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Abstract

Nanoscience and -technology have attracted immense attention over the last two
decades and tremendous progress has been made to synthesise and characterise new
materials. For example, miniaturisation has been a key component to exponentiate
the computing capacity of modern electronic devices, but deviation from Moore’s
Law is already taking place and we are reaching a limit caused by the size of atoms
themselves.

To develop the field of nanotechnology, one must move further than static struc-
tures and take advantage of the possibility of reorganisation at the nanoscale, thus
creating dynamic materials. This will have useful application for smart materials,
that can autonomously adapt to changing environments, without the need of energy
consumption. Furthermore, through actively manipulating nanoscale order different
(macroscopic) properties (electrical, optical, mechanical). Additionally, miniaturisa-
tion limits can be overcome, because several functionalities can be retrieved within
the same space by simply reorganising the building blocks. Through different stimuli,
different nanocompartments could communicate with each other and fulfill different

tasks, which will multiply the functionality and ultimately mimic life itself.

The field is still in its infancy, but nanoparticles - and in particular plasmonic
nanoparticles - are an excellent class of material to develop such dynamic systems.
Their outstanding and easily tuneable optical properties, as well as the infinite pos-
sibilities of surface modification allow to exploit their light matter interaction for
many applications as drug delivery, (bio)sensors, soft robotics and many more. In
literature, different stimuli are available to manipulate the reversible assembly of
gold nanoparticles, but the chemical diversity of functional surfaces is still scarce.
Furthermore, usually a poor picture of their dynamic properties of these materials

is presented, because real-time analysis is rarely not considered.

Thus, this thesis aims to develop new thermoresponsive materials based on gold
nanoparticles and to study their dynamic self-assembly using real-time analysis.

First, a methodology was developed mainly based on simple to use and non-invasive
UV-Vis-NIR spectroscopy, to study thermoresponsive self-assembly of gold nanopar-
ticles functionalized with Bis(p-sulfonatophenyl)phenylphosphine dipotassium salt
(AuNPs@BSPP). AuNPs clustered at low temperatures, and could be reversibly
redispersed by rising the temperature. Their thermoresponsive properties could
be easily adjusted by adapting the ionic strength of their solution. Studying their
reversible self-assembly revealed differences between assembly and disassembly path-

way, which resulted in hysteresis during thermal cycling. The hysteresis could be



further qualitatively assessed into kinetic- and thermodynamic hysteresis. The for-
mer is caused by a lag of the sample response with respect to the stimulus and
the latter is an intrinsic difference between assembly states at the same tempera-
ture and dependent on samples history but not on the rate of temperature change.
Further hysteresis could be altered by increasing the size of gold nanoparticles or
by introducing a cationic surfactant (cetyltrimethylammonium bromide, CTAB) as
co-ligand of BSPP.

The fact that AuNPs@BSPP were thermoresponsive in the presence of surfactant,
opened door to synthesized anisotropic thermoresponsive nanoparticles, such as gold
nanorods (AuNRs). Thus, a two-step protocol was developed for robust surface func-
tionalization of AuNRs with a mixture of BSPP and CTAB. The advantage of using
BSPP molecules as surface ligands is their small size as compared to the conical ther-
moresponsive polymers, maximizing plasmon coupling, so that the optical properties
of gold nanorods could be fully exploited. The extent of thermal hysteresis of this
system was tuned by tailoring the composition of the mixture (concentration of
reagents and ionic strength). Furthermore, the generality of the developed method
was proven by functionalizing AuNRs of various aspect ratios and it was found that
especially the chemical surface composition governs thermoresponsive properties.
Last, mechanistic insights were provided that explain the interplay of both surface

ligands.

Gold nanorods have the advantage over spherical particles, that their absorption
cross sections are significantly larger, which makes them ideal candidate to exploit
photo-thermal effect and introduce light as new stimulus to control their reversible
clustering. A modular experimental setup was developed, that allowed to measure
optical properties and temperature simultaneously under light irradiation. Through
light to heat conversion, it was shown that AulNRs could be readily redispersed with
light and furthermore, it was evidenced, that AuNRs@QBSPP are possible candi-
dates for nano-thermometry. Then, through rational designing the optical proper-
ties of AuNRs, the demonstration of self-oscillation concept was pursued. That is,
AuNRs@BSPP underwent autonomously clustering/redispersion cycles under unin-
terrupted light illumination. The frequency of oscillation could be tuned with the
light intensity or by aspect ratio of AuNRs and it could be demonstrated that ther-

modynamic hysteresis is a necessity for that type of oscillation to occur.

In the last chapter, thermal clustering of gold nanoparticles was controlled by yet
another stimulus - exothermic chemical reaction. Coupling thermoresponsive col-

loidal system with a chemothermal chemical reaction is a non-trivial, and in fact
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unaddressed, because a typical colloidal system is prone to rapid irreversible ag-
gregation when faced with a complex chemical mixture. For that purpose copper
catalyzed azide alkyne cycloaddition was used as an exothermic chemical reaction
gold nanoparticles coated with DNA (AuDNA) were chosen as thermoresponsive
system. It could be shown that AuDNA could be transiently dispersed, until the
fuel was depleted. The extent of population and duration of the high energy state
(dispersed AuDNA) could be controlled with the amount of fuel added and the func-
tionality of thermoresponsive AuDNA and chemical fuel was ensured by controlling

the order of reagent addition.

The present thesis offers a new class of thermoresponsive nanomaterials and new
analytical tools to study their dynamic properties. In a broader context the de-
veloped methods can also be applied to other stimuli responsive optically active
materials. Furthermore through the development of a functionalization protocol for
gold nanorods, other anisotropic shapes can be assessed which further increases the
diversity of optical properties. The demonstration of light-driven self-oscillation is
a promising strategy to create heat engines that can do mechanical work at the

nanoscale.
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Resumen

En las dos ultimas décadas, la nanociencia y la nanotecnologia han atraido una in-
mensa atencién debido a los enormes avances logrados en la sintesis y caracterizacion
de nuevos materiales. La miniaturizacién, por ejemplo, ha sido un componente clave
para aumentar exponencialmente la capacidad de calculo de los dispositivos elec-
tronicos modernos. No obstante, se esta produciendo una desviacién de la Ley de
Moore llegando a un limite provocado por el propio tamano de los atomos.

El desarrollo del campo de la nanotecnologia exige avanzar més alla de las estruc-
turas estaticas y aprovechar la capacidad de reorganizacion en la nanoescala, creando
asi materiales dindmicos. Esto tendra una aplicacién 1til en materiales inteligentes,
ya que podran adaptarse de forma auténoma a entornos cambiantes, sin necesidad
de consumir energia. Por un lado, a través de la manipulaciéon activa del orden en la
nanoescala se pueden obtener diferentes propiedades (eléctricas, 6pticas, mecénicas)
a escala macroscépica. Asimismo, los limites de la miniaturizacién son superables,
ya que se pueden lograr varias funcionalidades dentro del mismo espacio simplemente
mediante la reorganizacion de los bloques de construccion. Mediante diversos esti-
mulos, diferentes nanocompartimentos podrian comunicarse entre si y desempenar
distintas tareas, multiplicando la funcionalidad y, en ultima instancia, imitando la

vida misma.

Pese a tratarse de un campo incipiente, las nanoparticulas -y, en particular, las
nanoparticulas plasmonicas- constituyen una clase de materiales idéneos para el
desarrollo de este tipo de sistemas dindmicos. Sus excelentes y facilmente config-
urables propiedades Opticas, asi como las infinitas posibilidades de modificaciéon de
su superficie, permiten explotar su interaccion con la materia luminosa en multiples
aplicaciones como la liberacion de farmacos, los (bio)sensores, y la robética blanda
entre otras. Existen en la literatura diferentes estimulos para manipular el ensam-
blaje reversible de las nanoparticulas de oro, sin embargo, la diversidad quimica de
las superficies funcionales es todavia escasa. Ademads, habitualmente se presenta
una descripcion pobre de las propiedades dinamicas de estos materiales, ya que rara

vez se considera el analisis en tiempo real.

Por ello, esta tesis tiene como objetivo el desarrollo de nuevos materiales termore-
sponsivos basados en nanoparticulas de oro y el correspondiente estudio de su au-
toensamblaje dinamico mediante el analisis en tiempo real. En primer lugar, se
describe el desarrollo una metodologia basada principalmente en la espectroscopia
UV-Vis-NIR, sencilla y no invasiva, para estudiar el autoensamblaje termorespon-

sivo de las nanoparticulas de oro funcionalizadas con Bis(p-sulfonatofenil) fenilfos-
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fina dihidrato de sal dipotasica (AuNPs@BSPP). Las AuNPs se agrupan a bajas
temperaturas y pueden redispersarse de forma reversible al aumentar la temper-
atura. Ademas, sus propiedades termoresponsivas se ajustan facilmente adaptando
la fuerza idnica de su soluciéon. El estudio de su autoensamblaje reversible rev-
el6 diferencias entre la via de ensamblaje y la de desensamblaje, dando lugar a la
histéresis durante el ciclo térmico. La histéresis pudo evaluarse cualitativamente en
histéresis cinética y termodindmica. La primera estd causada por un retraso en la
respuesta de la muestra con respecto al estimulo mientras que la segunda, es una
diferencia intrinseca entre los estados de ensamblaje a la misma temperatura que
depende de la historia de las muestras, pero no de la velocidad de cambio de temper-
atura. Ademas, se demostré que la histéresis puede alterarse aumentando el tamano
de las nanoparticulas de oro o introduciendo un tensioactivo catiénico (bromuro de
cetiltrimetilamonio, CTAB) como co-ligando del BSPP.

El hecho de que las AuNPs@BSPP fueran termoresponsivas en presencia de surfac-
tantes, permitio el posterior desarrollo nanoparticulas termoresponsivas anisotrépi-
cas, como los nanorods de oro (AuNRs). Asi, se establecié un protocolo de dos pasos
para la funcionalizacién superficial robusta de AuNRs con una mezcla de BSPP y
CTAB. El uso de moléculas BSPP como ligandos superficiales ofrece la ventaja de
su pequeno tamano en comparacién con los polimeros termoresponsivos conven-
cionales, maximizando el acoplamiento plasmoénico. Como resultado, se pudieron
aprovechar al maximo las propiedades 6pticas de los nanorods de oro. El alcance
de la histéresis térmica de este sistema se ajusté adaptando la composicién de la
mezcla (concentracion de reactivos y fuerza iénica). Asimismo, se demostro la gen-
eralidad del método desarrollado mediante la funcionalizacion de AuNRs diversas
relaciones de tamafno y se descubrié que, especialmente, la composicién quimica
de la superficie gobierna las propiedades termoresponsivas. Por tltimo, se propor-
cionaron conocimientos mecanisticos que explican la interacciéon de ambos ligandos

superficiales.

Los nanorods de oro presentan una ventaja respecto a las particulas esféricas, y es
que sus secciones transversales de absorcion son significativamente mayores, lo que
los convierte en candidatos ideales para explotar el efecto fototérmico e introducir
la luz como nuevo estimulo para controlar su agrupacion reversible. Con este fin,
se desarroll6 un montaje experimental modular que permitié medir las propiedades
Opticas y la temperatura simultaneamente bajo irradiacién de luz. Mediante la con-
version de luz en calor, se demostrd que los AuNRs podian redispersarse facilmente
con la luz y, ademads, se revel6 que los AuNRs@BSPP son posibles candidatos para la

nano-termometria. Posteriormente, a través del diseno racional de las propiedades
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opticas de los AuNRs, se procedio a la demostracién del concepto de auto-oscilacion.
Es decir, los AuNRs@BSPP experimentaron de forma auténoma ciclos de agru-
pacién/redispersion bajo una iluminacién de luz ininterrumpida. La frecuencia de
oscilacion se ajusto con la intensidad de la luz o por la relacion de aspecto de los
AuNRs y se demostrd que la histéresis termodinamica es una condicién indispens-

able para que se produzca este tipo de oscilaciones.

En el altimo capitulo, se seleccioné otro estimulo para controlar la agrupacion tér-
mica de las nanoparticulas de oro: la reaccién quimica exotérmica. El acoplamiento
de un sistema coloidal termoresponsivo con una reaccion quimica exotérmica no es
trivial, y de hecho no se ha tratado previamente, debido a que un sistema coloidal
tipico es propenso a una rapida agregacion irreversible cuando se enfrenta a una
mezcla quimica compleja. Con este fin, se utilizé la reaccién quimica exotérmica de
cicloadicion de azida catalizada por cobre y se seleccionaron nanoparticulas de oro
recubiertas de ADN (AuDNA) como sistema termoresponsivo. Se demostr6 que el
AuDNA podia dispersarse transitoriamente, hasta que se agotara el combustible. El
grado de poblacién y la duracién del estado de alta energia (AuDNA disperso) se
controlaron con la cantidad de combustible anadido y la funcionalidad del AuDNA
termoresponsivo y del combustible quimico se garantizé controlando el orden de

adicién del reactivo.

Asi, la presente tesis ofrece una nueva clase de nanomateriales termoresponsivos y
novedosas herramientas analiticas para el estudio de sus propiedades dinamicas. En
un contexto mas amplio, los métodos desarrollados en esta tesis pueden emplearse
en otros materiales 6pticamente activos que responden a estimulos. Ademas, gra-
cias al desarrollo de un protocolo de funcionalizacién de los nanorods de oro, se
pueden evaluar otras formas anisotropicas que aumentan atin mas la diversidad de
sus propiedades opticas. La demostraciéon de la auto-oscilacion impulsada por la
luz es una estrategia prometedora para la creacion de motores térmicos que puedan

realizar trabajo mecanico en la nanoescala.
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Glossary

A A ascorbic acid.
AuDNA DNA coated gold nanoparticles.

AuNPs gold nanospheres.

AulNRs gold nanorods.
BSPP bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt.

CTAB cethyl trimethyl ammonium bromide.
CTAC cethyl trimethyl ammonium chloride.

CuAAC Copper-catalysed azide-alkyne cycloadditions.

DLS Dynamic light scattering.

DLVO Derjaguin, Landau, Verwey, and Overbeek.
FFT fast-fourier transformation.

HEG hexa(ethylene glycol).

HQ hydroquinone.

LSPR Localized surface plasmon resonance.

MUDOL (I-mercaptoundec-11-yl)hexa(ethylene glycol).
PEG polyethylene glycol.

TEM Transmission electron microscopy.

VAW Van der Waals.
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CHAPTER

Introduction

1.1 Objectives

Back in 1959, Richard Feynman delivered a seminal lecture titled "There is plenty of
room at the bottom" where he conceptualized the enormous technological possibili-
ties by controlling the properties of matter at nanoscale precision. Today, over half
a century later his ideas remain relevant. Nanoscience and nanotechnology indeed
impacted our wellbeing through new electronic devices with nanoscale compart-
ments[1, 2], nanoscale drug delivery systems[3], bio-sensors[4] (e.g., antigenic test
for CoVID-SARS-2) or novel therapeutic methods for cancer treatment[5], to just
name few. Yet, nanoscience and nanotechnology provided no revolutionary break-
through as compared to electricity or internet. This provocative statement has been
raised by Grzybowski and Huck[6], who indicated the need for further development

of nanoscience in the following passage:

“we argue that the time s ripe to look beyond individual nano-objects and
their static assemblies, and instead focus on systems comprising different
types of nanoparts interacting and/or communicating with one another
to perform desired functions [..]. In thinking how this approach could
be implemented to design useful nanosystems, our choice of applications

and our nanoengineering should be inspired by living matter.”

Indeed, two billion years of evolution on earth resulted in sophisticated nano-machines
operating under non-equilibrium conditions, that is, a constant energy flux from so-
lar radiation. These nano-machines as a whole exhibit properties that apparently
are exclusive to living matter, but in reality are common to any physical system if
placed in right context, under energy flux[7]. Without any doubt, with the progress
of experimental and analytic techniques the physics behind biology gain better un-
derstanding. And such an understanding facilitates the growth of research commu-

nity devoted to study experimental chemical dynamic systems. In this line, material




1.2. WHY GOLD NANOPARTICLES?

scientists, who are specialized in the synthesis of nanoparticles and (supramolecu-
lar)chemistry, have now in hands a promising toolbox to develop dynamic materials
with the control on spatiotemporal organization down to the nanoscale and thus

extracting new functions.

The above-mentioned paper served, to some extent, as a motivation for the execu-
tion of the present thesis that seeks to design, optimize and study stimuli responsive
nanosystem based on optically-active nanoparticles. Temperature was selected as a
stimulus because it is a universal parameter that can be easily applied and mod-
ulated experimentally, and has direct connection to the thermodynamic analysis
of given system. Yet, surprisingly temperature remains a poorly exploited stimu-
lus in nanoparticles clustering. It was also hypothesized that the implementation
of real-time analytics (spectroscopy and temperature) can resolve temporally how
nanosystem under study responds to given stimulus. In fact, it will be shown that
temporal and multiparameter monitoring can help in revealing intriguing signatures
such as hysteresis in the temperature-driven clustering of isotropic (Chapter 2) and
anisotropic (Chapter 3) nanoparticles or even self-oscillations when nanosystem by
transducing light energy into heat can sustain its own colloidal (in)stability (Chap-
ter 4). Also, focus was put on the coupling of thermoresponsive dynamic nanosystem
with chemical process generating heat with the aim to demonstrate that temperature

is a stimulus that can be modulated chemically (Chapter 5).

1.2 Why gold nanoparticles?

For the purpose of the present thesis, gold nanoparticles were selected as a central
material. Gold nanoparticles have several advantages: they are chemically stable,
relatively easy to synthesize and surface functionalize, they exhibit tunable optical
properties sensitive to their shape, size and colloidal stability, and their aggregation
dynamics are relatively slow (as compared to molecular systems) allowing for facile
implementation of spectroscopy-based real-time analytics.

Gold is a metal that is characterized by a large number of free electrons, that are
not associated with individual atomic cores. These electrons are also referred to as
electron gas, since they can move freely through the material. Under electromagnetic
radiation[8] the electron gas experiences collective oscillation giving rise to so-called
plasmon.

Different types of plasmons exist such as the bulk, surface and localized surface
plasmons[10]. As the name suggests, bulk plasmons occur in bulk materials and
extend in all three dimensions. They appear at plasma frequency and their energy

is defined as:
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Figure 1.2.1: Surface Plasmons. a) Surface plasmon at the interface of a metal and
an dielectric. Reprinted with permission from [9]. b) UV-Vis-NIR spectra of gold
nano-spheres and -rods showing shape-optical properties relationships. ¢) Schematic
representation of localized surface plasmons in spheres and rods induced by an electric
field.

E,=h n—e2 (1.1)
meg
where ¢( is the permittivity in vacuum, n is the electron density, e the electron
charge and m the electron mass.
Surface plasmons are oscillatory waves that propagate at the interface of a metal and
an dielectric. The incident electromagnetic waves induces a dipole through localized

charge accumulation that further propagates over the surface.

wp
w = ——
SPR= T e

For the material with the size smaller that the wavelength of incoming light, the

(1.2)

surface plasmon becomes localized (Figure 1.2.1), resulting in a collective displace-
ment of the electron gas within a nanocrystal. Through the charge separation, the
positively-charged metal cores exhibit a restoring force, leading to an oscillatory
movement of the electrons as depicted in Figure 1.2.1 ¢). When quasi-static regime

is assumed and if the nanoparticles are significantly smaller than the excitation
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wavelength (r << ) the resonance frequency can be described as the following[11]:

e2

WLSPR = (1.3)

medmeors

with ey as the permittivity of vacuum, m, the mass of an electron, e electron charge,
and r; the Wigner-Seitz radius which is defined as the radius of a sphere whose vol-
ume is equal to the volume per conduction electron in the bulk (R = r,N'3). Local-
ized surface plasmon resonance (LSPR) has two important characteristics, which are
greatly enhanced electric fields near the nanoparticle surface and the large optical
extinction as they are capable of capturing the surrounding light, behaving thus as
nano-antenna.

For noble metals LSPR lay in the visible range resulting in a vibrant color, which can

be explained by using Mie approximation to calculate the extinction cross section.

€9
(61 + 2e,,)2 + &3

(1.4)

Oext ™

where €7 is the real part of the dielectric function of the metal, €5 is the imaginary
part of the dielectric function and ¢, is the dielectric constant of the surrounding
medium[11]. The real part €; can be interpreted as a measure of the polarizibility
at a given wavelength and e, as the probability of photon absorption[12].

From Equation 1.4 follows, that extinction cross section o, is the largest, when the
denominator approaches 0. Thus, to excite plasmon resonance, €5 should be small
and €1 ~ —2¢,,. These conditions are fulfilled for Ag, Au and Cu in the visible
spectral range.

As stated in equation Equation 1.4, LSPR depends on the dielectric function of
the metal and the dielectric environment. For gold nanospheres (AuNPs), LSPR is
around 520 nm but its exact maximum depends also on particle size. For increasing
AuNPs size the restoring force is weaker due to charge separation over larger dis-
tances which leads to an easier polarizability of the electron cloud. Therefore, LSPR
red-shifts with increasing nanoparticle size. This can be applied for AuNPs up to
50 nm, because scattering is low. Damping and retardation effects with increasing
particles diameter as well as the formation of multipole oscillation play an important
role above that threshold.

The shape of nanoparticles has much stronger effect on the optical properties[13].
If the symmetry of gold nanoparticles is broken, as for anisotropic gold nanorods
(AuNRs), two plasmon bands emerge, namely transversal and longitudinal which
are the results of two limiting scenario of electron gas oscillation (Figure 1.2.1 b, ¢).
In practice, a colloidal solution containing gold nanorods possesses both plasmon

band since nanoparticles are randomly distributed and the incoming light is not
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polarized. The position of the longitudinal plasmon band is sensitive to the aspect
ratio, that is, the ratio of the length to the width of the nanoparticles. The larger

is the aspect ratio, the more shifted is the plasmon band.

1.3 Plasmon in coupled nanoparticles

One of the most visual property of gold nanoparticles is the sensitivity of their op-
tical properties to the inter-particle distance. When particles are in close contact to
each other (< 10 nm), their induced electric field influence each other, so that all
free electrons of the AuNPs cluster can oscillate collectively. This leads to change of
optical properties and for AuNPs, this effect can be observed with the naked eye by
a color change from red to blue. Over the last two decades, a number of computa-
tional methods have been developed to understand such behavior. As an example,
Figure 1.3.1 a shows calculated extinction spectra of AuNPs with diameter of 20 nm
and varying the surface-to-surface distance from 4 nm to 0 nm. Dispersed AuNPs
show a single plasmon band (530 nm) that split in two bands with decreasing the
distance between nanoparticles. Although the calculated spectrum in Figure 1.3.1
a) resemble the spectrum characteristic to nanorods (the presence of transverse and
longitudinal bands), the origin of two bands is quite different. The band of higher
energy is attributed to quadrupole plasmon excitation while the band of lower en-
ergy addressed to the red-shifted dipole plasmon resonance [14, 15]. Interestingly,
since the plasmon coupling is highly sensitive to distance, it can be used to calculate

the distance between particles with the relative shift of extinction wavelength:

Ay —(5)

— =~ 0.18 D 1.5

2o P23 (1.5)
where % is the relative plasmon shift, s is the surface-to-surface distance, and D is

the particle diameter[16]. This equation indicates that interaction between plasmons
is maximized for large diameters at low distances. The effect of diameter at a fixed
distance is demonstrated in Figure 1.3.1 b), where AuNPs diameter is decreased
from 40 to 5 nm with a gap of 0.5 nm. First, one maximum that was observed
for small diameters splits up into two with increasing diameter and the intensity
especially of the second maximum largely increases and red-shifts.

Note that for calculation of these spectra linear cluster with fixed angle of 180 ° were
assumed. For real world samples, one must consider the angle dependency, which in-
fluences the polarizibility of neighboring particles. Also, the aggregate size influences
the extent of coupling, where at larger aggregate sizes the extinction and red-shift
of second peak increase. As of note, the understanding of the optical properties for

different mutual arrangements of the nanoparticles opens up a sub-discipline in plas-
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monics: the so called plasmonic polymer, where nanoparticle monomers can form

oligomers or polymers with new optical properties.

The plasmon coupling can be explained
intuitively through plasmon hybridiza-
tion model[17-19] that has its roots in
Molecular Orbital theory (Figure 1.3.2
a). For example, for dimers of spheri-
cal nanoparticles two bright plasmonic
modes, o and 7%, emerge at the en-
ergy lower and higher than that of in-
dividual nanoparticles. The presence of
dark modes (marked with a red "X")
is also possible but they do not cou-
ple with electromagnetic waves. The
hybridization model explains the red-
shift of AuNPs cluster observed in their
extinction spectra. Due to the lower
energy of the coupled plasmon mode,
the maximum of extinction spectra is
shifted towards longer wavelengths (Fig-
ure 1.3.2 ¢). Although blue-shift is theo-
retically possible due to the o* mode, its

contribution to extinction is negligible.

