading elastic fibres or forming bilayer filaments with integrated ANT particles
could potentially produce wave-like filament responses to projected light patterns [155].
Similar, magnetically-driven artificial cilia have previously been reported [156-158],
however these filaments cannot be controlled individually. Light-driven artificial cilia
could have improved functionality as the fibres can be individually addressed with
light. These fibres can be used to control fluids or to manipulate adsorbed nano- and

microstructures.
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Finally, as discussed in Chapter 6, the ANT films undergo a reversible transition
from an insulator to metal in response to light-induced heating. This dynamic response
could possibly be used to develop fast, reconfigurable metasurfaces that are controlled
with projected light patterns. Such films could be used for dynamic cloaking or other
2D metamaterial applications. Furthermore, the local collapse of the ANT film with
focused light-induced heating could be used to manipulate surface bound objects, such
as colloids or cells. Such films could enable the light-guided 2D assembly of materials,

furthering control on both the nano- and microscale.
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