The plasmon hybridization for gold
nanorods is even more interesting. Fig-
ure 1.3.2 b show 8 different modes of
plasmon coupling. The most frequent
cases are tip-to-tip and side-to-side con-
figurations where the energetic levels lay
largely above or below the energy level
of individual (dispersed) AuNRs (Fig-
ure 1.3.2 b). Importantly, the plasmon

hybridization model for gold nanorods

A Au particle(20nm)
with different distances

Absorbance(arb.unit)

Distance(nm)

Single Au particle

400 500 600 700 800

Wavelength(nm)

B Au particles with different sizes

Absorbance(arb.unit)

400 500 600 700 800

Wavelength(nm)

C Different aggregate sizes O O O O O O

0.5nm

00000

©]0)

Absorbance(arb.unit)

01234567

Number of Au particle
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Figure 1.3.1: The coupling of localized sur-
face plasmon resonance depends on their dis-
tance a), size b) and the aggregate size c).
Adapted from reference [15].

has been described in details by measuring optical properties of individual dimers

using Dark Field Microscopy.[20] In solution, where the number of particles can

reach up to 108 monomers, the clustering process can results in the formation of

many possible configurations, leading to broadening and damping of plasmon band.

However, the tendency of shift of plasmon band during the clustering can serve as

a qualitative indicator for the directionality of the inter-particle interactions. As
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Figure 1.3.2: Hybridization scheme of plasmon coupling for AuNPs a) and AuNRs
b). Dark plasmon modes are depicted with a red "X". Transversal coupling modes are
omitted, since they are analogical to longitudinal coupling modes. Figures inspired
from references [17, 20, 21].

a real-world example, consider black spectrum in Figure 1.3.2 d) that can either
red- or blue-shift, suggesting that there is higher probability of finding particles in

tip-to-tip or side-to-side configuration.

1.4 Thermoplasmonics - converting light energy

into heat

Owing to a large absorption cross section and (usually) non-radiative relaxation of
excited electrons, plasmonic nanomaterials are known to have a strong photothermal
effect. The decay of localized surface plasmon resonance results in the conversion
of light energy into heat through joule effect, that is, oscillating electron gas loses

energy on the expense of immobile ions in the crystal lattice. If we consider a single
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laser pulse interacting with a nanoparticle, the heat released to the environment can
be divided into three steps that operate at different time scales. First, the energy
of the light pulse is absorbed by the free electrons of given nanoparticle and the
electrons equilibrate to a Fermi-Dirac distribution over a timescale of 100 ps, while
the ions of the lattice remain at ambient temperature[22]. The produced hot car-
riers (electrons and holes) relaxe through electron-phonon interaction, which takes
approximately 1.7 ps. This timescale is independent of the nanoparticle size, given
that electrons are delocalized (d 2 5 nm)[23]. At this point the nanoparticle has a
uniform elevated temperature, while the environment remains at ambient tempera-
ture. Heat exchange with the environment takes about 1 ps to 1 ns, depending on

the nanoparticles size and thermal conductivity of the surrounding medium|24].

Electromagnetic Excited Thermal field

field electrons Electron- Conductive heating
Phonon relaxation

—
\ ,
Os 100 fs 1.7 ps 1-10 ns

»
»

Figure 1.4.1: Schematic representation of the heat production close to particles
surface through the decay of localized plasmon surface resonance. Figure inspired
from reference [25].

For a gold nanoparticle in a medium (water) under illumination, the temperature

increase of the nanoparticle is given by:

o Uabsj
" Ankgfr

5T (1.6)

where o, is absorption cross section, [ is the light irradiance (power per unit area),
ks the thermal conductivity, r the radius of nanoparticle, and § > la correction
factor taking into account the shape of the nanoparticle (§ = 1 for a sphere). The
dielectric medium (e.g., water, air, vacuum) plays also an important role because of
their difference in heat capacity and thermal conductivity.

The heat generated within plasmonic nanoparticles can be exchanged with the en-
vironment via conduction, convection or thermal radiation, being the former the
important way of heat transport. The lag time for plasmonic heating through con-
duction is relatively short. To give an example, in water it takes ~ 20 ns to reach
similar temperature 100 nm away from the heated particle.

An important parameter ruling the way the heat propagate out of the nanoparticles
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surface is the timescale of irradiation. Under continues wave irradiation, the local
temperature close to the nanoparticle decays as 1/r (with r being distance from
nanoparticles), while for femtosecond pulsed laser the temperature decays as 1/r3

(Figure 1.4.2). The way the heat propagate out of nanoparticle surface is relevant

especially if one need to take advantage of collective heating by many particles.

b

o

Normalized temperature
1.

cw
illumination

------- '\ Pulsed
R M-
Y\ illumination

f L T T T T
0 1 2 3 4 5 6 7
Normalized coordinate

Figure 1.4.2: (a) The temperature profiles at different times around a sphere (20
nm) heated by a pulse (fs) and continuous wave illumination. (b-c) Three-dimensional
plot of the steady state temperature profile under continuous wave (b) and pulsed
(c) illumination. Figure adapted from reference [26].

It has been shown, that when the distance between nanoparticles decreases the
collective thermal effects can become dominant leading to an overall increase and
homogenization of temperature distribution[27-29]. From the optics perspective,
the collective heating can sound counter intuitive since nanoparticles separated by
a few diameters are usually optically decoupled. But from thermodynamics point
of view it does matters, especially for larger number of nanoparticles. The resulting
temperature increase comes from two contributions: heat generation by individual
nanoparticle and the heat generated by the other N-1 nanoparticles under illumi-
nation in the sample. Therefore, if considering N identical spherical nanoparticles
of radius r (labeled from 1 to N) and located at positions, a, one can estimate the

temperature increase experienced by each nanoparticle:

N
Uabs,j] Oabs]

0T, =

Cdmker 2 ATRG|a; — ay

(1.7)

If the number of particles is large in the system, the temperature can increase
considerably. In practice, however, the estimation of collective temperature in a
colloidal solution of nanoparticles by using Figure 1.4.3 can be a tedious task.

To simplify it, Baffou has proposed a dimensionless coefficient, (,,, to estimate the

balance of the local and collective heat contributions:
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Temperature

Temperature

Figure 1.4.3: Temperature profiles of AuNPs under irradiation for a) large inter-
particle distances leading to thermal hot spots and b) short inter-particle distances
leading to larger temperature increase and homogenization. The offset indicates how
the collective heating can dominate temperature profile of the sample. Adapted from
reference [30].

G = —or (1.8)
rN"m
where p is the average inter-particle distance, r the nanoparticle radius, N the num-
ber of nanoparticles and m the dimensionality of the observed system (m = 3 for
nanoparticles in solution). If (,, >> 1, nanoparticle do not influence each other
and they can be considered as local thermal hot spots(Figure 1.4.3 a). If ¢, > 1,
the overall temperature increases (Figure 1.4.3 b) and for (,, << 1 a smooth tem-
perature distribution is observed and thermal hot spots are not present anymore.
Importantly, thermal coupling (collective heating) operates at the dimensions much
larger than plasmon coupling. For example, collective heating can be observed for

spherical nanoparticles of 5 nm in diameter and with pm distances[31].

1.5 Chemical synthesis of gold nanoparticles

As mentioned above, in the present thesis the temperature-driven reversible cluster-
ing of nanoparticles will be studied using gold nanoparticles. Two different shapes
were selected for this purpose, namely spherical and rod-like. Although the synthesis
of these nanoparticles is not central to the aim of this work, it is convenient to discuss

briefly the main chemical mechanisms behind the growth of these nanoparticles.
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Wet chemical synthesis of gold nanoparticles is usually classified according to two
mechanisms: nucleation/growth, and autocatalytic reduction, so-called seeded-growth
(Figure 1.5.1 b).

Autocatalytic process
(Seeded-growth)

e e’
M"Y — @ M™ —

Nucleation and growth

Figure 1.5.1: Two main mechanisms for the synthesis of gold nanoparticles. In the
nucleation and growth mechanism, strong reducing agent reduces metal ions followed
by growth into nanoparticles. In the seeded-growth process, autocatalytic reduction
of metal ions takes place exclusively on the the surface of preformed seeds to produce
particles of the desired shape and size. Reproduced from [32]

In the first approach, strong reducing agent reduces metal salt to produce dispersed
nanoparticles that host organic molecules on their surface, preventing aggregation.
The size of nanoparticles can be controlled by tuning the molar ratio between the
stabilizing /reducing agent and the metal precursor. At nucleation stage, available
precursor ions undergo fast reduction. To obtain monodispersed nanoparticles, one
need to increase the nucleation rate so that after the first nucleation burst no addi-
tional nuclei are formed. The growth stage starts after reaching a saturation point
at which individual precursors only deposit on existing particles. This approach per-
mits the synthesis of large amounts of particles without loss of quality because with
increasing the concentration of the metal precursor the saturation point is achieved
faster. The fast kinetics of the process however leads to the particles with isotropic
shapes.

In the seeded-growth model, the nucleation and growth stages are separated in
time. The seeds are usually obtained through the nucleation and growth process and
later are used in the autocatalytic overgrowth to obtain desired nanoparticles The
autocatalytic nature of the process allows to control the number of final nanoparticles
that depends on the amount of added seeds. Also one can predict the size of the

final nanoparticles (spherical) through the following equation[33]:

Au,, + Au,
Au,

where Dy is the final diameter, D,, is the diameter of the seed, Au, the amount

Dy = Dy )8 (1.9)

of metallic gold in the seed particles and Au, is the amount of gold precursor in
the growth medium. The reason why seeded-growth method gained much atten-
tion is slow reduction kinetic that allows for inhibition of given crystal facets dur-
ing growth and thus symmetry breaking. Thus the anisotropic gold nanoparticles

(cubes, decahedra, octahedra, dodecahedra, triangles, rods, bipyramids, wires), and

11
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with the most interesting optical properties, are usually synthesized through the

seeded growth methods.

1.5.1 Synthesis of spherical gold nanoparticles

O OH O

O O O
-0 o + AuCly —— )_I\/U\/LL + AuCl + H* + 3ClI + CO, (Rl)
-0 o
o o
Citrate DC?

SAUCHCE —— 2Au%+AuCly (R2)

Figure 1.5.2: Accepted mechanism for Turkevich synthesis AuNPs stabilized with
citrate.

The most common approach for synthesis of spherical nanoparticles developed in the
1950s by Turkevich et al.[34] using sodium citrate, which acts a mild reducing agent
and stabilizing surface ligand. The popularity of this synthetic route is due facile
replacement of the native weakly bound citrate molecules on the surface of AuNPs
with a functional ligand. Over the decades, to improve the the original synthesis
protocol some variations were proposed such as the order of reagent addition[35]
or the use of buffered system to control the pH during nucleation[36] The accepted
reaction mechanism consists of two consecutive reaction steps[37]. In the first re-
dox reaction Au(III) ions are reduced to Au(I), while citrate is oxidized to acetone
dicarboxylate. The Au(I) ions accumulate in polymolecular acetone dicarboxylate
complexes, yielding high local Au(I) concentration. This allows in a consecutive step
for disproportionation of Au(I) into Au(IIl) and metallic Au(0), ultimately leading
to nucleation and growth of AuNPs. In order to obtain monodisperse AuNPs one
must control the nucleation and growth step. This can be achieved by increasing the
reactivity of Au precursors, by adjusting pH or through increasing the concentration
of acetonedicarboxylate species by preboiling Na-Citrate for 15 minutes.[35, 36, 38,
39]

The classical Turkevich method usually yields AuNPs of 13 nm in diameter. To
obtain larger nanoparticles a seeded-growth approach can be implemented as pro-
posed by Bastus et al. [40]. In this scenario AuNPs are synthesized and grown in
consecutive citrate and Au(IIl)precursors addition steps. Still, this method requires
to avoid secondary nucleation during the growth steps, which is achieved through

lowering temperature or concentration of metal precursor.

1.5.2 Synthesis of gold nanorods

A flagship example of anisotropic nanoparticles are without any about gold nanorods

that can be obtained by seeded-growth method through well-established synthesis
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Figure 1.5.3: Seeded Growth of AuNPs. With every growth step LSPR red-shifts
and diameter of gold nanoparticles increases. Figure adapted from reference [40].

routes.

The most common approach to produce single crystalline AuNRs is using cethyl
trimethyl ammonium bromide (CTAB) assisted seed mediated growth in the pres-
ence of silver nitrate, which was first demonstrated by Jana et al.[41] and further
developed by Nikoobakht et al. in the early 2000s[42]. The nucleation and growth of
AuNR is separated in time and space and fine control over the aspect ratio and thus
the optical properties is achieved over adjusting the reagent concentrations during
the growth step such as silver ions or concentration of gold seeds. In typical synthe-
sis, small gold seeds are synthesized with the aid of a strong reducing agent (e.g.,
NaBH,), which results in gold nanoparticles with diameters around 2 nm.[42] Due
to the small size of seeds, no surface plasmon is observed, thus their absorption spec-
tra is characterized by a maximum in UV-range, which originates from inter-band
transitions (Figure 1.5.4 a - black) [43].

Since the seeds act as catalyst, a mild reducing agent (e.g., ascorbic acid) is used
during the growth, avoiding secondary nucleation. Time-resolved UV-Vis-NIR mea-
surements of AuNRs growth in Figure 1.5.4 b) show, that aspect ratio is defined
at an early growth stage and extinction increases over time. The inset depicts the
temporal evolution of Au(0) in the solution and shows a sigmoidal curve, typical for
autocatalytic growth.[44] While the exact mechanism is still debated it is generally
agreed on, that silver ions and CTAB are key components to obtain AuNRs[45,
46]. Thus, during the early stage of the growth, the seeds gain the size (~ 6 nm)
allowing the emergence of facets of unequal surface energies. The presence of silver
ions and Br™ renders insoluble silver bromide that exhibit good affinity toward gold
facets of higher surface energy, thus blocking it for further overgrowth[45, 47] Such
a facet-dependent gold reduction rate causes symmetry breaking at the early stage
of gold nanorods formation. Such a mechanism also explains why the aspect ratio
of AuNRs can be tuned by the amount of Au™ ions during growth step (Figure 1.5.4
¢). The role of the CTAB is also important. At high concentration CTAB can form
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Figure 1.5.4: Synthesis of gold nanorods. a) UV-Vis-NIR spectra of gold seeds
and as-prepared gold nanorods. b) Time-resolved optical characterization of gold
nanorods growth solution, showing that at the early stage anisotropic nanoparticles
emerge. c¢) The effect of silver ions on the dimensions of the final gold nanorods.

micelles and bilayers playing role of a capping agent[48]. Additionally CTA™ can
form a complex with Au(IIl) ions increasing its redox potential and thus further
decreasing reduction rate.

To close, the need for use of surfactant molecules during the growth of gold nanorods
often holds back their use in catalysis or nanomedicine where surface chemistry de-
termine their utility. Thus one need to implement and optimize a meticulous process
of ligand exchange to render desired properties. It is also the case in the forthcom-
ing chapters where thermoresponsive properties of gold nanorods will determined

by controlling their surface chemistry.

1.6 Stimuli-responsive nanosystems studied by real-

time analytics: an overview

Since the present thesis deals with design and synthesis of thermoresponsive nanosys-
tems studied via the use of real-time analytics it is convenient to contrast such a
system with the existing works and available in literature.

Generally, under self-assembly one can understood the process in which a disordered

building blocks (molecules, nanoparticles) organize into structure caused by local
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interactions among the building blocks themselves[49]. Although the process of
self-assembly can be found on all length scales from cosmos formation[50] down to
arrangement of molecular structures [51] or proteins[52], it is a relevant aspect of
nanoscience and nanotechnology because it offers tools for bottom up fabrication of

macroscopic materials using nanoscale building blocks.

Th process of self-assembly is classified as static and dynamic. The static self-
assembly is an irreversible process driven by entropy to produce superstructures re-
siding at local or global equilibrium. A canonical example is the formation of super-
lattices of nanoparticles through solvent evaporation.[53-56] Dynamic self-assembly
is reversible process where under the action of stimulus the building blocks form
metastable structures. Once the stimulus is canceled, the system recovers its initial
state. Theoretical description of dynamic self-assembly is a non-trivial task since
such a system can traverse across different local minima upon the action of stimulus,
where directionality of applied stimulus (forwards versus backwards) and rate of its
application can impact structure and energetics of the assemblies. Again, the only
feasible way to resolve such directionality is through real-time analytics that allows
for tracking the change of the system in situ and, thus, to determine all possible

states the system can occupy.

Over the last decades a broad variety of stimuli for dynamic self-assembly have been
proposed. Typically one can classify the stimuli as internal (chemical) and external
(physical).[57, 58] The chemical stimulus can be type of solvents, acid/base signals,
metal ions, gases, biomacromolecules, and redox signals. The physical stimuli can be
temperature, magnetic and electric fields, light or pressure. While physical stimuli
are non-invasive and rather facile to regulate (e.g., light intensity or temperature),
the chemical stimuli alter the chemical composition of the nanosystem and can be
regulated through their concentration. Since chemical stimuli are difficult to cancel
- once a chemical compound is added to the system it is difficult to remove it -
their use in self-assembly is mostly motivated by the development of (bio)sensors.
Physical stimuli are studied mostly in the context of development of switchable
active materials with the aim to be implemented in devices (e.g., optoelectronics).
Therefore the need for development of stimulus responsive nanosystems is rather
obvious in the context of technological development, having a potential to impact

many areas of our lives.

To obtain a truly stimuli responsive materials one needs to assure that the stimulus
couples with given nanosystem. There are two strategies for such coupling. From one
side, the stimulus can alter the properties of the metal core which in turn can induce
structural changes in surface ligands or environment and thus leading to assembly.
Such type of coupling is less studied and is mostly reserved to physical stimulus,

for example, magnetic field can change magnetisation of magnetic nanoparticles,
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facilitating clusters formation. From the other side, the coupling can be achieved
by the action of the stimulus on surface ligands grafted on the surface. Such type of
coupling is more common and can be applied to both physical and chemical stimuli.
The following discussion limits to the literature examples on dynamic self-assembly
studied by real-time analytics. The discussion is structured by the type of stimulus

used.

1.6.1 Temperature
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Figure 1.6.1: Temperature-driven self-assembly of nanoparticles. a) DNA-coated
gold nanoparticles aggregate at lower temperature (blue points) and redispersed at
higher temperatures (red point). The rate of applied temperature affect the tem-
perature at which aggregation and redispersion occurs that is due to lag in system
response to applied stimulus. Figure adapted from reference [59]. b) HEG-stabilized
gold nanorods aggregate with increasing temperature. At moderated temperature
(30 °C) nanorods form side-by-side assemblies while at elevated temperature (60
°C) nanorods form hierarchical structure. Figure adapted from reference [60]. c)
Temperature-induced self-assembly of Pd nanoparticles into highly crystalline super-
lattices that commences just after the nanocrystal are formed. Superlattice formation
was explained by change of inter-particle potential, caused by increasing the size of
nanoparticles. Nanoparticles assembled into an fcc-lattice and kept growing after
lattice formation. Figure adapted from [61].

Temperature is a physical stimulus affecting uniquely the molecular shell of nanopar-
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ticles. O’Brien et al. have used real-time UV-Vis analysis to investigate the tempera-
ture dependent self-assembly of gold nanoparticles coated with DNA[62](Figure 1.6.1
a). It is know that at low temperature DNA molecules hybridize to from double
stranded DNA while upon heating melting occurs producing single stranded DNA.
Thus anchoring two different types of DNA to separate batches of gold nanoparticles
is a convenient way to study temperature-driven reversible clustering of nanoparti-
cles. The authors tracked in situ the change of extinction at the LSPR between 30
and 60 °C for different temperature rates and observed the appearance of thermal
hysteresis that was explained by the so-called critical undercooling, a thermody-
namic barrier which needs to be overcome for the onset of aggregation. The authors
found that the aggregation temperature T; was affected by temperature scan rate,
while the melting temperature T, show little variation even at higher temperature
rates.[59] Interestingly, the number of coordination sites (valency), trough which
nanoparticles, can interact also affected the extent of hysteretic response. That is,
by controlling particle shape (plate, spheres) and the DNA sequence, authors could
increase valency from 2 , 8 and 12, leading to different packing of nanoparticles in
the superlattice. The packing determined how the system responses to the temper-
ature change. With increasing valency the critical undercooling was favored leading
to the drop of Ty, hence widening the hysteresis. This work is an example showing
that only through real-time analysis of the self-assembly process new features and

thus new knowledge of the system response can be extracted.

lida et al. have combined hexa(ethylene glycol) (HEG) and gold nanorods to pro-
duce thermoresponsive system. Upon temperature increase to 30 °C, the LSPR
blue-shifted indicating side-to-side arrangement of small, precursor clusters (Fig-
ure 1.6.1 b). Further temperature increased to 40 °C the precursor clusters formed
hierarchical superstructures through tip-to-tip assembly, leading to an increased ex-
tinction at longer wavelength. Upon cooling the process was reverted, first to form
side-to-side precursors, and finally redispersion. The mechanism of clustering was
explained by reversible dehydration of HEG ligand at elevate temperatures, where
the dehydration temperatures were sensitive to the particle curvature, that is, lower
at the flat lateral parts and higher at the curved tips.[60] It is worth noting, that this
two-step assembly was not observed for spherical particles with the same ligand,[63]
a difference that may not have been observed without implementing real-time UV-

Vis measurements.

In another example, Wu et al. have found the formation Pd nanocrystals in 1-
octadecene and their simultaneous self-assembly to superlattice at high tempera-
ture.[61] Normally, self-assembly of nanoparticles into superlattices requires slow
solvent evaporation at room temperatures. In the work by Wu et al., a quite op-

posite scenario was detected thanks to the use SAXS in real time. At elevated
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temperatures (230 °C), spherical Pd nanocrystals first formed, and after reaching
a critical diameter of 5 nm, they rapidly assembled into a superlattice with con-
tinuous nanocrystals growing within superlattice. Through calculating interaction
potential, the authors have identified an interplay of repulsion (ligand) and attrac-
tion (core-core attraction) as driving forces of assemblies formation, leading to a
thermodynamically driven crystallisation mechanism. The generality of this phe-
nomena was confirmed by changing core materials: iron oxide. Through their find-
ings obtained from in-situ measurements, they were able to design nanocrystals to
demonstrate temperature-dependent reversible assembly/disassembly by tuning the

ligand grafting density and surface ligand composition (Figure 1.6.1).

1.6.2 Light

Light is a physical stimulus that can be applied remotely, at high frequency between
between ON and OFF states, and at desired energy and intensity.

A classical example of reversible clustering of metal nanoparticles with light is based
on structural change of surface ligands (photoswitch), such as azobenzene or spy-
ropirans derivatives, which undergo cis to trans isomerization under UV light irra-
diation followed by it recovery to stable isomer under visible light or thermal relax-
ation. When photoswitch is immobilised on the particles surface and UV light is
applied, the change of isomerization alter wetting properties of the particles surface
altering inter-particles forces, hence aggregation. That is, initially stable particles
in non-polar solvent (cis isomer) become more hydrophilic when switched to trans
isomer under UV irradiation, leading to particles aggregation.[64]. The relatively
slow kinetics of particles aggregation/disaggregation make the in-situ UV-Vis study
less interesting. Nevertheless, Kundu et al. [65], by studying nitrospiropyran-based
photoswitch, have found that this ligands undergo fast back isomerization (sec-
onds) after canceling UV stimulus, that is, nearly three order of magnitude faster
than azobenzene. Thus, the use of UV-Vis in real time was implemented to study
disassembly kinetics (or lifetime of aggregates) for different molar content of ni-
trospiropyran on the nanoparticles (2.6 nm in diameter). When molar content of
nitrospiropyran was increased from 60 to 90%, the lifetime increased by half from 9
to 72 seconds. Such tendency was explained by the attractive interaction between
nitrospiropyran molecules on nanoparticles surface, that slowed down the kinetics
of back isomerisation (Figure 1.6.2).

Another way to control clustering of nanoparticles by light is taking the advantage
of photo-thermal effect where metallic core produces local heat that in turn changes
the structure of thermoresponsive surface ligand, leading to aggregation. Poly-N-

isopropylacrylamide (p-NIPAM) is a typical thermoresponsive polymer that undergo
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Figure 1.6.2: Real-time spectroscopy measurements for light induced dynamic self-
assembly of nanoparticles. a) Light-induced self-assembly of gold nanoparticles using
a photoswitch. Gold nanoparticles aggregated under UV-light irradiation and dis-
assembled in the dark. The kinetics of disassembly could be adjusted by the con-
centration of photoswitch on the nanoparticle surface. Adapted from reference [65].
b) Light-induced self-assembly of gold nanospheres coated with p-NIPAM exploit-
ing photothermal effect. AuNPs aggregated under light exposure and a self-limited
growth was observed due to collective coulomb repulsion of individual particles in-
side a cluster. They demonstrated a strong and fast restoring force upon cooling.
Adapted from reference [62].

phase transition at 36 °C. At low temperature, the polymer form multiple hydro-
gen bonding with water molecules, allowing its hydration and thus expansion. At
such conditions nanoparticles remain stable. Once the temperature is bring above
transition temperature, the hydrogen bonds break, water molecules are expel from
polymer structures and polymer collapses, facilitating aggregation of nanoparticles.
The process is reversible. Ding et al. [62] have used real-time UV-Vis optical char-
acterisation to show very fast response of aggregation process under light irradiation
(Figure 1.6.2). By analysing UV-Vis spectra, they found a self-limiting growth of
aggregates over time during laser excitation. They could confirm this observation by
calculating interaction potentials, showing that for a growing cluster size, repulsive
forces increase due to collective coulomb repulsion of the charged nanoparticles. By
using IR scattering, ps response was observed between assembled and disassembled
states. Although the actual process was probably faster, the measurement technique
had insufficient time resolution. Nevertheless, they showed, that large forces (nN)
can be released in short times (sub-us), which is an important key feature for fast

nanoscale actuators.
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Figure 1.6.3: pH-induced reversible clustering of nanoparticles. a) Reversible clus-
tering of gold nanoparticles (lower panel) follow temporal change of pH oscillator
(upper panel). b) Schematic description of different (dis)assembly pathway of pH-
responsive gold nanoparticles in presence of pH oscillator. Depending if AuNPs are
free in solution or pre-associated (for example through a polymer network) they
showed a delayed response to changing pH instead of following them perfectly, which
results in hysteresis. Adapted from references [66, 67]

The concentration of proton is one of the most versatile chemical stimulus. To
study dynamic self-assembly of nanoparticles pH oscillators were implemented. A
pH oscillator is a set of coupled chemical reactions of different kinetics parameters
leading to the sequential concentration change of each component which in practice
is reflected in the oscillatory change of pH. Often, the change of pH is accompanied
by the change of color of the solution giving rise to the so-called chemical clock.
Since a solution containing dispersed or aggregated gold nanoparticles exhibit two
limiting colors detectable by naked eye, coupling of pH oscillator to the reversible
clustering resulted a convenient way to exploit the systems chemistry. To study
pH oscillator one need to assure time-resolve spectral and pH analysis of the so-
lution to be able to determine whether both process (chemical and colloidal) are
coupled. Nabika et al.[66] have nicely shown that gold nanoparticles functional-
ized with 12-mercaptododecanoic acid can be coupled to standard pH oscillator
(BrO®=/S03~ /HSO?") that operates within the limiting pH values raining from 4
to 7 and of a period of few minutes timescale (Figure 1.6.3 a). The authors observed
a large hysteresis in each pH-cycle that was attributed to the delay ions diffusion to
the center of the clusters to induce redispersion, resulting in bistability of colloidal
state at a given pH-value (Figure 1.6.3 b - black lines).

A different scenario was presented for pH-responsive AuNPs functionalized with
NIPAM containing -COOH endgroups.[67] In this case, AuNPs followed fast pH
changes without any delay. They addressed this to pre-associated AuNPs, that
are connected via crosslinked chains of NIPAM (Figure 1.6.3 b - red inset). In
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their dispersed state, they have short inter-particle distances (18 nm), which keeps
diffusion distance low and allows for a rapid response. They further tested this
hypothesis by increasing the pH oscillator frequency with increasing temperature

and injection rate and AuNPs were still able to follow pH-changes.

1.6.4 Magnetic field
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Figure 1.6.4: Self-assembly under magnetic field. a) TEM image of iron-coated
silver nanoparticles. b) Assembled structure of helical nanochains under helical mag-
netic field at right and left handed rotations (c) Scheme of helical field-induced chi-
roptical properties where rotating magnetic field induces chirality into self-assembled
nanostructures. d) effect of revolutions per minutes of rotating field on the frequency
change of circular dichroism. e) change of transmitted color for different polarization
angles. Adapted from reference [68].

The convenience of using magnetic field to self-assembly and modulate is based on
immediate response of the system to the applied stimulus and does not require the
use of templates to produce precise self-assembly. Jeong et al.[68] have built a he-
lical superstructures that displayed switchable chiroptical properties (Figure 1.6.4).
They used hybrid nanoparticles comprising both plasmonic (silver) and magnetic
(magnetite) components. While under external magnetic field nanoparticles formed
chain-like assemblies, under helical magnetic field a chiral helical assemblies formed.
Such chiral structures gave rise to circular dichroism, which handedness was dynam-
ically switched by the helical magnetic field at the millisecond level. Thus, the larger

the rotation of the magnet, the larger was the frequency of changing handedness.
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The interaction of the chiral structures with light was used to built a display which
transmitted light of different wavelengths depending on the angle of light polariza-
tion. Overall, these results showed that magnetoplasmonic nanomaterials bring the

potential for practical applications in optical devices.

1.6.5 Electric Field

Electric field is another convenient physical stimulus to modulate the interactions
between charged nanoparticles and thus to tailor their collective optical properties.
Montelongo et al.[69] have proposed reversible electrotunable liquid mirror based
on voltage-controlled reversible assembly of gold nanoparticles at the interface of
two immiscible solutions. They used gold nanoparticles of 16 nm in diameter and
functionalized with 12-Mercaptododecanoic acid. Upon the applied voltage, the
nanoparticles self-assembled at an interface of two immiscible liquids, leading to
progressive increase the reflectance (Figure 1.6.5 a). The authors have found that
the assembly time of nanoparticles on the liquid-liquid interface was inversely pro-
portional to the square of the nanoparticles concentration, being in accordance with
the diffusion-driven assembly process. The disassembly time was independent of the
concentration of nanoparticles. Although, in general, the dynamics of assembly was
rather slow (10 minutes), which was determined by diffusion of nanoparticles over
long distances, the dynamics could be sped up by orders of magnitude via minia-
turization of their electrochemical cell. Thus, the authors were able to construct a
device for nanoplasmonic platform to switched between highly reflective mirror-like
and transmissive window.

Charged colloids are known to diffuse towards their counter charged electrodes under
an applied voltage bias in a process known as electrophoresis. Yu et al. [70] have
studied the electric field-induced assembly of dodecanethiol functionalized silver
nanoparticles of 7.1 nm (Figure 1.6.5 b). In a home-made liquid cell equipped with
electrodes and in-situ SAXS measurements, the authors observed that nanoparticles
drift to the anode under an electric field, because the adsorption of Br - at the
surface, rendering a negative surface charge. The SAXS analysis helped to establish
relationship between applied voltage, flux of nanoparticles, nucleation density and
superlattice constant. Interestingly, they observed a size focusing effect from cathode
to anode. That is, the bigger nanoparticles tended to accumulate on the anode
with lower polydispersity than in the bulk solution. This facilitates back-diffusion
of smaller NPs, while larger NPs drift towards the anode with less disturbance.
Therefore, the superlattice was of high cristallinity and Bragg reflections of higher

order were clearly visible.

22



CHAPTER 1. INTRODUCTION

a) k] 3 8 b) IElectric leads
o
o
K ab | ab
E S|
(Pt) (Ag/AsCl) (Ag/ SSV (B
| I o Electric leads
< 56+1.5n0m
10 mM NaCl S 1400 ym =
water ° =
S O o O
1 k3] ° <
u%’ ° ° 1000 um % [
2|l@" @ -
HiE > 500 E
5] m - }
gl ee | T =
©
Nl g ©
25 (] ) O 50 pm
VQ(&Q

20 Anode

- 1.0
Nanocrystal

Reflectance, R (%)
IS o
Time (x 10° s)
oN N o © O R B
-‘\
4 AN P
N o o
Iq)yq*
o

c
3 s
2 B
T s
. w—
2 ] [0
"q.: 0.01 £
o 0.8 S
g 3
) - "
5 e w 04+ Superlattice assembly 0.00" =
e a | i
0.0+ 0.00¢
o 5 15 25 35 45 55
500 550 600 650 700 Time (min)

Wavelength, A (nm)

Figure 1.6.5: Self-assembly of nanoparticles modulated by electric field a) Interfacial
self-assembly driven by an electric field to produce switchable surface of reflective
and transitive properties. Adapted from reference [69]. b) Electric field-induced self-
assembly of silver nanoparticles by SAXS measurements showing the formation of
ordered lattices through size-focusing effect. Adapted from reference [70].

1.6.6 Pressure

Pressure is gaining an attention as a physical stimulus in the reversible clustering
of gold nanoparticles. Schroer et al. have studied the pressure-induced supercrys-
tal formation of spherical (6 nm)[71] and rod-like (75 x 21 nm)[72] nanoparticles
stabilized with polyethylene glycol in aqueous solution with a high-ionic strength
(Figure 1.6.6). The clustering process was explained by pressure-induced removal
of water from polymer brush on the particles surface (dehydration), leading to its
collapse and progressive clustering of nanoparticles. While spherical particles re-
quired 3000 bar to form fcc-superlattice, gold nanorods required 2050 bar to obtain
two-dimensional hexagonal superlattices. By studying the assembly process with
ms resolution, they found that the crystal quality for spherical gold nanoparticles
improved and the kinetics of crystal formation accelerated with the magnitude of

the applied pressure jump. While assembly process showed exponential kinetics,
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Figure 1.6.6: Pressure-induced self-assembly of gold nanoparticles and -rods coated
with polyethylene glycol measured in-situ by SAXS. a) Gold nanoparticles assembled
into fcc lattice above 3000 bar. The higher the pressure, the better the crystal
quality and the faster the assembly kinetics. Adapted from reference [71]. b) Ex-
perimental setup for in-situ SAXS measurements. c¢) Gold nanorods assembled into
a two-dimensional hexagonal lattice above 2000 bar. Time-resolved studies revealed
a exponential growth of the superlattice during a period of 15 seconds, which then
slows down to linear growth. Adapted from reference [72].

disassembly showed linear kinetics and where about 1 magnitude slower. For gold
nanorods, a decrease of superlattice was found by increasing the pressure up to 4000
bar, indicating additional dehydration of the polymer shell. Time resolved studies
showed rapid superlattice formation with initial exponential kinetics. Generally,
assembly kinetics were in a similar range for both types of particles.

The above-disscussed works clearly show the importance of implementation of real-
time analytics in dynamic self-assembly of nanoparticles. It offers a unique tool in
understanding not only the mechanisms of self-assembly, but also provide a totally
new means in detecting unexpected signatures that can emerge upon forward or
backward application of the stimulus. It is also clear that all intermediate states
of dynamic assemblies remain inaccessible to a conventional ex-situ analysis which
is capable of describing the equilibrium state of the assemblies. Finally, the fast
dynamics of reversible self-assembly and proper coupling with the stimulus can pave

the way towards new optoelectronic devices.
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CHAPTER

Controlling hysteresis in
reversible clustering of

nanoparticles

2.1 Introduction

Hysteresis is defined as the dependency of the state of a system on it’s history
and it is ubiquitous in the living and non-living world. It is manifested through
loops of input and resulting output. Apart from being a core feature in solid-
state devices (e.g., memory storage), hysteresis sustains the functioning of many
biological processes (e.g., cell division) through the resilience against noise.[73-77]
The studies of hysteresis require the use of suitable model systems. Without any
doubt, one of such systems are gold nanoparticles (AuNPs) that exhibit chemical
robustness under harsh conditions and optical properties sensitive to the change of

their colloidal phase.[6, 58, 63, 78-81]

Previously, Grzybowski and co-workers have studied hysteresis in the reversible clus-
tering of gold nanoparticles stabilized with ionizable ligands using pH as a stimu-
lus.[82] These authors suggested that the hysteresis emerges from the change of mag-
nitude of electrostatic repulsion that overcomes the energy barrier during the cyclic
transitions between aggregated and dispersed states. The redispersion of nanopar-
ticles required an extra change of pH to bring the nanoparticles out from the energy
minimum. Importantly, the nanoparticles remained stable for several months once
in aggregated state, indicating a local equilibrium adapted by the system over an
entire range of applied stimulus.

Mirkin and co-workers, on the other hand, have observed hysteresis between the
melting and freezing transitions of DNA-coated gold nanoparticles.[59] The emer-
gence of hysteresis was explained through critical undercooling, a temperature drop

below melting temperature of DNA strands to reach thermodynamic barrier of nu-
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cleation. In this type of systems, the change of state is independent of the rate of
applied stimulus, and the emerging hysteresis is classified as rate-independent.

An entirely different scenario represents rate-dependent hysteresis that originates
from a lag of the system response to a stimulus. The faster is the velocity of the
applied stimulus, the wider becomes the hysteresis;[77] it is a kinetic effect. Rate-
dependent hysteresis has been observed in pH-driven clustering of AuNPs stabilized
with carboxylated alkanethiols,[66, 83-85] poly-L-lysine,[86] and thermoresponsive
polymers demonstrating an upper|[87] or lower[88] critical solution temperature.
Despite a vast body of works devoted to dynamic self-assembly,[89-94] the hystere-
sis, when observed, receives mainly a qualitative description, needless to mention
the lack of experimental control over its rate-dependent or rate-independent com-
ponents. A reason for this is an insufficient time-resolution of data acquisition (e.g.,
spectroscopy) that could otherwise aid information and understanding of interme-
diate states in such systems. The knowledge of the type of hysteresis is central to
predicting how the system responds to a stimulus.

Rate-dependent hysteresis helps to describe the nonlinear relationship between the
input stimulus and the output state, as in piezoelectric actuators.[95] Rate-independent
hysteresis, on the other hand, is a principle of memory storage, homeostatic mate-
rials [96], autonomous chemical reactions [97] and erasable inks. [98] Therefore,
determining the signatures of the system response to a stimulus is a must in the
development of functional nanosystems for (bio)sensors, actuators or catalysis.

In this chapter, it has been asked what is the origin of thermal hysteretic behav-
ior during reversible clustering of nanoparticles and what are the experimental pa-
rameters that define the prevalence of either rate-dependent or rate-independent

components.

2.2 Results and discussion

2.2.1 System Design

Figure 2.2.1 shows the conceptual design of the system comprising AuNPs of 13.2 +
1.0 nm in diameter stabilized with bis(p-sulfonatophenyl)phenylphosphine dihydrate
dipotassium salt (BSPP ) [99]. The nanoparticles were embedded in agarose gel.
Upon a temperature drop from 45 to 5 °C, the initial red colour of the sample
progressively turned to blue-grey (Figure 2.2.2 a) and recovered by heating up to 45
°C.

UV-Vis-NIR spectra and temperature values of the samples were recorded simul-
taneously every 10 seconds (1000 spectra per run), observing that the localized

surface plasmon band became featureless at 5 °C and recovered upon heating (Fig-
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Figure 2.2.1: Working principle of reversible clustering of BSPP-stabilized gold
nanoparticles within agarose matrix. The difference in disassembly and clustering
temperatures originates the emergence of hysteresis. The QR code in the inset pro-
vides a link to the video showing how the particles undergo reversible clustering.

ure 2.2.2 b). By excluding time component and presenting a degree of assembly
(R = AbSesonm/Abssosnm) versus temperature, R follows different pathways de-
pending on whether the sample is being cooled or heated, presenting hysteresis
(Figure 2.2.2 ¢,d). Transmission electron microscopy (TEM) analysis showed the

formation of globular aggregates upon temperature drop (Figure 2.2.2 d-inset).

DLS measurements confirmed the presence of hysteresis (Figure 2.2.2 e,f, and 2.6.1).
The hydrodynamic diameter varied between 30 and ~800 nm during heating and
cooling, respectively (Figure 2.2.2 e). Note that prolonged storage of the sample at
5°C caused gradual sedimentation of the nanoparticles. To prevent the sedimenta-
tion at low temperature the cyclic clustering experiments from this point on were
performed in agarose matrix with pore sizes of ~600 nm in diameter (Figure 2.2.3).
The pore size was determined by measuring UV-Vis-NIR spectra and calculating the
wavelength exponent.[100] Extinction at 750 nm is representative for the formation
of an agarose network. By following this wavelength, the wavelength exponent was
calculated over time which is obtained from a linear regression of a double logarith-
mic plot of the turbidity 7(\) = 2.3A(X\)/L, where L is cuvette width in cm, versus
wavelength, A\, from 700 nm to 800 nm. The pore size of 600 nm was estimated

from the wavelength exponent plots from reference[101].

Since high concentration of agarose (1 w%) hinders aggregation optimal agarose
concentration was found at 0.25 wt%. With higher agarose concentrations, both
assembly and disassembly were hindered (Figure 2.2.3 d) increasing with concentra-

tion. At 0.25 w%, AuNPs had maximal mobility, while ensuring sufficient mechanical
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Figure 2.2.2: Temperature-driven reversible clustering of gold nanoparticles. a)
UV-Vis-NIR spectra of redispersed (red, 45°C) and aggregated (blue, 5°C) nanopar-
ticles. b) Four cycles of nanoparticles clustering at low and high temperatures. c)
Time-dependent variation of temperature and assembly degree, R. d) Hysteresis of
cyclic aggregation obtained by removal of time component in plot c. Insets: TEM
images of clustered nanoparticles e, f) Change of hydrodynamic diameter of nanopar-
ticles in colloidal phase at different temperatures confirming hysteresis.

strength of the hydrogel and still impeding precipitation of aggregates.

To assess to what extent a temperature gradient influences the hysteresis, the
nanoparticles were aggregated cyclically in cuvettes of different path lengths. Fig-
ure 2.2.4 shows visual representation of possible temperature gradient in the ex-
perimental setup. The optical path of UV-Vis recording is oriented vertically, and
the source of heat/cold is supplied from the bottom of the cuvette. Upon heating,
the disassembly starts from the bottom (red area) while on the upper part of the
cuvette larger aggregates remain (blue area). In such a scenario, there is a size
distribution of clusters across the optical path - vertical axis (Figure 2.2.4 a). As
a result, one could expect that temperature gradient imposes broadening of optical

response across the beam light and hence the origin of the hysteresis. The effect of
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Figure 2.2.4: The effect of temperature gradient on hysteresis. a) Visual represen-
tation of the possible temperature gradient for cuvette of different path lengths. b)
Hysteresis of reversible clustering for cuvette thickness of 1, 2 and 5 mm. c¢) The
change of hysteresis at 25 °C versus the velocity of temperature scan rate (upper
horizontal axis) and cuvette thickness (bottom horizontal axis).

temperature gradient on the magnitude of hysteresis was evaluated, by performing

reversible clustering with cuvettes of different path lengths: 1, 2 and 5 mm. The

hysteresis increased with increasing the thickness of the cuvette (Figure 2.2.4). For

the cuvette of the lowest path length (1 mm), the hysteresis remains visible. Note

that although the hysteresis can be further decreased by slowing the temperature

ramp down to 0.2 °C/min in 1 mm thick cuvette, it cannot vanish entirely.
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2.2.2 Centering hysteresis within temperature window

a) = 25°C >
NaCl:Io mM “16 Ii |64I Izi 90 112 I128
b) 12 | 128 mM NaCI| €)
I Iﬁ E =x | 6 mM BSPP
112 mM 1.0
1.0 1
14
g 0.8 1
5 0.8 1
@
[a]
2> 0.6 1
o 0.6 1
£
?
64 mM J
<04 - 0.4
. - ke -
T | | S
20 40 20 40
Temperature (°C) Temperature (°C)
d) e)
] 1
14
<
0 - 0
0 50 100 0 2 4 6
NaCl [mM] BSPP [mM]

Figure 2.2.5: The effect of NaCl and BSPP concentration on the centre and sat-
uration of hysteresis. a) Digital images of solutions containing gold nanoparticles
in agarose matrix with increasing concentration of NaCl at 25 °C. b,c) With in-
creasing the concentration of a) NaCl and b) BSPP the centre of hysteresis shifts to
higher temperature at 1 °C/min. d, e) The change of responsiveness of the system
(AR = Ryaz — Rmin) to the concentration of NaCl d) and BSPP e).

The concentration of both salts NaCl and BSPP regulates the centre of the hys-
teresis in the temperature window of 5 - 45 °C. Note that BSPP is also a surface
ligand here that binds to gold surface via phosphine group and ensures negative
surface charge. With increasing NaCl concentration from 0 to 128 mM at room
temperature, the red color of the samples turned blue (Figure 2.2.5 a). Cyclic cool-
ing/heating each of these samples revealed that the change of assembly degree, R,
is the highest for intermediate salt concentrations (64, 80 and 90 mM) and negli-
gible for limiting concentrations (16, 120 mM) (Figure 2.2.5 b, d). Consecutively,
the centre of the hysteresis moved towards high temperature as salt concentration
increased. A threshold concentration of BSPP (1.5 mM) was needed to observe

reversible aggregation, suggesting that BSPP molecules increase the ionic strength
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of the solution and favour cooperativity between free BSPP and attached to the
surface of the nanoparticles (Figure 2.2.5 ¢). Similar scenario has been observed for
free polymer molecules in temperature-driven aggregation of nanoparticles stabilized
with poly(N-isopropylacrylamide).[79, 102] Here, the change of assembly degree re-
ceived the highest values at BSPP concentration of 3 mM. As for NaCl, the increase
of BSPP concentration moved the centre of hysteresis towards higher temperature.
BSPP, however, alters the hysteresis at a larger extent. It was speculated, that the
surface charge of AulNPs is screened twice as much by BSPP as compared to NaCl,
that is due to the presence of two potassium cations per one molecule of BSPP.
Replacing BSPP with an alternative ligand - triphenylphosphine-3,3’,3”-trisulfonic
acid trisodium salt - had similar effect on the hysteresis (Figure 2.6.3).

To confirm the effect of temperature and salt concentrations on reversible aggre-
gation, interaction potential between nanoparticles were calculated by using Der-
jaguin, Landau, Verwey, and Overbeek (DLVO) theory[103] (Figures 2.2.6 and 2.2.7).
DLVO comprises attractive, temperature-independent van der Waals potential and
repulsive, temperature-dependent electrostatic potential: Vi,; = Viaw + Vigee. For
nanoparticles of similar size the van der Waals and electrostatic potentials can be

expressed as follow:

AR

VudW = —@

(2.1)

1
Velee = iRZe’“D (2.2)

where A is the Hamaker constant for the Au/water/Au system (2 x 1071 J), R is
nanoparticle radius, D interparticle distance, Z interaction constant and s Debye

length. The Debye length receives the following form:

2e?n2 |
— (3 100 2
o= () 23

where z, e and n are ion valency of electrolite, elementary charge and concentration
of electrolite. Note that in our system we have two type of electrolites: NaCl (1:1)
and BSPP (1:2). The interaction constant, Z in equation 2.2 defines the repulsion

of the electric double layer and can be calculated as follows:

ksT\” ze
Z = 64mege <lz> tanh? (41;/}%) (2.4)

In the equation (2.4), €y and € are the vacuum permittivity and relative permittivity

for water, respectively, while 1y is surface potential (mV) of nanoparticle which can

be obtained from the surface charge density[104] (¢) (C/m?) that in turns is given
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by (-potential (mV):

o= EOEkBTKJ [2 sinh < Gz ) + itamh ( Gz >] (2.5)

ze 2kgT kR

2kpgT
Yo = B sinh ™ | e (2.6)
ze V8kpTenen
Therefore, the 1)y in equation (2.4) can be estimated by measuring (-potential. The
change of (-potential as a function of temperature was monitored experimentally,

showing progressive decrease of (-potential with increasing temperature from 5 to
45 °C (Figure 2.2.6).
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Figure 2.2.6: Experimental data showing the decrease the values of (-potential
(approaching neutrality) with increasing temperature. Note that the change of (-
potential is fully reversible. The value presented in the plot were used to calculate o
in eq. (2.5).

By taking into the account all experimental variables (nanoparticle radius, tem-
perature, BSPP and NaCl concentrations as well as (-potential) interaction energy
(kgT) of nanoparticles was calculated as a function of inter-particle distance for
varying temperature and (-potential at different NaCl concentrations and at con-
stant BSPP concentration and nanoparticle radius (Figure 2.2.7). The calculations
show that with the increase of NaCl concentration from 16 to 128 mM, the elec-
trostatic repulsions drops progressively, making dominant Van der Waals (VAW)
attractions. That is, at higher salt concentration (112 and 128 mM), the interaction
energy is purely attractive where nanoparticles remain aggregated regardless of the
temperature. Interestingly, at [NaCl] = 64 and 80 mM (optimum salt concentration
for maximum AD - the difference between aggregated and redispersed states) the
energetic barrier of electrostatic repulsion oscillates in the range of £5KgT" above
and below 0KpT with increasing and decreasing temperature, respectively. These
numbers confirm that reversible clustering is the results of temperature-dependent
changes of electrostatic repulsions. Note, however, although non-DLVO interactions

were excluded from this model(short-range steric repulsion), as shown by Liu et

34



CHAPTER 2. CONTROLLING HYSTERESIS IN REVERSIBLE CLUSTERING OF
NANOPARTICLES

al.[99], the effect of temperature on the magnitude of electrostatic interaction en-
ergy is very much similar to the values reported by these authors. Therefore, the

numerical results confirm the experimental data.
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Figure 2.2.7: Calculated interaction energy between gold nanoparticles of radius
6 nm at temperature range between 5 and 45 °C for different NaCl concentrations.
The electrostatic energy barrier decreases with decreasing temperature. The change
of magnitude in the electrostatic energy barrier decreases with increasing salt concen-
tration. At higher salt concentrations, nanoparticles remains aggregated regardless
the applied temperature. k in titles of each subplot stands for Debye length.

Next, the effect of particles concentration was investigated, observing that with
increasing their concentration, the assembly degree increases since more particles
are available to form clusters. As a result, the magnitude of hysteresis became
larger (Figure 2.2.8). The centre of hysteresis, however, remained fixed at 20 °C
regardless of the particle concentration, so did the onset temperature in the cooling
direction, at which the aggregation begins. Overall, in contrast to the concentration
of particles, it is the concentration of NaCl and BSPP that influences the width and
the centre of hysteresis within the temperature range, confirming the central role of

electrostatic screening in reversible clustering.
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Figure 2.2.8: The effect of AuNPs concentration on hysteresis. The upper panel
shows raw UV-VIS spectra for a cooling and heating cycles AuNPs@BSPP with
increasing concentration from left to right. The higher is the AuNPs concentration,
the higher is the extent of aggregation. The lower panel shows the analysis of the
spectra: left: extinction at 650 nm showing that the magnitude of the hysteresis
is higher for higher amount of nanoparticles; middle: assembly degree, and left:
normalized assembly degree. The normalized data show that the coercivity of the
hysteresis and onset temperature are similar for all samples, suggesting that effect of
particles concentration has a minor effect on the observed hysteresis.
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2.2.3 Disentangling rate-independent and rate-dependent hys-

teresis
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Figure 2.2.9: Rate-dependent and rate-independent component of hysteresis. a)
The increase of hysteresis width for increasing the velocities of temperature scan,
indicating rate-dependent hysteresis. b) The stair-like hysteresis allowing the relax-
ation (vertical lines) from dispersed and aggregated states. c¢) Time-dependent pro-
file of relaxation dynamics for all assembly/disassembly processes from b. In grey,
temperature profile. (d-g) Relaxation dynamics (taken from c) to given targeted
temperatures. The gaps after relaxation to 35 and 25 °C indicate rate-independent
hysteresis. h, i) Decay time constants obtained from (d-g). The disassembly is faster
than clustering. All relaxation curves were fitted by y = aexp(—z/b) + ¢. i) Assem-
bly degree at continuous hysteresis (0.2 °C/min) coincide with assembly degree after
relaxation in stair-like hysteresis, confirming rate-independent hysteresis.

To confirm rate-dependent hysteresis, cyclic clustering of the samples were per-
formed by cooling and heating for three velocities of temperature scan (0.2, 1 and 5
°C/min), observing progressive broadening of the hysteresis (Figure 2.2.9 a). At the
slowest scan rate, however, the hysteresis remained open (Figure 2.2.9 a). To con-

firm whether it is an artefact or a sign of thermodynamic hysteresis, we performed a
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stair-like hysteresis where fast scans at 20 °C/min (horizontal arrows in Figure 2.2.9
b) were interrupted with a long relaxation period (20 min, vertical arrows in Fig-
ure 2.2.9 b) at 15, 25, and 35 °C, allowing the system to relax at a given temperature
during heating or cooling process. As a result, the assembly degree after relaxation
at 25 and 35 °C coincided with assembly degree of the uninterrupted scan at 0.2

°C/min (Figure 2.2.9 i). The hysteresis thus contains rate-independent component.

A high temporal resolution of optical data acquisition allowed to perform a qual-
itative analysis of the relaxation dynamics to targeted temperatures in stair-like
hysteresis (Figure 2.2.9 b). At the cooling or heating step, a fast change of tem-
perature caused an abrupt variation of the assembly degree followed by its slow
relaxation (Figure 2.2.9 ¢). Pairwise comparison of relaxation profiles to a given
temperature revealed the presence of a gap between assembly degrees of cooling and
heating (Figure 2.2.9 e-f). Fitting the relaxations at targeted temperatures (45, 35,
25, and 15 °C) revealed that on average, the aggregation takes ~10 seconds more
than redispersion (Figure 2.2.9 h). This difference is an indirect signature of the
origin of hysteresis. The clustering that is induced by cooling is a slow process in
which the initially free nanoparticles diffuse to encounter each other to form clus-
ters. In terms of the energy landscape, the particles are progressively "trapped" in
the energy well. The lack of energy barrier allows the AuNPs to start clustering
at the very beginning of the temperature drop. On the contrary, an extra thermal
energy is required to induce disassembly making the electrostatic repulsion to over-
come vdW attraction.[82] Once this extra energy is supplied, an abrupt redispersion
commences, pushing the particles out from the energy well. Here, the extra energy
is ensured at each stage of stair-like hysteresis, resulting in faster relaxation profile
of heating than cooling. Such reasoning indicates that the assembly temperature is
higher than the clustering temperature, hence leading to the emergence of hystere-
sis. These results corroborate with the previous report by O’Brien et al.[59] on the
effect of undercooling as a origin of hysteresis in temperature-driven clustering of

DNA-coated gold nanoparticles.

Both rate-dependent and rate-independent components are sensitive to the nanopar-
ticle size. Increasing the diameter from 13, 19 to 39 nm, the hysteresis broadened
for fast and slow velocities of temperature change (Figure 2.2.10 a,b). The size effect
is more pronounced at a fast scan (5 °C/min), suggesting that the size influences
the rate-dependent component. Note that the adjustment of salt concentration was
needed to keep the hysteresis centred within the temperature window for different
particle diameters. It was found that the increase in the diameter by 1 nm required

the decrease of salt concentration by a factor of 0.89 (Figure 2.6.2).

To determine the change of rate-independent hysteresis with increasing diameter of

nanoparticles the temperature difference (AT) were plotted at the middle height of
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Figure 2.2.10: Effect of AuNPs size on rate-dependent and rate independent hys-
teresis. a-b) Hysteresis loop for 13, 19 and 39 nm AulNPs at a) 5 °C/min and b)
0.2 °C/min, where arrows indicate the direction of temperature scan. c¢) Temper-
ature difference AT at middle height of hysteresis (R = 0.5, dashed line in a and
b) versus velocity of temperature scan. The values of xy corresponds to the inter-
cepts obtained by linear fit versus rate. d) The values of intercepts from ¢ (AT at
0 °C/min) versus nanoparticle diameter. e-f) Stair-like hysteresis for different parti-
cle diameter with highlighted gaps at 35 °C - gray area in dotted rectangle. Insets:
relaxation profiles at 35 °C after heating (red) and cooling (blue). h) Magnitude of
gaps, AR = Rpeating — Reooling, at 35 °C for different AuNPs sizes, extracted from
plots e,f,g. i) Decay times versus AuNPs diameter for cooling and heating at 35 °C.
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hysteresis (dashed line in Figure 2.2.10 a,b) versus the velocity of the temperature
scan, as shown in Figure 2.2.10 ¢). The intercept, x¢, of linear fit corresponds to the
temperature difference at infinitely small velocity of temperature scan, being thus
the width of thermodynamic hysteresis. Figure 2.2.10 d) confirms that the width
increases proportionally with the increase of nanoparticles diameter.

Likewise, the stair-like hysteresis for each nanoparticle size showed that the gaps
- the difference of assembly degree AR - increase with diameter of nanoparticles
(Figures 2.2.10 e - g, 2.6.4, 2.6.5). It is especially visible for the relaxation at
35 °C - a grey area in dotted rectangles in Figure 2.2.10 c-e). The AR follows a
nearly linear trend with increasing nanoparticles diameter, indicating that the rate-
independent component becomes prominent with increasing the size of nanoparticles
(Figure 2.2.10 h). The analysis of relaxation profiles at 35 °C shows that the decay
times at cooling are higher than decay times at heating as the diameter of nanopar-
ticles increases (Figure 2.2.10 i). These data indicate that the larger the particles
are, the larger the difference between clustering and assembly temperatures, leading

to more pronounced rate-independent component of the hysteresis.

2.2.4 Surface potential broadens hysteresis

Neutralization of surface potential has greater impact on the hysteresis. It is well
known, that native surfactants comprising quaternary ammonium ions (CTA™)
and halides counterions (e.g., Cl") form a stable bilayer on the surface of metal-
lic nanoparticles.[105, 106] Although the surfactant bilayers ensure excellent col-
loidal stability to the nanoparticles, they hinder the ligand exchange even of thiol-
terminated molecules.[107-109] In the experiments discussed above, citrate was de-
liberately selected as good leaving ligands to ensure their efficient replacement with
phosphine-bearing BSPP and upon ligand exchange the negative value of (-potential
is conserved (Figure 2.2.11 a). This is quite the opposite scenario when replacing a
cationic surfactant, such as cetyltrimethylammonium chloride (CTAC), with BSPP,
where the sign of (-potential is reverted from positive to negative. Since the affinity
of BSPP to the gold surface is lower than that of thiolated ligands, it is reasonable
to assume that BSPP is unable to replace completely the native CTAC molecules,
however, they are capable of reversing the sign of (-potential (Figure 2.2.11 a).
Thus, the presence of residual surfactant molecules mixes surface charge, resulting
in a less negative (-potential (-18 mV) as compared with -41 mV of Au@BSPP in
which citrate is the starting ligand.

Cyclic clustering of BSPP-stabilized nanoparticles (9 nm) was performed using cit-
rate and CTAC as the starting ligands, hereafter named as AuNP~ and AuNP¥,
respectively. Figure 2.2.11 b) shows that AuNP# feature much broader hysteresis
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Figure 2.2.11: Influence of surface potential of AuNPs on rate-independent hys-
teresis.a) The difference in surface (-potential of nanoparticles before and after ligand
exchange using citrate or cethyl trimethyl ammonium chloride (CTAC) as starting
stabilizers. b) Hysteresis loops for AuNPs with mixed charges (AuNP*) and AuNPs
with negative charges (AuNP~) at 0.2 °C/min. c,d) Stair-like hysteresis for AuNP*
(c) and for AuNP~ (d). e) Change of assembly degree upon relaxation to target tem-
perature of 35 °C for both types of AuNPs, showing invariance of assembly degree
in AuNP¥ and fast decay for AuNP~. f) AT at R = 0.5 for different temperature
rates. The black line visualizes that AuNP* show weak response to increasing tem-
perature rate, but highly increased thermodynamic hysteresis for x = 0 °C/min. g)
Time-dependent spectral changed of AuNP* from c, showing slow change of assembly
degree upon cooling to 25 °C and burst-like disassembly to 45 °C.

than AuNPs™ at 0.2 °C/min. At 35°C, the gap in stair-like hysteresis for AuNP*
was much larger than for AuNP~ (Figure 2.2.11 ¢,d), 2.6.6). In fact, it remained
fully open. Relaxation dynamics to this temperature shows that for AuNP¥ the
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assembly degree remains practically invariant over 20 minutes while for AuNP~ it
relaxed to produce a small gap (Figure 2.2.11 e). The width of rate-independent
hysteresis (AT at 0 °C/min) was estimated to be ~ 27 °C for AuNP# (Figure 2.2.11
f) while for AuNP~ it was ~ 2 °C (Figure 2.2.11 f). These results confirm that
thermodynamic hysteresis is greatly increased with neutralizing surface potential.

To show that disassembly temperature is higher than clustering temperature the
aggregation rate during cooling to 25 °C and redispersion rate during heating to
45 °C for AuNP* were compared. The clustering took 50 minutes to complete,
redispersion less than a minute (Figure 2.2.11 g). Probably, particles with mixes
surface charges exhibit better colloidal stability at 25 °C than nanoparticles with
negative charges, slowing the kinetics of clustering upon cooling. To induce redisper-
sion through electrostatic repulsion at 45 °C a larger energy input is required since
these nanoparticles bears lower amount of temperature-sensitive molecules (BSPP),
thereby leading to greater hysteresis. Further, eventual interactions of the nanopar-
ticles with the agarose matrix can occur that can additionally alter the hysteresis.
The cationic surfactant molecules can bind to negatively-charged agarose that can

additionally increase the temperature difference of clustering and redispersion.

2.3 Conclusions

In summary, experimental parameters were defined to control the hysteretic be-
haviour in temperature-driven reversible clustering of gold nanoparticles. It was
shown that ionic strength, controlled by salt and ligand concentrations, modulates
the centre of the hysteresis within a temperature range from 5 to 45 °C. The rate of
heating or cooling altered its magnitude suggesting that assemblies remain under a
kinetic regime (rate-dependent hysteresis). Both the asymmetric relaxation profiles
of assembly degree at fixed temperature and the intercept of temperature scan ve-
locity at fixed assembly degree defined the value of rate-independent hysteresis for
given experimental parameter - diameter of nanoparticles and their surface potential.
From a broader perspective, the simplicity of this method for estimation of kinetic
and thermodynamics hysteresis can be applied to any system (molecular, colloidal,

supramolecular) undergoing phase transition upon the action of a stimulus.

2.4 Methods and Materials

2.4.1 DMaterials

Sodium citrate, sodium chloride, bis(p-sulfonatophenyl)-phenylphosphine, triphenylphosphine-

3,3",3"-trisulfonic acid trisodium salt, agarose and tetrachloroauric(IlI) acid were
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purchased from Sigma-Aldrich and used without any further purification. All glass-

ware was cleaned with aqua regia and rinsed thouroughly with Milli-Q water.

2.5 Characterization

Influence of NaCl concentration on the temperature dependent AuUNP@QBSPP aggre-
gation (Figure 2) was characterized using a MayaPro 2000 (Ocean Optics) equipped
with a tungsten/halogen light source. The cuvette was mounted in CUV-ALL-
UV cuvette holder (Ocean Optics) and connected via 400 pm optical fibers to the
light source and the spectrometer. The temperature of the cuvette holder was con-
trolled by an external thermostat and recorded with a temperature logger equipped
with thermocouple (Thorlabs) placed inside the cuvette. All other optical experi-
ments were carried out using a Zeiss Axio Scope Al microscope with an integrated
temperature control stage (Linkam Scientific Instruments, LTS420E Series) and a
tungsten/halogen light source. The microscope was connected to a Flame UV-VIS
spectrometer (Ocean Optics) with a 400 pm optical fiber. Transmission electron mi-
croscopy (TEM) images were collected with Titan 60-300 TEM/STEM (FEI Com-
pany) operating at 300 kV. The hydrodynamic radius was acquired by Dynamic

light scattering (DLS) measurement using Zetasizer Nano ZS (Malvern analytical).

2.5.1 Synthesis of 13 nm AuNPsQBSPP

Nanoparticles were synthesized using the reversed Turkevich method for citrate
capped AuNPs.[35] In a typical synthesis, to boiling solution of sodium citrate (50
mg in 100 mL) was added a solution of HAuCl, (29.83 mM, 1.68 mL) under mag-
netic stirring. Once the solution turned ruby red, it was cooled to room temperature.
Afterwards, a solution of BSPP (0.5 mL, 78.4 mM) was added and under mild mag-
netic stirring and left overnight. The solution was centrifuged twice (6500 rpm, 1
h) and stored at 5 °C. The final concentration of gold was 312 mM. Note that stock

solution without extra salt remains stable at 5 °C.

2.5.2 Synthesis of 9 nmm AuNPs@QBSPP using citrate as na-

tive stabilizer

Nanoparticles were synthesized using the seeded growth method for sub-10 nm
AuNPs[110]. Gold seeds of 3.5 nm in diameter were formed by injection of HAuCly
(1 mL of 25 mM) into solution of sodium citrate (150 mL of 2.2 mM) containing
of tannic acid (0.1 mL) KoCO3 (0.1 mL) at 70 °C. After 5 minutes, 55 mL of the

reaction solution were replaced with 55 mL of fresh portion of sodium citrate solu-
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tion (2.2 mM). Once the temperature of solution stabilized at 70 °C, two subsequent
aliquots of HAuCl, (0.5 mL 25 mM) were injected with an interval of 10 minutes.
This process was repeated until AuNPs reached the desired size. To funcionalize
AuNPs@Citrate with BSPP to the as-prepared solution of AuNPs@Citrate (100
mL) was added BSPP (0.5 mL, 78.4 mM) under mild stirring and was left stirring
overnight, followed by two-step centrifugation (9000 rpm, 1 h) and redispersed with
Milli-Q water.

2.5.3 Synthesis of 9 nm AuNPs@QBSPP using CTAC as na-

tive stabilizer

Nanoparticles were synthesized following the protocol by Yoon [111]. To prepare
seeds nanoparticles, the solution of HAuCly (0.25 mL of 10 mM) was added to the
solution of CTAB (10 mL of 100 mM) and left stirring until total complexation of
gold salt with surfactant micelles. Next, the solution of ice-cold NaBH, (600 uL,
10 mM) was injected under strong stirring. The solution was aged for 1 h. To
overgrowth gold seeds to desire size, a solution of ascorbic acid (15 mL, 100 mM)
was added to CTAC solution (20 mL of 200 mM) containing Au seeds (500 pL),
followed by injection of HAuCly solution (20 mL 0.5 mM) and stirred vigorously
for 10 minutes. The as synthesized AuNPsQCTAC were washed thrice by centrifu-
gation (14000 rpm, 1 h) and redispersed with CTAC solution (2 mM). At the last
centrifugation, the pellet was dissolved in BSPP solution (20 mL, 2 mM) and left
stirring overnight. Finally, the solution of AuNPs@BSPP was purified twice by
centrifugation (9000 rpm, 1 h) and redispersed in BSPP (1 mM).

2.5.4 Synthesis of larger AuUNPs@BSPP - 19, 39 nm

Nanoparticles were synthesized using the seeded growth method for AuNPs@Citrate
by Bastus [40]. A solution of HAuCly (1 mL of 25 mM) was added to the solution
of sodium citrate (150 mL of 2.2 mM) at 100 °C under strong stirring. The solution
was then cooled down to 90 °C followed by the addition of HAuCl, (1 mL of 25
mM). After 30 minutes the reaction was finished. Afterwards, 55 mL of the reaction
solution were replaced by the solution of sodium citrate (55 mL 2.2 mM) and was

used as seed solution.

2.5.5 Preparation of Au-agarose composite

To the aqueous solution containing AuNPs@BSPP (200 pl, 25 mM) was added a
solution of BSPP (100 uL, 74.8 mM), followed by the addition of hot agarose (2 mL,
0.25 wt%, 90 °C) and NaCl (200 pL, 1 M ). The mixture was left undisturbed for 2
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hours before use. The sample was either prepared directly inside a cuvette or trans-
ferred instantly into one after mixing and sealed. To ensure good reproducibility the
agarose solution should be sufficiently hot. To minimize the evaporation of water in
hot agarose solution, a solution of 10 mL was prepared in a 20 mL flask with the lid
laid reversed on the orifice. The dispersion was microwaved until the first boiling
was observed and stopped instantly followed by thorough mixing and the second
microwave heating until the very first moment of boiling. To study the effect of
BSPP and NaCl concentrations the volumes of both chemicals were kept constant
while the concentration of stock solutions were accordingly adjusted. The solution
containing AuNPs@Citrate were transferred to a cuvette containing and sealed to

prevent evaporation, which otherwise would alter the concentration of agarose.

2.5.6 Temperature-dependent clustering

All experiments were carried out with AuNPs embedded in an agarose matrix.
Temperature-induce reversible aggregation of nanoparticles commenced with an
isotherm at 45 °C for 15 minutes to ensure that AuNPs remain dispersed. The
sample was cooled at give rate (0.2, 1 or 5 °C/min) with an isotherm (15 min) at
5 °C followed by heating to 45 °C at similar rate and isotherm for 15 minutes. For
the stair-like hysteresis, the temperature was changed by 10 °/min followed by an
isotherm for 15 minutes between 45 °C and 5 °C. In all experiments, temperature
values and UV-Vis spectra were recorded in the interval of 10 seconds. Open source
Python libraries (Pandas, Numpy, Scipy, Matplotlib) were used for automated spec-

tral data analysis.
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Figure 2.6.2: Semilog plot of NaCl concentration versus nanoparticle diameter at
hysteresis centered in temperature window. (Note that for each nanoparticle diameter
salt concentration was readjusted to center the hysteres). The fitting indicates that
with the increase nanoparticle diameter by 1 nm the salt concentration need to be

lowered by factor of 0.89.
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CHAPTER

Thermoresponsive Gold Nanorods

3.1 Introduction

The outcome of the previous chapter raises a question whether one can modulate
reversible clustering (and hysteresis) of anisotropic nanoparticles at different temper-
atures using BSPP molecules as surface ligand. As already shown in the introduction
section (section 1.3), the role of shape anisotropy of self-assembling building blocks
offers additional optical features since the shape anisotropy leads to the reduction
of degree of freedom, rendering different mutual orientations between the nanopar-
ticles in clustered state. For example, in the case of gold nanorods, two orientations
can be achieved, namely side-to-side and tip-to-tip, leading to drastically different
optical response [20].

While the temperature-driven reversible clustering of spherical nanoparticles has
been widely explored (subsection 1.6.1) the clustering of non-spherical particles using
temperature as stimulus remains poorly studied. Table 3.1 lists the published works
devoted to the reversible clustering of non-spherical nanoparticles. For example,
lida et al.[60, 63] have used gold nanorods functionalized with an hexaethylenegly-
col derivative showing that surface ligand located on lateral parts or tips underwent
dehydration at different temperatures leading to two-step clustering from side-to-
side to tip-to-tip. In another example, the combination of thermoresponsive polymer
(p-NIPAM [112, 113]) or alkanethiol ((1-mercaptoundec-11-yl)hexa(ethylene glycol)
(MUDOL) [114]) allowed for clustering of gold nanorods at different temperatures.
Nanoparticles coated with polyethylene glycol (PEG) have also shown thermore-

sponsive behavior as ordering into superlattices at elevated temperatures [115].

A detailed inspection of works available in the literature indicates that reversible
clustering of anisotropic nanoparticles driven by temperature requires the presence of
polymers on metal surface. Such bulky surface ligands, however, occupy much space
in between the nanoparticles in the clustered state, compromising the extent of the

enhancement of near electric field through the formation of hot spots. Therefore,
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Ligand  Shape Temperature Ref.

DNA  Disk 50°C [59]
DNA  Rod 60°C [116]
HEG  Disk 50-70°C  [117]
HEG  Rod  10-60°C  [60]

PEG  Rod 50 °C [115]
p-NIPAM  Rod 34 °C [112]
MUDOL  Rod 120 °C  [114]

Table 3.1: Reported systems on temperature-induced reversible clustering of
anisotropic nanoparticles. MUDOL - (1-mercaptoundec-11-yl)hexa(ethyleneglycol);
p-NIPAM - Poly(N-isopropylacrylamide); HEG - Hexaethylene glycol; PEG -
Polyethylene glycol

the use of small molecules for the clustering of anisotropic nanoparticles (which
normally are rather large) is needed to obtain nanosystems with pronounced change
of optical properties upon the change of temperatures.

An additional conclusion one can draw from literature is that virtually all exam-
ples related to the clustering of anisotropic nanoparticles are based on the use of
molecules anchored covalently to gold surface via strong S-Au bond (50 kcal/mol
[118]). Although this bond prevents degradation of the system through the detach-
ment of molecules from the surface, they inhibit the incorporation of co-ligands that
are of interest in a variety of applications including biosensing or catalysis. Thus,
new experimental examples for reversible clustering of anisotropic nanoparticles are
required based on the interactions different from that of S-Au.

The present chapter aims to solve these issues and seeks to develop a thermosensi-
tive system based on gold nanorods. In particular, BSPP molecules together with
native surfactant (CTAB) are proposed as convenient surface ligands to tailor the
reversible clustering of nanorods. Note however that BSPP molecules has only been
employed as auxiliary surface ligand to obtain biocompatible nanorods[119], but
have never been reported as ligand for thermoresponsive properties. At the first
place, a general methodology is proposed for thermoresponsive colloidal solution
of gold nanorods. Then, a comprehensive thermal analysis is performed to give a
quantitative description of the hysteretic behavior of reversibly clustering nanopar-
ticles. Finally, a mechanism is proposed explaining the role of each molecule in the
reversible clustering. The results presented in this chapter show a first experimen-
tal model for reversible clustering of anisotropic nanoparticles using BSPP as main

surface ligand.
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3.2 Results and Discussion

3.2.1 Synthesis and functionalization of gold nanorods
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Figure 3.2.1: a) UV-Vis spectra of AuNRs. b) TEM image of synthesized AuNRs
at 60k magnification. c) Size analysis of AuNRs based on TEM images.

Gold nanorods were synthesised by following the protocol of Murphy et al.[120].
Figure 3.2.1 a) shows typical extinction spectrum of as-prepared gold nanorods with
maximum of the longitudinal LSPR located at 889 nm. An intense plasmon band
located at NIR spectral range is sensitive to the mutual orientation of nanoparti-
cles in aggregated state, rendering them a convenient system to study reversible
clustering. The length (44.2 + 4.7 nm) and the width (9.3 & 0.6 nm) of nanorods
were estimated by TEM analysis and subsequent images analysis (Figure 3.2.1 b -
c¢) of ~1000 particle using Biovoxxel plugin in ImageJ software. The aspect ratio of
nanorods was 4.8 £+ 0.7 (Figure 3.2.1 b - ¢).

To remove by-products remaining in the solution of as-synthesized nanorods three
cycles of centrifugation (14000 rpm, 30 minutes) were implemented giving a concen-
trated stock solution of nanorods (25 mM) in CTAB (1 mM). The ligand exchange
process comprised two steps (Figure 3.2.2 a). In a first step, stock solution (50 uL)
was diluted in ligand exchange solution (5mL, BSPP/CTAB) at 50 °C and under
sonication (Figure 3.2.2 a), left). The solution was left undisturbed for 16 hours to

allow maximal BSPP incorporation on metal surface. In a second step, the solution
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was centrifuged (11000 rpm, 30 minutes) and redispersed in freshly prepared ligand-
exchange solution (5 mL, BSPP/CTAB), again, under sonication at 50 °C for 10
minutes (Figure 3.2.2 a), right). In analogy to the two-step ligand exchange proposed
previously for pegylation of nanorods[121] it was observed, that double treatment
favors the attachment of BSPP on the nanoparticle surface, rendering samples of
reproducible thermoresponsive properties. Also the protocol gave additional control

over adjusting CTAB concentrations in the final solution.

Ve,

a) AuNRs@CTAB A 10 mM BSPP
x100 L 20pMCTAB
Centrifugation
10 mM BSPP
50°CN) 20 uM CTAB 50°CN
AuNRs@BSPP
b)
1.0 { — AUNRs@CTAB 80
—— AuNRS@BSPP
0.8 < 60
. S
% £
2 06 | s 40
: et
g £ 2
Zo4 $
g g 0
11] Q
02 | N _20 | I
0.0 4 _40 b
400 600 800 1000 AUNRs@CTAB AuNRs@BSPP

Wavelength (nm)

Figure 3.2.2: Surface functionalization of AuNRs@CTAB with BSPP. a) Schemat-
ics of two-step surface functionalization process. b) UV-Vis-NIR spectra of AuNRs
before (CTAB) and after (BSPP) surface functionalization. c) (-potential measure-
ments of AuNRs@QCTAB and AuNRs@BSPP showing the inversion of surface charge.

Since BSPP is unable to act as a sole surface ligand there was a need to find op-
timal range of concentrations of BSPP and CTAB during ligand exchange to make
nanorods colloidally stable and thermoresponsive. Thus, a coarse screening of con-
centrations for both molecules was executed in which the succesful ligand exchange
was assesed by extinction spectra (see for example Figure Figure 3.2.2 b, left) or
the inversion of (-potential from positive (480 mV) to negative values (-40 mV) (see
for example Figure Figure 3.2.2 b, right). In total, thirty six samples were prepared
with different combinations of CTAB (0.1 - 1 mM) and BSPP (0 - 50 mM) (Fig-
ure 3.2.3). It was observed that when CTAB and BSPP concentration were similar
nanorods aggregated spontanously due to charge neutralization (black squares in
Figure 3.2.3 a and violet sample color in b). Thus the lower concentration limit for
BSPP was set to 5 mM. At 50 mM BSPP and for all CTAB concentrations, AuNRs
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aggregated irreversibly due to high ionic strength of the solution. At 20 mM BSPP,
AuNRs were difficult to purify after centrifugation, because they easily formed pellet
of aggregated AuNRs. Therefore, the optimal BSPP concentration was found to be

10 mM and was used in further screening.
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Figure 3.2.3: Coarse screening of BSPP and CTAB concentration during two-step
surface functionalization of gold nanorods. a) Heatmap of parameter space with
the extinction at longitudinal LSPR as measure for colloidal stability. b) Digital
image of all samples from which the heat map in a) was obtained. Blue-dispersed
nanoparticles, violet-aggregated.

Likewise spherical nanoparticles in the previous chapter, the thermoresponsive gold
nanorods require the presence of an extra NaCl. To find the optimal conditions for
thermoresponsive gold nanorods the concentration of BSPP was maintained constant
(10 mM) and the concentration of CTAB was varied in the range of 0 - 1 mM and the
concentration of NaCl in the range of 0-400 mM. In total 30 samples were prepared
(Figure 3.2.4). The reason of setting the upper limit of CTAB at 1 mM was the
need of avoiding micelles formation, as the critical micelle concentration for this
surfactant is ~ 0.9 mM[122].

UV-Vis-NIR spectroscopy was used to asses the thermoresponsive character of nanorods
where three spectra were recorded at 50 °C, 5 °C and 50 °C after 20 minutes of incu-
bation at given temperature. The change in UV-Vis-NIR spectra was evaluated and

classified as one of four possible categories: Category 0 - irreversible clustering at low
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temperature; Category 1 - reversible clustering but with minor sensitivity to tem-
perature change; Category 2 - reversible clustering and with pronounced sensitivity

to themperature change; Category 3 - absence of clustering (Figure 3.2.4).
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Figure 3.2.4: Experimental optimization of thermoresponsive nanorods. a) - d) four
categories of thermoresponsive nanorods assesed by the extent of spectral change at
low temperature and its recovery upon heating. e¢) Heatmap of the thermoresponsive
gold nanorods solutions for different combinations of CTAB and NaCl concentrations.
Category "2" shows optimized response.

With increasing NaCl and decreasing CTAB concentration, AuNRs resulted more
responsive to the temperature change (Figure 3.2.4 e), orange tiles). In other words,
CTAB and NaCl acted as antagonists: CTAB lowered the amount of clustering at
a given temperature, while NaCl increased it. When CTAB concentration was 100
uM or higher, AuNRs were stable or aggregated irreversibly with 200 mM NaCl or
more. Without CTAB, AuNRs immediately aggregated irreversibly independent on
the concentration of NaCl. For CTAB concentrations between 10 pM and 50 uM,
AuNRs showed increasing themorsensitivity with increasing NaCl concentration.
While the role of NaCl is more obvious (destabilization of colloids through charge
screening), the influence of CTAB on colloidal stability is not straightforward and
will be discussed later in detail in subsection 3.2.4. To close, experiments allowed
to define the optimal concentrations for CTAB, BSPP and NaCl which are 20 uM,

10 mM and 300 mM, respectively and will be used in the following experiments.
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3.2.2 Thermoresponsive properties of AuNRs coated with
BSPP

The colloidal dispersion of gold nanorods undergo clustering below 25 °C and fully
recover its stability at 50 °C. The reversible clustering alters optical properties of
the solution, as confirmed by the change of the intensity of the longitudinal LSPR
(Figure 3.2.5 a).
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Figure 3.2.5: Overview of thermoresponsive properties of AuNRs@BSPP. a) UV-
Vis-NIR spectra of AuNRs@BSPP at high (red) and low (blue) temperatures. b)
Representative SEM spectra of aggregated (blue) and dispersed (red) AuNRs taken
from the same sample at 5 °C and 50 °C, respectively. ¢) Maximal extinction of
AuNRs@BSPP for different temperatures showing the reversible aggregation. Maxi-
mal extinction drops when AuNRs are being cooled and initial signal intensities are
recovered upon heating to 50 °C.

The clustering of nanorods at low temperature was also confirmed by Scanning
Electron Microscopy (SEM) analysis, showing dispersed particles at 50 °C and large
aggregates of randomly distributed nanoparticles below room temperature (Fig-
ure 3.2.5 b).

To demonstrate reversible clustering of AuNRs@BSPP, the extinction value 889 nm
was recorded at 50 °C, 25 °C and 5 °C after maintaining temperature for 30 minutes
(Figure 3.2.5 ¢). Between lowering the temperature to 25 °C or 5 °C, initial values
of dispersed AuNRs were recovered at 50 °C for at least four cycles. These data

show that nanoparticles responds to the temperature change.
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Note that the reversible clustering of AuNRs was assessed optically by monitoring
the change of intensity of longitudinal LSPR. It was found that using a ratio between
two wavelengths (as shown in the previous chapter for spherical nanoparticles) was
not feasible because in contrast to isotropic gold nanospheres, the mutual orientation
of gold nanorods can lead to either red- or blue-shift depending on particle-to-particle

orientation (see Figure 1.3.2), and may lead to incoherent data interpretation.
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Figure 3.2.6: SAXS data for thermoresponsive AuNRs@BSPP. a) Form factor of
AuNRs with fitting function for cylinder shaped colloids. b) Form factor of AuNRs at
60 °C and 5 °C and resulting structure factor in ¢) showing an interparticle distance
of ~ 10 nm, which is in agreement with side-to-side assembly of AuNRs.

The Small Angle X-Ray Scattering (SAXS) analysis of colloidally stable nanorods
solution (no salt) confirmed that the dimension (41.6 nm x 9 nm) corresponds to the
values obtained by TEM (Figure 3.2.6 a). The advantage of using SAXS analysis
is the insight on the interparticle distance at aggregated state at low temperature.
Thus, the spectra were recorded at 60 °C and 5 °C from which structure factor was
calculated (Figure 3.2.6 b), resulting in a maximum at Q = 0.062 A™, corresponding
to an inter-particle distance of ~ 10 nm (Figure 3.2.6 ¢). Such a distance indicates
the presence of side-to-side orientations with interparticle distance of 1 nm. Al-
though DLS and SEM analysis indicate that nanoparticles should also cluster in
tip-to-tip orientation, the SAXS analysis was unable to resolve it since the Q-range

was not wide enough.
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3.2.3 Kinetic analysis of dynamic assembly of AuNRs@BSPP
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Figure 3.2.7: a) Thermal cycling of AuNRs between 50 °C and 5 °C at 0.2 °C/min
as followed by the extinction measurement at 889 nm. b ) Thermal cycling of AuNRs
measured with DLS. First, bimodal distribution of dispersed AuNRs@BSPP at el-
evated temperatures that undergo isotropic aggregation at low temperatures and
recovery of stable dispersion after rising the temperature again. c) Z-Average of
AuNRs@BSPP calculated from intensity distribution in e) confirming the reversibil-
ity of the process.

Although above-described experiments confirmed the reversible clustering of nanorods,
they lack the information on the eventual thermal hysteresis. Thus thermal cycling
was performed between 50°C and 5 °C by tracking the wavelength at the maximum
of longitudinal LSPR (Figure 3.2.7 a). The sample revealed a wide hysteresis, where

four distinct phases (quadrant) were distinguished over the entire thermal cycle.

e Phase I - upon cooling from 50 °C the solution of nanorods remain dispersed

since no change is observed in the maximum of LSPR.

o Phase II - further cooling causes a sudden drop in maximum of LSPR at 30°C

that stabilizes at 5°C. At this stage the optical properties of the solution re-
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main unchanged, that is, no further aggregation takes place while maintaining

the temperature at 5 °C for 20 min. The solution remained undercooled.

o Phase III - upon heating from 5°C to 30°C particles experience further aggre-

gation.

o Phase IV - further heating above 30°C leads to even more pronounced aggre-

gation and then sudden redispersion and full recovery of the optical properties
at 40°C.

The presence of relatively large hysteresis indicates similarities between the cluster-
ing of nanorods and the system from previous chapter which comprised spherical
nanoparticles co-functionalized with surfactant and BSPP(Figure 2.2.11). Here, the
composition of the sample is similar, the solution of gold nanorods contains both
molecules - positive surfactant (CTA') and negatively charged BSPP - and both
type of molecules can interact with metal surface, making feasible the scenario of
co-functionalization and thus the origin of large hysteresis.

The shape of hysteresis depends on the shape of building blocks. In the previous
chapter it was shown that thermal hysteresis of spherical nanoparticles is relatively
symmetric at optimal salt concentration. Here, in the case of nanorods, the cool-
ing and heating pathways show certain asymmetry (Figure 3.2.7 a). During the
clustering, the anisotropic nanorods form isotropic aggregates (all probable mutual
orientations between side-to-side and and tip-to-tip modes) that remain undercooled
at 5°C (phase I and II). Then, during heating (phase III), the supplied thermal en-
ergy (up to 30 °C) can increase the mobility of nanoparticles allowing for further
growth of the clusters. With further temperature increase the nanorods reorganize
within the cluster making them more compact, thereby resulting in further drop
of extinction at the maximum of LSPR. Note that the compactness of the clusters
becomes more pronounced at the beginning of phase IV where a minimum of LSPR
is reach just before redispersion (Figure 3.2.7 a). Such a thermally-induced organi-
sation of nanoparticles has been reported by Korgel et al.[123], who used small gold
nanocrystals of 2 nm coated with octadecanethiol. These nanoparticles assembled
into an amorphous structures at room temperature, but upon rising the tempera-
ture above 55°C a compact superlattice formed. The phenomenon was explained by
melting of the surface ligand and thus a softer corona that allows for better pack-
ing. The softer corona can deform, which compensates for facetted or polydisperse
particles. In the present case, although the supercrystals are not observed, the rear-
rangement of anisotropic nanoparticles within cluster is a feasible mechanism behind
the asymmetric shape of thermal hysteresis.

Temperature-dependent DLS measurement further confirmed the presence of re-

versible aggregation and hysteresis (Figure 3.2.5 b and ¢). At 50 °C two bands were
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visible that corresponded to dispersed AuNRs [124]. Upon lowering the temperature
below 50 °C, a monomodal band appeared. The presence of monomodal distribution
indicates that anisotropic AuNRs form isotropic aggregates, which corroborate with
results from TEM image analysis and optical analysis. After rising the temperature

to 40 °C, bimodal distribution at low diameters was recovered.
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Figure 3.2.8: Optically-resolved mutual orientation of nanoparticles during clus-
tering. a) UV-Vis-NIR spectra of nanorods at 50 and 5 °C, showing fully dispersed
and aggregated nanoparticles (inset: QR for video showing temporal evolution of
thermal hysteresis). b-d) Thermal hysteresis obtained from monitoring the extinc-
tion at three wavelengths: 800 nm (pale blue), 889 (black) and 1000 nm (orange).
An increase of extinction at 800 nm during cooling (in d) indicates the presence of
side-to-side nanorods arrangement within clusters. Experimental conditions: 20 pM
CTAB, NaCl 300 mM.

The data obtained from DLS measurement were used to calculate intensity-weighted
mean hydrodynamic diameter (Z-average) showing the change of the overall cluster
diameter during thermal cycle (Figure 3.2.5 ¢). Again, thermal hysteresis showed
a certain asymmetry. During the cooling from phase 1 to phase II, the cluster
progressively increased their size up to 500 nm at 5 °C where remained stable.
Upon heating, the size increased suddenly to 1300 nm, suggesting that undercooled
structures at 5 °C underwent additional growth. Further heating led to progressive
size decrease (cluster compactness) and eventual redispersion at 50 °C. Overall, the
thermal hysteresis obtained by recording UV-Vis-NIR and DLS data allowed for
detailed description of the dynamics of reversibly clustering gold nanorods.

In the previous section it was shown that SAXS analysis indicates the presence of
side-to-side arrangement of gold nanorods during clustering. One could then ask
whether optical analysis that was used to track thermal analysis could be used to

provide an information on such orientation of nanoparticles during lowering the tem-
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perature. It was already mentioned in the introduction section (Figure 1.3.2) that
tip-to-tip interaction between gold nanorods leads to red-shift of LSPR whereas side-
to-side interactions leads to blue-shift. Put differently, when side-to-side interaction
dominates, the values of extinction at the wavelengths lower than the maximum of
LSPR should increase. Oppositely, when tip-to-tip interaction dominates, the val-
ues extinction at the wavelengths higher than the maximum LSPR should increase.
In the present case, there is no clear tendency for the shift of the plasmon band -
there is decrease of the extinction over whole spectral range -, suggesting, at the first
sight, the presence of different mutual orientations. It was then hypothesized that if
there is an preferential increase of extinction on either side of plasmon band during
the clustering then such a increase would serve to assess qualitatively preferential

side-to-side or tip-to-tip arrangement.
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Figure 3.2.9: Methodology for calculating transition temperatures, Ty, (melting),
Tt (freezing) as well as the value of thermal hysteresis in clustering gold nanorods.
a) Raw data of thermal hysteresis obtained at different scan rates: 0.2, 1, 2 °C/min).
b,d) estimated local minimum (T, - open circle) and maximum (T ) from second
derivatives for cooling b) and heating d) scans, respectively. c) extrapolation of fitted
transition temperatures as a function of scan rate. Extrapolation of linear regression
to 0 °C/min gives the value of rate-independent hysteresis, an intrinsic property of
the system which depends on chemical composition of the sample (see Figure 3.2.10).

To evaluate such hypothesis the values of extinction at the three wavelengths (800,
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889 and 1000) were tracked during thermal hysteresis (Figure 3.2.8). For the wave-
lengths at 889 and 1000 nm there was similar drop of extinction suggesting no
preferencial tip-to-tip arrangement (Figure 3.2.8b, c). Interestingly, at 800 nm (a
wavelength shorter than maximum of LSPR) there was a significant increase of the
extinction below 30 °C, followed by its decrease at 20 °C (Figure 3.2.8 d). It is pos-
tulated that during the clustering, there is indeed a sign of side-to-side clustering.
This analysis indicates that a real-time optical characterization of aggregating gold
nanoparticles can provide a meaningful information on the mutual orientation of the

nanoparticles and confirm data obtained by other more advanced techniques such
as SAXS.

Next the effect of both the CTAB and NaCl concentrations on the extent of hys-
teresis was studied. To quantify the extent of rate-independent hysteresis, the data
processing was developed in customized script in Python programming language.
The values of extinction at 889 nm were recorded in temperature window between
50 °C and 5 °C at three scan rates: 2, 1 and 0.2 °C/min (Figure 3.2.9 a). The
transition freezing temperature (T;) was estimated from the minimum of second
derivative of the cooling scan (Figure 3.2.9 b), while the transition melting temper-
ature (Ty,) was estimated from the maximum of second derivative of the heating
scan (Figure 3.2.9 d). The change of transition temperatures as a function of scan
rate was fitted with a linear regression of opposite slopes (Figure 3.2.9 ¢). Finally
the value of thermal hysteresis (rate-independent) was estimated by extrapolation of
fitted lines to an infinitely slow temperature rate giving thus the values of T,,p and
Tg. The difference of T, and Ty gives the value of rate-independent hysteresis.
As of note, second derivative of optical data vs. temperature gave a reliable data
analysis, because application of fast scan rates for a rather slow aggregation would

alter the data if first derivative would have been implemented.

Figure 3.2.10 shows the transition temperatures for three concentrations of CTAB
(10, 20, 50 pM, upper panel) keeping constant the concentration of NaCl (300 mM)
and three concentration of NaCl (200, 300, 400 mM, lower panel) at constant con-
centration of CTAB (20 uM). Figure 3.2.10 d) and h) summarize the change of
T and Ty for both parameters. It is clear that the higher the CTAB and NaCl
concentrations, the larger is the value of rate-independent hysteresis (The gray area

between red and blue lines increases).

For CTAB the thermodynamic hysteresis increases from ~5 °C to ~12.5 °C while
for NaCl from ~2 °C to ~10 °C(Figure 3.2.10 d, h). Worth mentioning is the change
of slope (black lines fitted to red and blue points in upper panel) for increasing con-
centrations of CTAB that indicate the system change to applied stimulus (kinetic
hysteresis). The slope flattens with increasing CTAB concentration suggesting that

CTAB decreases the response of the system to the change of temperature or, in
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Figure 3.2.10: Effect of CTAB (upper panel) and NaCl (lower panel) concentra-
tion on the thermal hysteresis. a-c) Change of Tt and Tt versus scan rate for CTAB
concentration ranging from 10, 20 to 50 uM. d) Change Ty and Ty, as a function
of CTAB concentration. e-g) Change of Tt and T¢ versus scan rate for NaCl concen-
tration ranging from 200, 300 to 400 uM. h) Values of Ty and Ty as a function of
NaCl concentration.

other words, increases the lag of applied stimulus and system response to that stim-
ulus. Similar trends were observed for increasing NaCl concentration, the nanorods
became less susceptible to the change of scan rate (decrease of kinetic hysteresis).
Overall, the increasing concentration of both CTAB and NaCl widen the thermal
hysteresis by making the system less sensitive to the rate of applied stimulus (de-
crease of kinetic hystereis).

A careful reader might ask the question whether the aspect ratio of nanorods can
affect the hysteretic signature of the system. As a reminder, the previous chapter 2
showed that nanoparticle dimensions had indeed a significant influence on the tran-
sition temperatures T, and T;. To test whether thermal hysteresis is sensitive to
nanorods dimension, four samples were prepared with the following aspect ratios:
2.1, 2.6, 4.4, 4.8. Figure 3.2.11 a) and b) shows optical properties and size distri-
butions of the samples. Each sample was subjected to thermal cycling process at
constant conditions (10 mM BSPP, 20 M CTAB and 300 mM NaCl). The only
difference was the wavelength of monitored extinction because of different LSPR
maxima (641, 711, 889 and 987 nm) for the samples with increasing aspect ratio.
Figure 3.2.11 ¢) shows normalized thermal cycle of each sample. No clear tendency

was observed, that is, all samples behaved similarly. A closer look at the transition
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Figure 3.2.11: The effect of nanorods aspect ratio on thermal hysteresis. a) UV-Vis-
NIR spectra of gold nanorods with different aspect ratio showing that the maximum
of LSPR falls at longer wavelength with increasing aspect ratio. b) Length versus
width for all samples with highlighted main values and standard deviations. Inset
shows sizes of gold nanorods. c¢) Raw data of thermal cycling (0.2 °C/min) for gold
nanorods with different aspect ratio showing no difference in thermal response of the
samples. d) Calculated values of thermal hysteresis (see Figure 3.2.9) showing the
lack of tendency of Tt and T for different aspect ratio.

temperatures, Ty, and T confirmed that aspect ratio has no effect on thermal hys-
teresis. Similar results have been reported by lida et al.,[60] who showed that the
aspect ratio of nanorods has no major effect on the way these nanoparticles assem-
ble during lowering the temperature. These authors have proposed that instead of
aspect ratio it is the effective volume of the particle that plays a major role in the
clustering process. It is reasonable to assume that in the present system a similar
explanation applies since the volume of the particles remains constant (1806, 2042,
1759, 2010 nm?® with increasing aspect ratio). Thus, it was concluded that ther-
moresponsive properties of sample containing nanoparticles is largely governed by
surface composition of BSPP/CTAB and ionic strength of solution rather than the

extent of the shape anisotropy.
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3.2.4 Mechanistic considerations

The previous chapter showed that reversible clustering and the extent of hysteresis
are governed by the change of electrostatic repulsion at different temperatures. Here,
the proposed mechanism is further explored to shed light on the effect of NaCl and
the role of CTAB in reversible clustering.

In regards the effect of NaCl, Figure 3.2.12 a) shows that at low amount of salt (25
mM) and in the absence of CTAB the (-potential of spherical particles drops from
-30 to -48 mV during cooling, that is, the surface potential became more negative
at low temperature. Note that at this salt concentration the nanoparticles do not
cluster during cooling, which can be explained by the pronounced electrostatic re-
pulsion over the entire temperature range. At higher NaCl concentration (e.g., 100
mM) the (-potential becomes practically invariant to the temperature change; it
drops only by 5 mV to reach the value of - 18 mV at 5 °C. At this salt concentration
the particles do cluster reversibly. Such a trend indicates that at higher salt con-
centration, during the drop of temperature to 5 °C, the salt ions screen the surface
charge, inhibiting thus the electrostatic repulsion to become dominant and thereby
allowing aggregation. Now, this trend does not explain why the clustering occurs
at 100 mM, especially if (-potential remains negative over the entire temperature
range (Figure 3.2.12 a - blue). It is postulated that BSPP can form reversible bonds
with metal surface. BSPP molecules can strongly interact with gold via Au-P (15-20
kcal/mol)[119], serving as an anchor point on metal surface. Additionally, BSPP
bears two Ph-SOj3 functional groups that can form a weak interaction with gold
via Au-SOs, as has been shown previously[125]. By lowering the temperature, both
type of interactions are favored through a cooperative effect, making the molecu-
lar shell more compact resulting in the drop of steric repulsion, hence aggregation.
During heating, molecular rearrangement - and presumably the breakage of Au-SO3
bond[126] - provides sufficient energy (work) to overcome attractive van der Waals

interactions and thus recover initial colloidal stability.

The role of CTAB in reversible clustering involves the blocking of attractive and
repulsive interactions. As shown above, BSPP alone suffices to sustain reversible
clustering of spherical nanoparticles, but extra CTAB is required in the case of
nanorods. To understand the effect of CTAB on the composition of metal-liquid in-
terface DLS and (-potential measurement were conducted for different concentration
of the surfactant (Figure 3.2.12 b and ¢). It was shown that with increasing CTAB
concentration the hydrodynamic diameter of spherical nanoparticles increased from
22 to 27 nm (Note that for the sake of simplicity spherical particles of 13 nm in
diameter were used as a model system). Thus, the height (H) of the molecular shell
increased 2.5 nm from 4.2 to 6.7 nm, indicating that CTAB molecules did adsorb
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Figure 3.2.12: Effect of NaCl and CTAB concentrations on the change of surface
composition during reversible aggregation of spherical nanoparticles. a) Change of
(-potential as a function of temperature for different salt concentration, showing that
at higher salt concentration potential become invariant. b) Change of thickness of
molecular layer with increasing concentration of CTAB. ¢) Change of (-potential
with increasing CTAB concentration, showing that reversible clustering falls at the
change of zeta-potential, at sub-cmc concentration range. Upper panel: schematic
representation of surface composition at 0 and 20 M of CTAB and 10 mM of BSPP.

on metal surface in the concentration range from 0 to 50 yM. It is known that the
thickness of CTAB bilayer is 4 nm above critical micelle concentration (cme = 0.95
mM)[106]. Here, the concentration of CTAB is much below cmc (20 uM) what
could explain the formation of a CTAB monolayer on gold surface. The formation
of CTAB layer on gold surface was further confirmed by the change of (-potential
(Figure 3.2.12 ¢). Interestingly, the change of (-potential towards more positive val-
ues takes place at the CTAB concentration window for reversible clustering. Finally,
it is reasonable to assume that the ionic pair formation between negatively-charged
BSPP and positively-charged CTAB on gold nanoparticles makes the molecular layer
more ‘rigid’, resulting in the needs for higher energy input to rearrange the molecules
upon aggregation or redispersion. Such a larger energy input leads to widening of

thermal hysteresis, as observed experimentally.

3.3 Conclusion

In this Chapter, new experimental, two-step protocol has been proposed for obtain-
ing solution of gold nanorods sensitive to temperature. The simplicity of the present
methods is based on the use of canonical molecules in colloidal synthesis (CTAB and
BSPP) without the need of using complex thermoresponsive macromolecules such as
pNIPAM or DNA. In contrast to spherical nanoparticles it was found, that AuNRs
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could became sensitive to temperature through a mixture of both BSPP and CTAB.
The extent of thermal hysteresis increased with increasing CTAB and NaCl concen-
trations, but being CTAB a parameter possesing stronger influence on hysteresis,
lowering Ty and increasing T,,o. The aspect ratio of nanorods had a negligible in-
fluence on hysteretic behaviour. Mechanistic consideration indicates that the ionic
pair between positively charged CTAB and negatively charged BSPP renders a rigid
molecular shell that requires larger energy input to induce aggregation or redisper-

sion, explaining thus the origin of wide thermal hysteresis.

3.4 Materials and Methods

3.4.1 DMaterials

Ascorbic acid, sodium chloride, bis(p-sulfonatophenyl)-phenylphosphine, tetrachloroau-
ric(I1T) acid, silver nitrate, hydroquinone and CTAB were purchased from Sigma-
Aldrich and used without any further purification. All glassware was cleaned with

aqua regia and rinsed thouroughly with Milli-Q water.

3.4.2 CTAB assisted synthesis of gold nanorods

Mini gold nanorods stabilized with CTAB (AuNRs@QCTAB) were synthesized fol-
lowing the protocol from Murphy[120]. First a seed solution was prepared. HAuCl,
(100 pL , 50 uM) was added to CTAB solution (9.4 mL, 100 zM) in a 20 mL vial
and kept at 27 °C for 10 minutes. Afterwards, freshly prepared ice-cold NaBH,
(600 pL, 20 pM) solution was added fast to the prepared gold solution under heavy
stirring (1000 rpm). The solution turned instantly brown and was aged for 2 hours
at 27 °C. In the meantime the growth solution was prepared. HAuCly (0.5 mL , 50
pM) was added to CTAB solution (45 mL, 100 M) in a 250 mL Erlenmeyer flask
and kept at 27 °C for 10 minutes. Then, silver nitrate solution (75 pL, 100 M)
and hydroquinone solution (2.5 mL, 100 uM) were added subsequently. After each
addition, the solution was carefully inverted. At last, 5 mL of seed solution were
added fast under heavy stirring (1000 rpm) to the growth solution and subsequently
led to rest at 27 °C until particle growth was completed (ca. 6 hours). Obtained
AuNRs@CTAB were washed thrice with centrifugation at 14000 rpm for 25 minutes
and redispersed in 1 mM CTAB solution. After the last washing steps, AuNRs were
redispersed in 1 mL 1 mM CTAB solution and stored for further use. Depending
on the aspect ratio, the reagents and their concentration may vary. The here used
parameters are described in Table 3.2. Especially the reducing agent ascorbic acid

(AA) or hydroquinone (HQ) play a major role for final aspect ratio.
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Aspect Ratio  Reducing agent AgNO; HCI (1 M) Seed CTAB
2.1 AA 0.1 M, 80 uL. 10 pM, 30 pL 200 pL 2mL 8 mL
2.6 AA 0.1 M, 80 puL. 10 M, 50 plL 200 L. 2mL 8 mL

435-485 HqO0.1M, 05mL 100 4M,40 uL.  OpL  1mL 8 mL

Table 3.2: Synthesis parameter for AuNRs with different aspect ratios

3.4.3 Functionalization of gold nanorods with BSPP

AuNRs@QCTAB were functionalized with BSPP using a two-step ligand exchange
method. In a typical procedure, 50x concentrated AuNRsQCTAB (50 pl) were
added to 5 mL of a solution containing BSPP (10 mM) and CTAB (20 M) under
sonication at 50 °C. The solution was sonicated for another 10 minutes and stored
for 16 hours at room temperature. The next day, the sample was centrifuged (11000
rpm, 40 minutes) and redispersed in a solution containing 10 mM BSPP and 20 pM
CTAB and sonicated at 50 °C for 10 minutes. Afterwards, the AuNRs were ready

for usage.

3.4.4 Temperature resolved UV-Vis-NIR measurements

Aqueous dispersions of AuNRs@BSPP were measured in PMMA disposable semi-
micro cuvettes (pathlength = 1 cm). Before executing thermal cycling, samples were
equilibrated at 50 °C for 20 minutes to ensure full redispersion. The temperature
was cycled between 50 and 5 °C subsequently with rates of 2, 1 and 0.2 °C/min.

Data was acquired every 1 °C.

3.4.5 Temperature dependent SAXS measurements

Small-angle X-ray scattering (SAXS) experiments were conducted using a Rigaku 3-
pinhole PSAXS-L equipment operating at 45 kV and 0.88 mA. The MicroMax-002+
X-ray Generator System is composed of a Microfocus sealed tube source module and
an integrated X-ray generator unit and produces Cu Ka transition photons of wave-
length A = 0.1542 nm. The flight path and the sample chamber in this equipment are
under vacuum. The scattered X-rays are detected on a two-dimensional multiwire
X-ray detector (Gabriel design, 2D-200X). After radial integration, the scattered
intensities were obtained as a function of momentum transfer () = 47\ — 1siné.
Silver behenate was used as standard for reciprocal space calibration. The sample
to detector distance was 2 m, covering a q-range between 0.01 A' and 0.2 A™*. The
measurements as a function of temperature were performed by means of a Linkam
Scientific Instruments THMS600 temperature controller. AuNRs were placed be-

tween 2 mica windows separated by an O-ring and hermetically sealed placing the
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set up into a sandwich type sample holder closed with screws. Data was fitted using
a form factor of spherical particles with polydispersity described by the log normal
distribution (SASfit software package). To obtain the form factor, SAXS data were
collected for 60 minutes at RT for AuNRs@BSPP in 10 mM BSPP without NaCl.
For themoresponsive AuNRs, 300 mM NaCl were added to the sample and spectra
were recorded for 20 minutes at 60 °C and 5 °C. For each sample, SAXS spectra

were corrected with background spectra taken at corresponding temperature.
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CHAPTER

Oscillatory clustering of gold

nanorods under light irradiation

4.1 Introduction

Owing to their large absorption cross-section, gold nanorods exhibit excellent photo
thermal properties, rendering them efficient nano-heaters. Such property is fun-
damental for their application in nanomedicine, where nanoparticles, by absorbing
infrared radiation in optical biological window, can enhance drug delivery[127-129]
or induce death of cancer cell by thermal ablation.[130-132] But photothermal effect
driven by plasmonic nanoparticles goes beyond biomedical applications. The inter-
action of light with nanoparticles is an interesting strategy for development of soft
matter actuators. By embedding plasmonic nanoparticles within thermoresponsive
matrix one can induce reversible actuation under light irradiation, giving rise to
micro angular motion[133] sequential wavelength dependent actuation[134], smart
windows through reversible turbidity, [135, 136] switchable displays[137] or shape
memory materials based on DNA-hydrogel composites.[138] However, the reversible
actuation of these systems is based on temporal application of stimulus (ON-OFF
states) while the signal transducer (local heaters) and responsive matrix are phys-
ically decoupled entities. In this chapter, a question has been imposed whether
one can induce a temporal change of system state (clustering) under the action of

uninterrupted light irradiation.

Recent development of soft-matter actuators revealed that indeed such a system
is feasible. For example, Zeng et al.[139] have designed a liquid crystal polymer
network that possessed an oscillatory movement dependent on the beam position
relative to the material and could be switched between bending, twisting and con-
traction/expansion. In a more recent example, Yang et al.[140] have demonstrated
oscillatory change of structure in a carbon-nanotube-based bimorph actuator. Under

constant white light irradiation, the material exhibited directed mechanical move-
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ment. Without any doubt, a system that exhibits cyclic structural change under
uninterrupted energy supply (e.g., light) is rather exotic in material science, and
remains virtually unaddressed in nanoparticles self-assembly:.

From a broader perspective, a system that exhibits oscillatory behavior (e.g., peri-
odic movement) under external energy source that lacks corresponding oscillations
(periodicity) is classified as self-oscillator[141, 142]. Self-oscillator differs from a
resonant system where the oscillation is modulated externally by an energy source.
To generate oscillations but without using periodic external energy source, a trans-
ducing material, by absorbing energy from the external source, should alter local
environment which in turn affects the way the transducing material interacts with
the external source. Thus, it is the oscillator itself that maintains the frequency
with which it is driven, and transducing material and environment are coupled.
Self-oscillation is the result of a subtle interplay between feedback responses within
the system once it is subjected to the uninterrupted external power. On one side, un-
der external source of power, the systems state can change in a way that can increase
the transduction rate of energy from external source to environment, resulting in a
positive feedback mechanism. On the other side, the systems state can also change
in a way that decreases the transduction rate of energy from external source to
environment, leading to a negative feedback mechanism. While positive feedback
tends to induce instability within the system, the negative feedback promotes sys-
tem stability. Interestingly, many biological phenomena, such as heartbeat or firing
of neurons comprises both type of mechanisms and indeed exhibit self-oscillatory
properties.[141]

In this chapter, we will exploit the possibility of obtaining experimentally an oscil-
latory clustering of gold nanoparticles under uninterrupted laser irradiation. First,
we will discuss the conceptual design of a colloidal system and features the sys-
tem should have to observe oscillations. Second, we will construct the experimental
setup equipped with real-time analytics to detect eventual oscillatory signature un-
der laser irradiation. Third, we will study light-induced reversible clustering of gold
nanorods under interrupted light conditions (ON-OFF) to find the optimal condi-
tions at which gold nanorods can transduce light energy into local heat to induce
their own redispersion. Fourth, we will discus light-sustained oscillatory clustering
of gold nanorods and show how to control them experimentally. Finally, the role of

feedback mechanisms on the oscillatory clustering will be discussed.
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4.2 Hypothesis

In the previous chapter we have seen that temperature - an external physical stimu-
lus - can modulate the reversible clustering of gold nanoparticles. Also, it was shown
in the introduction section (section 1.4) that gold nanoparticles can effectively con-
vert light energy into heat, where the drop of interparticle distance favours collective
heating which dominates the heat generated by individual nanoparticles. The com-
bination of these two features - thermoresponsive clustering and photothermal effect
- allows for the formulation of the central hypothesis of the present chapter:

The difference in the efficiency of photothermal effect in dispersed and aggregated so-
lution of gold nanoparticles can lead to a scenario where under uninterrupted supply
of light energy the colloidal solution experiences oscillatory clustering.

Figure 4.2.1 shows a visual description of the hypothesis. Gold nanorods undergo
spontaneous and slow aggregation upon cooling, altering their optical properties in
a way that the absorbance at LSPR decreases while the absorbance at longer wave-
lengths increases (Figure 4.2.1 a). In the course of aggregation, the system absorbs
more light at 1064 nm making dominant the collective heating that eventually can
rise the temperature of the solution to induce redispersion. Once the particle re-
disperse, the photothermal effect decreases because individual particles are unable
to produce enough heat to maintain the colloidal solution in dispersed state; the
temperature of the solution decreases. This will leads again to aggregation which in
turn will increase photothermal effect allowing the particles to redisperse. Overall,
the system exhibits oscillatory clustering (Figure 4.2.1 b).

Figure 4.2.1 ¢) shows a hypothetical temporal evolution of both, the extinction

(black line) and local temperature (red).
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Figure 4.2.1: Conceptual design of light-sustained oscillatory clustering of gold
nanorods. a) UV-Vis-NIR spectra of two limiting states: aggregated (green) and
dispersed (yellow). b) Visual demonstration of oscillatory clustering under uninter-
rupted supply of external stimulus. ¢) A hypothetical scenario of temporal evolution
of extinction at LSPR (black) and local temperature during oscillatory clustering.
AT - thermal hysteresis, At kinetic hysteresis - the lag of nanoparticles redispersion
to the changing temperature.
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The change of extinction and the change of local temperature must be coupled,
that is, the nanoparticles by absorbing light change their local environment and
the change of the environment changes the way the particles interact with external
uninterrupted stimulus, hence a self-oscillator. To obtain oscillatory clustering two

following conditions must be met:

o The temporal change of aggregation and temperature need to be out of phase.
The redispersion of nanoparticle should follow the change of local temperature.
The origin of such a delay is the lag of redispersion rate under temperature
increase (here action of light). The reader was familiarised with such a phe-

nomena in previous chapters when kinetic hysteresis was discussed.

o The system to oscillate needs the presence of thermal hysteresis (or thermo-
dynamic hysteresis), defined as the difference between T,, and Tf. Thus to
oscillate, the nanosystem needs to traverse across the hysteresis, to be either

above T, or below T, otherwise the system reaches steady state conditions.

Both parameters, AT, At are intrinsic characteristic of gold nanorods solution un-
dergoing reversible clustering, their values cannot be modulated on demand. The
laser power is the sole experimental parameter one can tune in real-time to modulate
the photothermal effect.

4.3 Experimental Design

The evaluation of proposed hysteresis requires careful design of experimental station
equipped with real-time analytics. Figure 4.3.1 shows schematically the experimen-
tal design. A four-windows, temperature-controlled cuvette holder (qpod-2e) was
coupled with the laser beam and white light (sphectrophotometer); both positioned
orthogonally to monitor in real-time the change of optical properties of the solution
in the volume exposed to laser light.

The laser operated at a frequency of 50 MHz with a pulse length of ~10 ps and a
nominal power ranging from 0 and 10 W. Note that the pulse length, was long enough
to ensure photothermal relaxation of nanoparticles which takes approximately 1.7
ps independently of nanoparticle dimensions (Figure 1.4.1). Thus the possibility of
generating hot carriers was minimized. The laser light (A = 1064 nm) was coupled
into an optical fiber that was connected to one of the qpod-2e ports with a collimator
lens (diameter = 5 mm). The laser beam passing through the sample was collected
in a beam stop.

The UV-Vis-NIR spectra were recorded using Halogen-Tungsten light source and

MayaPro spectrometer (Ocean Optics), both connected with collimator lenses. A
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Figure 4.3.1: Experimental setup. a) Schematic description of laser light properties
and location of both laser beam and light source for optical monitoring. b) Cross
section view of the holder showing the beam size, temperature probe and based
temperature. The holder was connected to external computer to monitor in real time
extinction spectra and temperature, while laser power was modulated on demand.

quartz-cuvette (optical path = 1 ¢cm) containing gold nanorods sample (2 mL) was
placed into qpod-2e and was encased within a peltier element, so that temperature
control was achieved from all sites and the bottom. The based temperature was
kept constant of 27 °C. The temperature inside the solution was monitored through
thermocouple (ThorLab) placed above the laser light beam to avoid laser induced-
heating. The values of temperature and UV-Vis-NIR spectra of the solutions were
recorded every 2 seconds. The laser power was changed on demand during the course

of the experiments.

4.4 Results

The present section is organized as follows: first, the capacity of photothermal heat-
ing by gold nanorods is evaluated, followed by experiments in which laser light is
used as physical stimulus to induce photothermal redispersion under ON/OFF stim-
ulus state. Then, the kinetic analysis of the redispersion and temperature change is

provided, followed by the analysis of oscillatory clustering, showing the importance
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of thermal hysteresis within the thermoresponsive system. The effect of laser power

density on frequency of oscillations is also discussed.

4.4.1 Light-to-heat conversion by gold nanorods

Before studying reversible clustering and oscillations, one needs to assure that gold
nanorods are efficient heaters. To study this, a solution of stable gold nanorods
(LSPR = 889 nm) was used.
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Figure 4.4.1: Temperature change in the solution of dispersed gold nanorods under
ON and OFF light conditions. a) Temperature curves for laser power between 0.5
W and 10 W. b) Temperature rate estimated from (a). ¢) Maximum temperature
achieved for given laser power. d) Maximum value of temperature change versus laser
power, showing similar slops for both the heating (laser ON) and the cooling (laser
OFF) periods.

The sample was subjected consecutive cycles of ON and OFF states with simulta-
neously monitoring temperature (Figure 4.4.1).

For photo-thermal heating, nominal laser power was increased from 0.5 to 10 W
and temperature change was tracked in real-time. After the stabilization of temper-
ature, the laser was turned off and next cycle was initiated when AuNRs solution
reached based temperature. As expected, it was observed that with increasing the
power laser from 0.5 to 10 W the temperature of the solution reached maximal val-
ues ranging from 25 to 47 °C (Figure 4.4.1 a, ¢). Just after switching laser ON,
the heating rate and temperature increased rapidly, reaching the maximum heating

rate at ~1 minute, and decreased gradually afterwards until maximal temperature
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was attained and steady state conditions were reached. Oppositely, after turning
off the laser, the solution rapidly cooled down starting with high cooling rate which
gradually slowed while approaching base temperature. For all laser powers, temper-
ature of the solution stabilized after ~250 sec, which is confirmed by estimating the
heating rate in Figure 4.4.1 b. At 250 sec the value of rate become 0 °C/min. The
maximum values of rates at ON and OFF states were plotted versus applied power,
showing that the rate of heating and the rate of cooling for dispersed nanoparticles
was similar (Figure 4.4.1 d). Note that at the present experimental setup, global
temperature of the solution is measured. There is no information on the local tem-
perature change close to the particles surface. The laser power of 10W is quite large
energy; at this conditions nanoparticles can suffer from deformation. Thus in the

following experiments the maximum power applied was 4.5 W.

4.4.2 Light-modulated reversible clustering of gold nanorods

The aim of the following paragraphs is to show that temperature-induced, reversible
clustering of gold nanorods can be modulated externally using laser light as a phys-
ical stimulus where the aggregating nanoparticles play a role of light-to-heat trans-
ducers. As shown in the previous chapter 3, the clustering of gold nanorods conveys
a pronounced change in their optical properties, especially the change in the inten-
sity of LSPR (Figure 4.4.2 b). Such a change can be taken as a reliable measure of
clustering dynamics given that the extinction spectra are recorded in time interval
much lower than the clustering process itself. For this purpose, a sample was pre-
pared which contained gold nanorods coated with BSPP/CTAB and in the presence
of NaCl (300 mM NaCl). The gold nanorods underwent slow clustering (tens of
minutes) when based temperature was fixed at 22 °C.

To show photo-thermal redispersion an experiment was designed in which alternating
states of light ON-OFF lasted for 5 - 30 minutes and laser power at which ON state
was progressively increased from 0.05 to 4.3 W (Figure 4.4.2 a). The temperature
of the solution and extinction spectra were recorded every two 2 seconds during the
course of whole experiment, giving in total 4800 spectra.

Figure 4.4.2 ¢) shows time-dependent evolution of temperature (red) and extinction
(black) values. Before the first ON state, the particles were allowed to pre-aggregate
that was confirmed by the drop of extinction value from 0.85 to 0.55. Then the
alternate ON/OFF states commenced (0.05 -1 W), showing a continuous drop of
extinction (aggregation) even though the temperature increased progressively from
22 to 26 °C (Figure 4.4.2 c¢). These results indicate that at this range of laser
power, the photothermal effect is insufficient to induce redispersion. Interestingly,

at the next ON state (1.69 W), an abrupt redispersion took place accompanied
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Figure 4.4.2: Reversible clustering of gold nanorods under alternated light irradi-
ation. a) Schematic representation of the experiment. Laser was switched ON and
OFF and power was gradually increased at each ON state from 0.05 W to 4.36 W.
b) UV-Vis-NIR spectra of aggregated and dispersed nanoparticles, showing also the
wavelength of applied laser light. ¢) Temporal evolution of LSPR and global temper-
ature under ON/OFF laser light with progressively increasing nominal power. The
black vertical line at 30 minutes indicates the transition from continuous aggregation
to photo-thermal redisperion during ON state. d) Extinction versus temperature
for bulk heating and photo-thermal heating, showing that onset of redispersion was
downshifted 10 °C for laser heating, suggesting that local temperature close to par-
ticle surface is higher than the bulk temperature. e) Hysteresis in the reversible
clustering under ON/OFF state.

by temperature jump to 29 °C, revealing the threshold of laser power at which

the redispersion takes place. With each consecutive ON state, the temperature
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and extinction experienced even larger increase, whereas with each OFF state both
temperature and extinction decreased. This data show that (1) light is a valid
physical stimulus to control remotely reversible clustering of nanorods stabilised with
BSPP/CTAB, and (2) there is a threshold of laser power at which the photothermal

redispersion occurs.

As mentioned above, the thermal profile obtained in this experiment provides an
information on the global temperature change. That is, the thermocouple used in
the experiment cannot provide an information on the local temperature in between
the particles under irradiation. On the other hand, the change of extinction, being
sensitive to the local orientation of the particles, provides direct information on the
aggregation-to-dispersion transition down to nanoparticle level. Therefore, it was
hypothesized that the observed threshold of laser power at which the redispersion
commences (1.69 W) can give a hint on the difference between the global temper-
ature (measured by thermocouple) and local temperature (indirectly detected by
UV-Vis-NIR), given that T,, temperature of the sample is known. Figure 4.4.2
d) compares extinction change versus measured bulk temperature for bulk heating
(thermal, red) and light heating (photo-thermal, black). The points in red were
obtained by slow thermal cycling of the sample at 0.2 °C/min. The points in black
correspond to the maximum extinction obtained at given ON states in Figure 4.4.2
c¢). Put differently, the points were obtained by removing time component in Fig-
ure 4.4.2 ¢) for the maximum extinction recorded at each ON state. Such analysis
shows that aggregation-to-redispersion transition for light heating is downshifted by
~10 °C. Thus, given that in both types of heating (thermal, photothermal) the mea-
sured temperature is the global temperature of the sample, the observed downshift
can be used to estimate the temperature close to nanoparticle surface, and which is
higher by ~10 °C. If such reasoning is correct, the proposed method can be used
to measure indirectly the local temperature close to particles surface under irradia-
tion, which in fact is a long-lasting challenge in the field of thermoplasmonics.[143]
Of course, this method would need to be contrasted with agreed method such as

fluorescence life-time.

The data obtained in Figure 4.4.2 c) indicate qualitatively that temperature and
extinction do not follow the same path during ON and OFF stages, indicating that
there could be a hysteresis in reversible clustering. To confirm that, the mixture of
aggregating gold nanoparticles was redispersed twice by irradiation with laser (3.39
W) (see inset in Figure 4.4.2 e¢). Time component from temperature and spectral
data was removed, and temperature-resolved extinction of AuNRs was obtained by
combining both data sets. Indeed, a hysteresis was observed, that is, at the same
temperature the extinction can receive two values depending if the particles are

undergoing redispersion or aggregation. The origin of the hysteresis can be a purely
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Figure 4.4.3: Analysis of extinction and temperature change at ON-OFF light state.
The raw data were fitted with exponential function y = A —be™** (black lines). A-b)
Time-resolved change of extinction (a) and temperature (b) for varying laser power
between 1.69 and 3.39 Watt. c-f) Fit parameters (A and k) of extinction (c, e) and
temperature (d,f) during ON (c, d) and OFF (e, f) states.

kinetic effect, since redispersion is a fast process due to temperature jump, while

aggregation is a slow process depending on the diffusion of the particles.

To quantify the dynamics of extinction and temperature change during ON-OFF
states the data from Figure 4.4.2 were fitted with an exponential function of type
y = A — be " The parameter A represents value at (quasi-)equilibrium, while k is
rate constant, a measure of how fast local equilibrium is reached. Taking a closer
look at redispersion kinetics during laser ON, one can deduce that the rate constant,
k, of the extinction increases with laser power while the rate constant of temperature
remains unchanged (compare red lines in Figure 4.4.3 ¢ and d). The difference in
the change of rate constants for extinction and temperature is due to the fact that
measure of extinctionreflects local changes (interparticle distances) that are sensitive
to local temperatures. The measure of temperature (out of laser beam) indicates
the global temperature. Thus, even though the maximum temperature increases
with laser power, the rate remain unchanged because of the thermal diffusivity of
the medium and possible temperature gradient between irradiated and measured

volume. By analyzing aggregation kinetics during laser OFF for different power
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densities, one can clearly deduce that the rate constant remained unchanged, so
did the rate constant of temperature. Overall, this analysis further confirms that
photothermal redispersion of gold nanoparticles depends on the applied laser power,

while bulk temperature rate remained constant.

4.4.3 Oscillatory clustering of gold nanorods under uninter-

rupted light stimulus

For studying oscillatory clustering of nanorods under uninterrupted laser light, the
selected sample of gold nanorods (see characterisation in subsection 4.6.1) exhib-
ited larger extinction when aggregated than in redispersed state (Figure 4.4.4 a).
That is, upon clustering, the absorbance at 1064 nm increased, favouring collective
heating due to low interparticle distances and the increase of absorbance at the
wavelength of laser (compare the change of absorbance at 802 and 1064 nm ob-
tained during thermal cycle, Figure 4.4.4 b). Such a cooperative effect is expected
to promote stronger photo-thermal effect for aggregated nanorods. Figure 4.4.4 c)
confirms such assumption where the measured global temperature the sample pro-
duced under laser irradiation was higher at aggregated state (large ionic strength) as
compared to fully redipsersed state (no salt). The maximum temperature as a func-
tion of laser power was fitted with linear regression, resulting in heating efficiency
of 0.87, 3.2 and 8.81 °C/W for water, redispersed and aggregated nanoparticles, re-
spectively. Thus, aggregated nanorods exhibited 3 times higher photothermal effect
than dispersed nanorods. As a results, under laser light excitation through con-
tinuous aggregation /redispersion cycles, AuNRs can "jump' between two different
heating capacities which increase/decrease temperature under uninterrupted light
irradiation leading to oscillations (Figure 4.2.1 d).

As mentioned above, the sole experimental parameter in the present setting is the
laser power that one can modulate on demand during the course of aggregation.
To study the presence of oscillations, the initially dispersed nanoparticles (300 mM
NaCl) were allowed to slowly pre-aggregate at base temperature of 27 °C. During
this process the laser was set ON and the power was modulated from 0.05 to 2.5 W.
At each laser power, the system was left undisturbed for 15-25 minutes, recording
in real-time the change of temperature and absorbance spectra (400-1100 nm). In-
deed, the absorbance at the maximum of LSPR started to spontaneously oscillate
when the power laser was modulated in the following, stair-like, order: 2.53, 1.29,
0.8, 1.29, 2.53 and 0.8 W. (Figure 4.4.5 a). The QR code (Figure 4.4.5 a - inset)
provides an access to an animation showing spectral and temperature change in a
typical experiment. Note that during the oscillation the extinction at LSPR changed

within 0.2 units, indicating rather a small fraction of particles undergoing oscillatory
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Figure 4.4.4: Optical and themoresponsive properties of gold nanorods. a) UV-
Vis-NIR spectra of dipsersed AuNRs at high temperatures (yellow) and of aggregated
AuNRs (green) at low temperatures. b) Thermal cycling (Rate = 0.2°C/min) showing
increased extinction at 1064 nm at low temperatures, while the intensity at longi-
tudinal LSPR (802 nm, grey lines) follows opposite trend. c¢) Photothermal heating
of dispersed (orange) and aggregated (green) nanorods sample showing higher tem-
peratures at the same laser power for aggregated nanorods. d) Schematic concept of
self-sustained oscillation induced by the different heating efficiency of dispersed and
aggregated AulNRs.

clustering. Any possible optical artefact accounting for oscillations were excluded,
since dispersed nanoparticles under different power laser, showed no variation in the
spectrum. During the whole experiment, the temperature remained stable at given
power density. The invariance of temperature confirms, again, that in the current
experimental setting one cannot resolve the change of temperature locally down to

nanoparticles regime.

From Figure 4.4.5 a it is evident that the system exhibits a complex oscillatory
pattern, showing various frequencies being superimposed. To resolve these frequen-
cies, fast-fourier transformation (FFT) analysis was conducted for laser powers from
0.8 to 2.53 W (Figure 4.4.5 b-d). The FFT analysis revealed the presence of low
frequency oscillation (0.3 - 0.5 min~1, yellow bands) and three higher frequencies
(2 - 4 min~—1, blue bands) Both frequency ranges are sensitive to the laser power
(Figure 4.4.5 e). It is feasible to attribute the higher frequency pattern to the local
increase/decrease of interparticle distance in the illuminated volume since redisper-
sion kinetics depends on the laser power as shown above (Figure 4.4.3). The slow

frequency pattern can be attributed to the change of particles and cluster concentra-
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Figure 4.4.5: Oscillatory clustering. a) Time-resolved measurement of extinction
(black, 802 nm) and temperature (red), showing the appearance of oscillations in spec-
tral response under uninterrupted light irradiation. Numbers indicate laser power.
Inset: QR code to an animation showing spectral and temperature change in a typi-
cal experiment. (b-d) FFT analysis of the extinction data in (a) for laser power from
0.8, 1.29 to 2.53 W. Red line- frequency in forward laser power (0.8, 1.29, 2.53 W),
black line in backward direction (2.53, 1.29, 0.8 W) showing no effect of power laser
on oscillation frequency. Yellow band- low frequency oscillations, blue band - high
frequency oscillations. e) Low and high frequencies versus laser power, showing an
increase of low frequency oscillation with increasing laser power.

tion within the irradiated volume of the sample. That is, the particles can diffuse out
of the volume under irradiation through thermophoresis once the local temperature
reach T,,, and later the concentration of particles within such volume is restored,
giving rise to the temporal changes of the amount of particles in measured volume.
Finally, the direction of changing laser power had no influence on the frequencies,
which was confirmed by estimating the frequencies while lowering laser power (2.54,
1.29, 0.8 W ) and increasing laser power (0.8, 1.29, 2.54 W), as shown in black and
red plots in Figure 4.4.5 b-d), respectively.

Under dark conditions (laser OFF), no oscillations were observed. Figure 4.4.6 a)
shows the change of normalised extinction at 802 nm under OFF-ON-OFF states,

showing that under dark conditions, the nanoparticles experienced progressive ag-
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gregation (drop of extinction), while under laser irradiation the system undergoes
oscillatory clustering. This control experiment further confirmed that oscillatory

behaviour is related to the interaction of gold nanoparticles with light.
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Figure 4.4.6: Control experiments. a) Oscillations were only observed under con-
tinues light excitation. b) Oscillations were only observed for nanords with high
thermodynamic hysteresis, which was controlled by the amount of CTAB in the solu-
tion. ¢)Thermal cycling at 0.2 °C/min of nanorods with 20 uM CTAB (bright) and
50 uM CTAB (dark). d) Thermodynamic hysteresis for given samples showing large
increase with higher CTAB concentration. d) Schematic representation of how oscil-
lation amplitude and frequency change as a function of thermodynamic hysteresis.

Apart from light, histeretic behavior in reversible clustering is a condition for os-
cillations. As shown in chapter 3, the extent of hysteresis in reversible clustering
of AuNRs@BSPP can be modulated by the concentration of CTAB in the sample.
Thus, to evaluate the effect of hysteresis on oscillatory clustering two samples of
gold nanorods were prepared, containing either 20 or 50 uM CTAB, both with the
same concentration of NaCl (300 mM). The sample with lower CTAB concentration

showed rather narrow hysteresis, whereas the sample with high CTAB concentration
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showed much wider hysteresis (Figure 4.4.6 ¢). The quantified thermal hysteresis
was ~10 and ~2 °C for nanorods containing 20 and 50 pM CTAB, respectively (Fig-
ure 4.4.6 d). Both samples were subjected to the same laser conditions of 1.3 W,
observing that the sample with higher amount of CTAB exhibits more pronounced
oscillatory pattern (Figure 4.4.6 b, black). The sample of smaller amount of CTAB
had rather noisy response without visible oscillatory response (Figure 4.4.6 b, red).
The observed scenario is analogical to the functioning of a thermostat, where hys-
teresis is deliberately introduced to avoid chaotic system response of cooling/heating
at predefined temperature onset. The hysteresis forces the system to pass a thresh-
old above or below temperature onset, resulting in increased amplitude and reduced
frequency of oscillations. Figure 4.4.6 e) shows schematically such situation. If
thermodynamic hysteresis is small, having small difference between Ty and Ty,
the system is allowed to switch rapidly between aggregation /redispersion, rendering
high frequency oscillations, that in practice are classified as steady state, since the
measurement mean (here UV-Vis-NIR) has not enough resolution to observe oscil-
latory clustering. Only if a large difference between Ty and Ty is imposed, the
system is forced to perform large amplitude oscillations at reduced frequency, which
in practice can be detected by spectroscopy. This type of oscillations is classified as
a relaxation oscillator[141] and is typically characterized by two threshold points, in
which the system oscillates, which in our case are the transition temperatures Ty
and T,0.

Although it was only the extinction and not local temperature that was accessi-
ble experimentally, it is convenient to picture schematically the interplay of both

parameters to obtain better understanding of the mechanism behind oscillations.

Figure 4.4.7 describes the change of local temperature and extinction for different
ranges of power laser. At the laser power below the oscillation threshold (Figure 4.4.7
b), the nanoparticles aggregation (drop of absorbance) induces the increase of local
temperature that is due to the collective heating and the increase of absorbance at
1064 nm. The temperature increases, however, to a level that is insufficient to in-
duce redispersion (T, ), resulting in the continuous aggregation. At the laser power
matching the oscillation conditions (Figure 4.4.7 c), the nanoparticles aggregation
induces a rapid increase of local temperature, overcoming the threshold of T, that
in turns induces redispersion. The redispersion, on the other hand, compromises
the collective heating and absorbance at 1064 nm, decreasing local temperature
which in turns leads to aggregation. In this scenario, the reversible clustering of
nanoparticles exhibit a negative feedback mechanism: once the redispersion occurs,
the absorbance at 1064 nm decreases, so does the contribution of collective heating
and the system is unable to convert enough temperature from incoming light. The

presence of negative feedback mechanism, which is introduced by hysteresis, deter-
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Figure 4.4.7: Mechanism of oscillatory clustering limited by negative feedback. a)
UV-Vis-NIR spectra of aggregated and redispersed nanoparticles. b) Power laser be-
low oscillation threshold. c¢) Power laser within oscillation conditions where negative
feedback mechanism allows the system to switch the direction of aggregation and
temperature. d) Power laser above oscillation conditions. Redispersed nanoparticles
produce sufficient heat to maintain their colloidal stability and prevent aggregation.

mines the oscillatory clustering. A progressive increase of laser power within the
oscillatory regime, increases the oscillation frequency that is due to the increase of
redispersion rate of nanoparticles. At the laser power above the oscillation condi-
tions (Figure 4.4.7 d), the nanoparticles solution in dispersed state (no collective
heating) produces sufficient heat from incoming light to maintain their colloidal
stability.

In the above described scenario, the interaction of aggregating nanoparticles with
light takes place through a cooperative effect, increase of collective heating and
absorbance at 1064 nm upon aggregation.

It has been asked whether an antagonistic scenario can lead to oscillations: increase
of collective heating upon aggregation and increase of absorbance at 1064 nm upon
redispersion. To explore such scenario, gold nanorods with maximum of LSPR close
to the wavelength of incident laser were used (Figure 4.4.8 a). Upon aggregation
the sample showed a decrease of extinction at both the maximum of LSPR and
at 1064 nm, as confirmed by thermal cycling between 50 °C and 5 °C at the rate
of 0.2 °C/min((Figure 4.4.8 b). The value of extinction at 1064 nm during aggre-

gation was ~6 times lower than during redispersion. In their dispersed state, the
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Figure 4.4.8: Optical and thermoresponsive properties of gold nanorods. a) UV-
Vis-NIR spectra in their dispersed state at elevated temperatures (pink) and aggre-
gated at low temperatures (cyan). b) Thermoresponsive properties of nanorods with
thermal cycling (0.2°C/min) followed at the maximum of LSPR and at 1064 nm.
Both wavelengths demonstrate the same trend with a decrease of extinction during
cooling and an increase during heating. c¢) Linear regression of temperature vs. laser
power during laser irradiation of aggregated and dispersed nanorods, showing steeper
slope for dispersed nanorods.

nanorods showed heating rate of 12.45 °C/W, while in their aggregated state only
2.37 °C/W (Figure 4.4.8 ¢). Therefore, overall, these nanorods produced more heat

in redispersed state under moderate laser power.

Next the redispersion kinetic of these nanorods was tested. The aggregated nanopar-
ticles at the based temperature of 22 °C were exposed to laser power ranging from
0.5 to 3.4 W. Figure 4.4.9 a) and b) show the extinction and temperature change
during laser irradiation. At 0.5 W, nanoparticles remained aggregated even though
a slight increase of temperature was observed. At this power range, the collective
heating dominates (particles remain aggregated) but is not sufficient to increase the

temperature to induce redispersion.

With progressive increase of laser power the particles slowly redispersed accompa-
nied by increase of temperature. The fitting of raw data with exponential function
(y = A — be ™) showed that temperature rate constant, k, remained unchanged
over the entire range of laser power, being consisted with the results shown above
(Figure 4.4.9) ¢, d) The rate constant of extinction increased progressively with in-
creasing power laser, also, being consisted with data shown above. Interestingly, at
higher power (3.4 W) the extinction constant rate exceed the temperature constant
rate, suggesting that the redispersion of nanoparticles is faster than the change of
temperature at higher laser power. This results means that at high enough laser
power, the rise of temperature is due to the contribution of both the collective heat-
ing and the increase of extinction at 1064 nm, resulting in sudden redispersion and

temperature jump.
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Figure 4.4.9: Photothermal redispersion at different laser powers. a) Normalized
extinction at 986 nm versus time at different laser power (numbers). B) Temperature
change versus time with increasing laser power. Data were fitted with exponential
function y = A — be %%, c-d) Redispersion rate constant and temperature rate con-
stant versus laser power, showing that redispersion rate constant increases with laser
power while temperature rate constant remains unchanged.

To check oscillatory clustering, gold nanorods containing 50 M CTAB and 300 mM
NaCl were subjected to uninterrupted laser irradiation at power 1, 1.68 and 2.47 W.
Stable oscillations were observed for 1 W laser power (Figure 4.4.10 a). Interestingly,
only one dominant frequency at 5.9 min™ was observed (Figure 4.4.10 b). At higher
laser power (1.68 W) the frequency was shifted to 10 min™'.

Although the origin of the oscillatory clustering is rather puzzling it can be ex-
plained by analyzing the change of extinction and local temperature over time for
different laser powers (Figure 4.4.11). At laser power below oscillation threshold,
the aggregating nanoparticles are unable to rise temperature above T,,, resulting in
progressive aggregation (Figure 4.4.11 b). At laser power within oscillation condi-
tions (Figure 4.4.11 ¢), the collective heating produces temperature jump to reach

T.,, followed by a slow increase of extinction, particles start to redisperse.

During the slow redispersion, the effect of collective heating progressively decreases
and so does the local temperature since the particles are not enough redispersed
to maintain the temperature sufficiently high. Recall that photothermal effect of
these nanoparticles is stronger at dispersed state as compared to aggregated state.
Therefore, it is the slow kinetics of redisperision that induces the oscillations. The
light acts as pump that induces slow redispersion that is not enough to undergo
transition to full redispersion at which the system produces more heat. At laser

power above oscillation conditions (Figure 4.4.11 ¢), a positive feedback mechanism

92



CHAPTER 4. OSCILLATORY CLUSTERING OF GOLD NANORODS UNDER LIGHT

IRRADIATION
a)
0.21 W 1.68 W 247W
24.0
g U0 L 235G
o <
8 ®
®0.19 205
c ©
S g
H “ L2258
£018 {Wunmmﬂ ! 5
i 220F
0.17 215
50 60 70 80 90 100
Time (min)
b) 1 Watt c) 1.68 Watt
20 20
515 5 15
© ©
2 2
2 10 2 10
Q Q
£ £
5 5
0 ! ! " ; : 0 / . . . -
00 25 50 75 100 125 150 00 25 50 75 100 125 150
w (min~1) w (min~1)

Figure 4.4.10: Oscillatory clustering under uninterrupted light laser irradiation.
a) Temporal evolution of extinction at 986 nm and global temperature. Numbers
indicate laser power. b) FFT analysis of extinction under 1W laser power showing a

pronounced peak at 5.9 min"!. ¢) FFT analysis of extinction under 1.68 W showing

single peak at 10 min.

dominates: with decreasing absorbance, the collective heating dominates causing
temperature jump which is further augmented by fast redispersion of nanorods and
the increase of absorbance at 1064 nm. The fast redispersoin causes a fast transition
from dominating collective heating to the heat production by individual particles in
dispersed state (larger absorbance at 1064 nm). As a results, the system is capable

of generating sufficient heat to maintain its own redispersion.
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Figure 4.4.11: Mechanism of oscillatory clustering driven by slow redispersion ki-
netics. a) UV-Vis-NIR spectra of aggregated and redispersed nanoparticles. b) Power
laser below oscillation threshold. c¢) Power laser within oscillation conditions where
the redispersion is compromise by slow aggregation kinetics, leading to back aggrega-
tion. d) Power laser above oscillation conditions. Redispersed nanoparticles produce
sufficient heat to maintain their colloidal stability and prevent aggregation.

4.5 Conclusions

In this chapter, it was shown that careful interplay between light interaction with
spontaneously aggregating nanoparticles can lead to the oscillatory clustering of
gold nanoparticles when subjected to uninterrupted laser irradiation. The central
hypothesis indeed was confirmed showing that the change of optical properties of
gold nanorods under clustering changes the way these particles transduce the light
energy into heat, altering thus the local environment (temperature) which in turn
modifies the way the particles interact with light. As a results, a rather exotic and
unexplored behavior emerges known as self-oscillations.

The use of real-time analytics (extinction and temperature) during reversible clus-

tering under light conditions allowed to draw the following specific conclusions:

o Laser light is a suitable physical stimulus to induce reversible clustering under
ON/OFF states.

o The temperature at which the transition from aggregation to redispersion takes

place is downshifted by nearly 10 °C when laser heating is used instead of bulk
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heating, meaning that the local temperature close to particles surface is higher

than temperature measured globally.

e The redispesion rate constant increases with laser power while temperature
rate constant remains unchanged, indicating that extinction measurements
resolve events down to nanoparticles level (small interparticles distances) while

temperature measurement is sensitive only to global changes.

o To observe oscillatory clustering of gold nanoparticles under photothermal
conditions, one needs to assure the presence of thermal hysteresis within the

system.

o Cooperativity between collective heating and light absorption at laser irradi-
ation imposes a negative feedback mechanisms under which self-oscillations

take place.

o Antagonistic effect between collective heating and light absorption at laser
irradiation imposes a positive feedback mechanisms that cancel self-oscillation.
The oscillation then are driven by temporal lag between temperature and

extinction change.

The present experimental system is unable to resolve local temperature change, and
therefore cannot provide a full description of a phase portrait (change of extinction
versus change of local temperature). Such a description would be an ultimate and
infallible proof for oscillatory clustering. A convenient strategy for getting an insight
on the local temperature change under irradiation is the use nanothermometers
for example quantum dots or fluorescent dyes which exhibit temperature-sensitive
emission or lifetime of excited states. Of course, if the measurement of extinction
and global temperature in real time, as shown above, is already non-trivial from a
technical point of view, further complexification of the system by introducing nano-
thermometer is even more challenging. The use of other thermoresponsive molecular
shell (DNA or p-NIPAM) is probably an option, but relative large inter-particles
distances by using these macromolecular system can compromise collective heating
and thus kinetics of the system. An interesting direction for future exploitation
of oscillatory clustering is the measurement of the system down to single cluster
level, where the velocity and position of the particles can be precisely determined
in real time and thus interparticle forces. In doing so, an advance characterisation
techniques such as liquid-cell electron microscopy is probably the right experimental

platform to study self-oscillations.
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4.6 Experimental Methods

4.6.1 Oxidative Etching of AulNRs

Concentrated AuNRs@CTAB (400 uL, Aug = 2.5 mM) stock solution was diluted
with CTAB (9.6 mL, 100 mM) to a concentration of 1 mM Auy. AuNRs solution
was stirred slowly at 30 °C and HAuCly solution (100 L, 1 mM) was added every 20
minutes. Before every addition a small aliquot (5 uL.) was extracted for UV-Vis-NIR,
measurement (Figure 4.6.1 a.) These steps were repeated until the desired optical
properties were obtained. Then, AuNRs solution was centrifuged at 1100 rpm for
30 minutes , the supernatant removed and AuNRs redispersed with 1 mM CTAB
solution. Centrifugation was repeated three times. AuNRs dimensions were measure
before and after oxidation and revealed slight reduction of length from 68.6 + 8.2
nm to 65.69 + 7.59 nm, while the width remained constant at ~ 17 nm Figure 4.6.1
b). Aspect ratio was reduced from 4.02 + 0.6 to 3.82 4 0.55 and the polydispersity

was significantly reduced.
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Figure 4.6.1: Au(IlIl) assisted oxidation of AuNRs stabilized with CTAB. a) UV-
Vis-NIR spectra after every HAuCly addition. b) TEM analysis of AuNRs before and
after oxidation. c) Aspect ratio before and after oxidation

4.6.2 Plasmonic heating of gold nanorods

AuNR@BSPP aggregation was characterized using a MayaPro 2000 (Ocean Optics)
equipped with a tungsten/halogen light source. A quartz cuvette (1x1 cm) was
mounted in gpod 2e cuvette holder (Quantum Northwest) and connected via 200
pm optical fibers to the light source and the spectrometer. The temperature of the
cuvette holder was controlled with an integrated peltier element and. The tempera-
ture of the cuvette holder and inside of the cuvette were recorded with a temperature
logger equipped with thermocouple (Thorlabs). The sample was illuminated in or-
thogonal direction to the UV-Vis-NIR measurement with a fiber coupled infrared
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laser (A = 1064 nm, w = 500 kHz). The laser spot was enlarged with a collimator

lense to 0.5 cm in diameter.
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Figure 4.7.2: Thermal analysis at different wavelengths at 0.2 °C/min. a) UV-Vis-
NIR spectra of dispersed AuNRs986. Colored dots show the followed wavelength. b)
- d) shows thermal cycling at 800, 986 and 1064 nm respectively.
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CHAPTER

Coupling reversible clustering of
gold nanoparticles with

chemothermal process

5.1 Introduction

The previous chapters showed that reversible clustering of gold nanoparticles can
be controlled by two types of thermal stimuli: bulk heating using a thermostat
of programmable temperature and laser heating of programmable power. In the
field of nanoparticles self-assembly, these two kinds of thermal stimuli are the most
exploited ones. In the present chapter a question has been imposed whether one
can use yet another type of stimulus to regulate local temperature and couple that

temperature to reversible clustering of gold nanoparticles.

In many biological processes, a temperature change due to a chemical process typ-
ically triggers a structural change of macromolecules, inducing a series of more
complex events (e.g., signaling). For example, temperature-sensitive ion channels
in can alter membrane potential at given temperature, resulting in inhibition or

stimulation of the whole neural network.

Therefore controlling the state of given synthetic nanosystem through temperature
using exothermic chemical reaction as a trigger is an appealing, yet poorly ad-
dressed, scenario for constructing complex chemical networks over different length
scales. The difficulty in fabrication of such systems is based on the fact that tem-
perature change is sensitive to the reagents concentration and kinetic parameter
of chemothermal process. Also, accumulation of waste - products of chemother-
mal reactions - can interfere with the nanosystem functioning. Thus, the coupling
of thermoresponsive nanosystems (e.g., aggregating nanoparticles) with temporally
changing temperature through chemical reaction is challenging from experimental

point of view, but with great potential for the use in chemical actuators.
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From a broader perspective, chemically controlled state of give nanosystem is usu-
ally classified as "fuel-driven", where metastable supramolecular constructs feature
an uphill energy consumption at the expense of energy flux from fuel.[144] Over last
decade, several important works have been devoted to such a process where upon
chemical stimulus (small molecules, proteins) the formation of supramolecular as-
semblies (micelles, [145] vesicles,[146] fibers,[147] discrete nanoparticle clusters,[148]
and supercrystals[149]) rendered transient luminescence,[150, 151] gelation,[152, 153]
or even catalytic properties. [146, 154, 155]

Recently, nanoparticles have attracted attention as building blocks of nanosystems
with transient optical properties including reflectance, [156] absorption,[145] or fluo-
rescence[157]. The experiments evidence the possibilities for conceptually new prop-
erties of such systems as selective signal generation,[158] aggregation pathway,[80]
or self-sorting[159]. Although recent progress suggests new opportunities in fabri-
cation of smart nanosystem, in the fuel-driven nanoparticles clustering the use of
chemical stimulus to control thermoresponsive nanosystem state has been barely
addressed.[160]

It is commonly known that radially distributed DNA strands on nanoparticles sur-
face are sensitive to external temperature, allowing for a precise transition between
double and single-stranded conformations that in turn determines colloidal phase
(dispersed vs. aggregated).[161] Again, the question was imposed whether a re-
versible transition from double to single-stranded DNA can be coupled to chemoth-
ermal reaction - fed by fuel - that would result in a scenario where nanoparticles

maintain their colloidal stability as long as the fuel is available.

5.2 Hypothesis

(Figure 5.2.1) shows a hypothetical design in which at room temperature, the lack
of electrostatic repulsion drives the clustering of DNA coated gold nanoparticles
(AuDNA) by the hybridization of free DNA strands (clustering DNA) with the
ones anchored to the metal surface (redispersion DNA). The presence of fuel and
catalyst triggers chemothermal reaction that raises the temperature of the mixture
above DNA melting point (T),), leading to its dehybridization and redispersion of
nanoparticles. The consumption of fuel brings the temperature back to the initial
values, letting the particles to cluster below freezing temperature (T¢). Overall, the
cyclic execution of such process leads to the transient clustering of nanoparticles
sustained by chemical reaction. To resolve the coupling of temperature change and
transient nanoparticles clustering real-time analytics of sufficient temporal resolution

are required.
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Figure 5.2.1: Coupling exothermic copper-catalyzed azide-alkyne cycloaddition re-
action with thermally-responsive DNA-coated gold nanoparticles. Below melting
temperature, the hybridization of "redispersion" and "clustering" DNA causes a spon-
taneous aggregation of gold nanoparticles. A sudden increase of temperature upon
the addition of fuels (azide and alkyne) brings DNA duplex above melting tempera-
ture resulting in melting of redispersion and clustering DNA and thus redispersion of
nanoparticles. Once the fuel is consumed, both DNA strand hybridize again, leading
to spontaneous clustering of nanoparticles.

5.3 System design

Copper-catalysed azide-alkyne cycloadditions (CuAAC) was selected as a convenient
chemothermal process.[162] This reaction involves the use of catalyst, Cu(I)[tris(3-
hydroxy-propyltriazolylmethyl)amine] (Cu(I)-THPTA) and water-soluble fuel molecules,
namely 2-azidoethanol and 3-dimethylaminopropyne( Figure 5.2.1)[163]. As a ther-
moresponsive nanosystem, DNA-coated gold nanoparticles were selected.[62] Of
course, the thermoresponsive system based on BSPP (developed in the previous
chapters) was, in fact, selected as a primary choice. However, BSPP molecules re-
vealed incompatibility with CuAAC reaction since phosphine present in BSPP can
rapidly complex copper ions and therefore inhibits the whole chemothermal process.
Thus an alternative thermoresponsvie system, based on DNA, was selected since
DNA, being a biological molecules, are chemically robust and can stand relatively

high ionic strength.

5.3.1 DNA-coated gold nanoparticles

Colloidal gold was synthesized by Bastus method[40] producing nanoparticles of
26.6 £+ 3.3 nm in diameter (Figure 5.3.1). The as-prepared gold nanoparticles were
functionalized with DNA through well-known salt-ageing method[164]. Table 5.1
shows full list of DNA sequences used to stabilize and cluster gold nanoparticles.
UV-Vis spectra before and after the functionalization with DNA sequence show a
shift of the plasmon from 525 to 529 nm, indicating successful ligand exchange.

DLS analysis confirmed such statement by showing the increase of hydrodynamic
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diameter from 34.6 4+ 0.2 nm for citrate-stabilized to 50.9 4 0.6 nm for DN A-coated.
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Figure 5.3.1: a) Transmission electron micrograph of initial spherical nanoparticles.
b) Size distribution of gold nanoparticles. ¢) The change of hydrodynamic diameters
of citrate and DNA-stabilized gold nanoparticles. d) UV-Vis-NIR spectra of nanopar-
ticles before and after the functionalization with DNA, showing a red-shift of LSPR
by 4 nm.

Name Oligonucleotide Sequence (5’ to 37) Twm
Redispersion DNA  SH-Spacer18-TTA-ATA-TGA-GTC-GTT 38 °C
Clustering DNA AAC-GAC-TCA-TAT-TAA 38 °C

Table 5.1: Sequences of DNA stabilising nanoparticles (Redispersion DNA) and
complementary DNA inducing spontaneous clustering (Clustering DNA). Calculated
melting temperatures are also provided. The redispersion DNA was modified at the
5-end with a thiol group followed by a polyethylene-glycol spacer followed by the
nucleotide sequence (SH-Spacer18-nucleotide sequence).

5.3.2 Chemothermal reaction

Generally, CuAAC are highly specific chemical reactions between an azide and an
alkine to 1,2,3-triazoles catalyzed by Cu(I). 1,2,3-triazoles are highly inert against
redox reactions or hydrolysis, which renders them ideal as waste product, because
they will not participate in undesired side reactions[165].

The activation of copper catalyst is based on reduction of Cu(II) to Cu(I) in-situ by
the fuel molecules through alcohol oxidation or alkyne oxidative homocoupling.[166]
Upon the reduction of Cu(Il) to Cu(I), a blue-coloured initial mixture typically
turns colourless, decreasing the absorbance in 600 - 900 nm spectral range. This
is a desired effect since upon the reduction, the optical window gets wide enough
for monitoring the change of optical feature of clustering gold nanoparticles (Fig-
ure 5.3.2a, €).

To couple colloidal clustering and chemothermal reaction one needs to carefully
optimize the range of concentrations of Cu-THPTA and fuel. It was found, that with
increasing Cu-THPTA concentration (2, 4, 8 mM) the heating rate of the solution
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Figure 5.3.2: Optimisation of CuAAc reaction (left panel) and reversible clustering
of DNA-coated gold nanoparticles (right panel). a) Decrease of absorbance during
activation of copper catalyst (reduction of Cu(I) to Cu(Il)) to render an optical
window for monitoring optical changes during reversible clustering of DNA-coated
gold nanoparticles. b) Effect of catalyst concentration on the temporal evolution
of temperature. ¢) Temporal profile of temperature upon cyclic addition of fuel. d)
Maximum temperature recorded at each fuel addition in ¢). €) UV-Vis-NIR spectra of
aggregated (blue, low temperature) and dispersed (red, high temperature) AuDNAs.
f) Change of DNA melting and freezing temperature versus NaCl concentration.
Grayed area indicates the presence of thermal hysteresis at 1 °C/min scan rate. g)
Change of optical properties (Assembly degree = Abs650/Abs520) of DNA-coated
gold nanoparticles during heating (upper, red) and cooling (lower, blue) and DLS
data (gray dots) at 0.7 M NaCL

increased but without having an impact on the maximum temperature reached,
being in the range of 2.5 °C (Figure 5.3.2 b). Thus, the concentration of Cu-THPTA
was set to 2 mM, allowing to minimize the optical interference with the solution of

gold nanoparticles and, from the other hand, assuring sufficient temperature increase
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to dehybridize DNA on nanoparticles surface (vide infra). A progressive increase
of a fuel dose from 0.1 to 0.6 M in the interval of 0.1 M (at 2 mM catalyst) led
to a steady increase of temperature peak from 31 and 45°C at a base temperature
of 28 °C (Figure 5.3.2 ¢, d). The results corroborate well with previous work from
Muradyan et al.[162], showing that catalyst concentration controls the heating rate,
while the fuel concentration dictates the maximum temperature.

Once the concentration range of chemothermal reaction was optimized the focus was
put on optimizing the concentrations related to the reversible clustering of DNA-
coated nanoparticles, that is to assure that nanoparticles cluster spontaneously in
the presence of free complementary DNA strands (clustering DNA). The mecha-
nism of reversible clustering is based on surface charge neutralization. That is,
at low temperatures, below T, the hybridization of both DNA neutralize surface
charge, decreasing the electrostatic repulsion and thus inducing progressive aggre-
gation (blue spectrum in Figure 5.3.2 e¢). Above T, the melting of double strands
on the nanoparticles surface led to their redispersion (red spectrum in Figure 5.3.2
e).

The benefit of using free complementary DNA to aggregate nanoparticles is two-
fold: rapid aggregation kinetics and low melting temperatures.[167] This is because
the aggregation of nanoparticles is driven by the change of electrostatic repulsion
instead of the hydrogen bond formation between adjacent nanoparticles. In such
scenario one can use very short DNA strands, only 15 base pairs, allowing thus for
reaching a small value of T ,~40 °C.

Likewise in BSPP-based reversible clustering, DNA-driven clustering is sensitive to
ionic strength (NaCl concentration) which alter melting temperature. To check
the effect of ionic strength on particles clustering, assembly degree (abs@650 /
abs@530nm) was measured at up and down temperature scans (1 °C/min) for NaCl
concentration ranging from 0.5 to 1 M. A linear increase of 1.6 °C/100 mM NaCl for
Ty, and 1 °C/100 mM NaCl for T¢ (Figure 5.3.2 e) was revealed. A full analysis for
estimating melting temperature is provided bellow in Appendix of the present chap-
ter (Figure 5.7.1). The optimal salt concentration was found to be 0.7 M, allowing
for a melting temperature at 43 °C.

Interestingly, the aggregation T and redispersion temperature T, of AuDNA showed
thermal hysteresis (grey area in Figure 5.3.2 f), a typical signature of thermosensitive
nanosystems, as shown in the previous chapters.

Optimal concentration of clustering DNA was 250 nM, which is in large excess
to immobilized redispersion DNA, allowing for the aggregation within minutes at
room temperature and immediate redispersion at 40 - 45 °C (Figure 5.3.2 g, red
line). Dynamic Light Scattering measurements further indicated that hydrodynamic
diameter of the clusters decreased from 500 to ~100 nm at 40 - 45 °C (Figure 5.3.2 g,

106



CHAPTER 5. COUPLING REVERSIBLE CLUSTERING OF GOLD NANOPARTICLES
WITH CHEMOTHERMAL PROCESS

grey dots). Finally, under optimized conditions, the thermal redispersion of AuDNA
required 0.8 M of fuel to reach T,, = 43 °C (Figure 5.3.2 d, g).

5.4 Coupling chemothermal reaction and reversible

clustering of DN A-coated gold nanoparticles

To monitor chemothermal transient clustering of AuDNA, both UV-Vis-NIR and
temperature data were recorded simultaneously (Figure 5.4.1). The sample was
prepared in a disposable PMMA micro cuvette (850 uL) and placed in CUV-ALL-
UV cuvette holder (Ocean Optics) connected via 200 um optical fibers to the tung-
sten/halogen light source and the spectrometer (MayaPro 2000, Ocean Optics). The
temperature of the cuvette holder was controlled with a heating plate (LINKAM).
The temperature of the sample was recorded with a temperature logger equipped
with thermocouple (Thorlabs), which was placed inside the solution, slightly above
the light beam to not interfere with the UV-Vis-NIR signal. UV-Vis-NIR and tem-
perature data were recorded every five seconds. In each experiment, nearly 5000

spectra were recorded.

Simultaneous recording of
Temperature UV-Vis and temperature data
Probe | ============= L d

%
k]
= 580
c

2
£ 560

Fuel 540

4
\\\\ Temperature Control Stag?// »

m——————

Light Source
h: Spectrometer
—

Figure 5.4.1: Experimental Setup for monitoring in real time how chemothermal
reaction affects reversible clustering of DNA-coated gold nanoparticles.

Figure 5.4.2b shows an experimental outcome of temperature (red) and wavelength
of LSPR (black) acquired simultaneously.

A typical experiment commenced with a stable AuDNA dispersion (LSPR = 530 nm
and 28 °C base temperature) with the excess of free clustering DNA (Figure 5.4.2,
stage I). Increasing the concentration of NaCl to 0.8 M induced the hybridization of
both complementary DNA and thus aggregation of nanoparticles that was confirmed
by progressive redshift of LSPR to ~ 650 nm (Figure 5.4.2, stage II). Clustering was
also confirmed with time-resolved DLS measurement showing that cluster size stabi-
lizes at 400 nm after 25 minutes (see Appendix of the present chapter: Figure 5.7.2).
At the end of stage II, upon addition of Cu(II)-THPTA catalyst a band at 700 nm
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Figure 5.4.2: Real-time monitoring of chemothermal transient clustering of AuD-
NAs. (a) Schematic description of each step step in transient clustering process.
(b) Real-time monitoring of LSPR and temperature change. (c) Selected spectra
extracted from (b) marked with color codes at their respective phase. (I) AuDNA re-
main stable in the presence of clustering DNA. (II) Ionic strength is increased (0.8M
NaCl) inducing clustering. (III) Cu-THPTA catalyst and low dose of fuel (0.1 M)
are added with no effect on aggregates integrity. (IV) Intermediate fuel dose (0.2 M)
leads to partial redispersion. (V) Large fuel dose (0.5 M) induces complete redisper-
sion of gold nanoparticle.

emerged corresponding to copper present in the solution. Injection of fuel (0.1 M)
induced rapid reduction of Cu(II) to Cu(I) that was manifested by the decrease
of absorbance in 700 - 900 nm (Figure 5.4.2 ¢, stage III). Immediately after, the
temperature increased to 31 °C, but being below T, AuDNASs remained aggregated.
After total consumption of fuel and temperature stabilization, a new portion of fuel
(0.2 M) was added, resulting in a temperature increase to 35 °C. The maximum
of LSPR blue-shifted from 650 nm to 540 nm, indicating partial redispersion of
nanoparticles (Figure 5.4.2 a, stage IV). A closer inspection of UV-Vis-NIR spectra
in Figure 5.4.2¢-IV (green line) revealed two distinct bands, suggesting the presence

of dispersed and clustered nanoparticles.

This behaviour is in agreement with temperature-controlled UV-Vis-NIR and DLS
measurement in Figure 5.3.2 g, where partial redispersion was observed at ~ 35
°C. At the highest fuel concentration (0.5 M) the temperature increased to 45 °C,

causing complete redispersion of AuDNAs (Figure 5.4.2; stage V). The maximum of
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LSPR blueshifted to 530 nm, reaching the value of initially stable AuDNA, followed
by aggregation due to fuel consumption and temperature drop below 30 °C.

Notice rather slower aggregation kinetics in stage V, which is due to the dilution
effect. The total concentrations of NaCl, AuDNA and blocking probe in the mixture
dropped by 14 %, respectively, altering aggregation kinetics. In summary, these
results show that indeed exothermic chemical reaction can be coupled with DNA-
driven clustering of nanoparticles.

It is worth mentioning that the cou-

pling of a molecular and colloidal sys-

0.6 1 AUNPS A
e AuNPs Aggregated

tem is sensitive to the order of addition —— AuNPs + Azide
of each component because of the pos- 5 0.4 {
sibility for interference (and cooperative E
effects) that can alter the course of the 5 0.2
whole process. It was found that Cu(II)-
THPTA solution needs to be added to 0.0 1,

400 600 800

fully aggregated nanoparticles since the Wavelength (nm)

presence of Cu(Il) can interfere with
the hybridization of both DNA strands. Figure 5.4.3: Clusters stability in the pres-

Also. fuel needs to be added after the eénce of fuel molecules. UV-Vis-NIR of spec-
’ tra aggregated nanoparticles (black line) and
after an addition of excess 2-azidoethanol

cess of 2-azidoethanol can disintegrate (red line).

catalyst addition. This is because an ex-

the clusters due to non-specific interca-

lation of small molecules with double-helix.[168] (Figure 5.4.3). Thus, the injected
2-azidoethanol to the solution can either react with Cu-THPTA catalyst (desired
scenario) or bind to DNA altering cluster integrity (undesired scenario). In the
present conditions, the former process is favoured since the concentration of Cu-
THPTA is 8000 times higher than that of available DNA.

An eventual interference of 2-azidoethanol with DNA and Cu-ions can cause non-
selective aggregation of nanoparticles. The coupling of chemothermal reaction and
aggregation process was tested in the absence of free clustering DNA. In such sce-
nario, the duplex formation is excluded and nanoparticles should remain stable inde-
pendent on the concentration of added fuel. It was observed that LSPR blueshift at
changing chemical environment, but its magnitude was substantially lower as com-
pared to the shift observed in the presence of blocking ( Figure 5.4.4). Therefore,
it was concluded that temperature is the main driving stimuli inducing reversible
clustering of gold nanoparticles, still observing a minor effect of non-thermal events
that can interfere with the aggregation of nanoparticles.

Finally, to confirm that thermochemical process is coupled with transient aggre-

gation of nanoparticles a phase plot was prepared by removing time component
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Figure 5.4.4: The change of LSPR maximum during chemothermal reaction of
AuDNA without free clustering DNA. After each dose of fuel, there was no redshift of
LSPR observed suggesting that in the absence of free clustering DNA no aggregation
of particles occurs.

from Figure 5.4.2. Figure 5.4.5 shows the results of such analysis. It was observed
that below the concentration threshold of fuel the plasmon band position remains

stationary at larger wavelengths since the temperature varies only 3 °C.
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Figure 5.4.5: Phase plot extracted from Figure 5.4.2 and representing the trajectory
of plasmon band position and temperature for the fuel concentration from 0.1, 0.2 to
0.5 M. The horizontal lines indicate the limiting value of LSPR. The phase portrait
confirms the presence of hysteresis in temperature-driven redispersion/aggregation
of nanoparticles. While the redispersion follows temperature profile, the aggregation
commences only after freezing temperature is reached.

For higher fuel concentrations (0.2 and 0.5 M), the initial shift of the LSPR band
followed similar paths but reached different minimums: 540 nm and 530 nm, respec-
tively. In the backward process, during the temperature drop the LSPR maximum

remains initially stable, but once the onset T,, is reached there is a continuous
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red-shift of LSPR, indicating the recovery of the initial aggregated state. This
analysis shows that aggregation and redispersion display a hysteresis, because of
the difference in aggregation/redispersion kinetics. In contrast to aggregation, the

redispersion is able to follow a fast heating rate, resulting in a substantial lag.

5.5 Conclusions and Outlook

The results from the present chapter can extent the list of current thermal stim-
ulus used to cluster nanoparticles. Apart from bulk or laser heating one can use
copper-catalyzed click-reaction to increase locally the temperature and thus alter
the colloidal state of nanoparticles. The successful coupling of exothermic reaction
with thermosensitive DNA-coated gold nanoparticles led to their transient stabil-
ity. The extent extent of such coupling can be controlled with the amount of fuel
added. It was found that interfering effects on the colloidal stability of fuel and
catalyst could be controlled by controlling the order of reagent addition. Further
sophistication of this system is foreseen by using, for example, gold nanoparticles
coated with DNA strands of different melting temperatures or using bimetallic gold-
copper nanoparticles[169] to exclude the need for copper ions and minimize waste

production.

5.6 Methods and Materials

5.6.1 Materials

Sodium citrate, sodium chloride, and tetrachloroauric(I11) acid, tris(3-hydroxy- propy-
ltriazolylmethyl)amine (THPTA), sodium dodecyl sulfate, phosphate buffer 3-bromopropanol
and Cu(OAc)s were purchased from Sigma-Aldrich and used without any further pu-
rification. DNA sequences were purchased from Biomers. All glassware was cleaned

with aqua regia and rinsed thouroughly with Milli-Q water.

5.6.2 Synthesis 2-azidoethanol

2-azidoethanol was synthesized following the procedure described by Choi et al[170].
It should be noted that lower molecular weight organoazides are explosive and should
be handled with caution! The synthesis was performed on a multigram scale (1-3

g) and no explosion was encountered.
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Sodium azide (3.12 g, 47.98 mmol, 2.5 equiv.) was cautiously weighed using a
plastic spatula into a round bottom flask equipped with a stir bar and then 28.7 mL
distilled water was slowly added. 2-Bromoethanol (2.40 g, 19.16 mmol, 1 equiv.)
was drop-wise added at RT. The mixture was heated to 80 °C for 12h. The reaction
mixture was cooled to RT. To this mixture was added diethyl ether, and then, it was
transferred to a separatory funnel for extraction (3x25 mL). The combined organic
layers were dried over MgSQy, filtered and concentrated under vacuum. The isolated
yield for 2-azidoethanol was 81%. 'H NMR or ¥*C NMR spectra were recorded at
400 and 101 for '3C NMR, equipped with a z-gradient BBOF probe, in CDCls.
The data are reported as s = singlet, d = doublet, t = triplet, m = multiplet or
unresolved, br s = broad signal, coupling constant(s) in Hz, integration. *H NMR
(400 MHz, CDCl3, 298 K) 6 3.80 — 3.73 (m, 2H), 3.48 — 3.39 (m, 2H), 2.80 (dd, J =
6.2, 3.3 Hz, 1H). ¥3C NMR. (101 MHz, CDCl3) § 61.36, 53.47, 50.72.

5.6.3 Synthesis of 27 nm gold nanoparticles, DN A function-

alization and characterization

Following a seeded growth method[40], the synthesis of the Au seeds was performed
with trisodium citrate solution (150 mL, 2.2 mM) heated for 15 min under vigorous
stirring until boiling, followed by the injection of HAuCly (1 mL, 25 mM). Under
these conditions, the colour of the solution changed from yellow to bluish grey and
then to light pink in 10 min. Thereafter, the seeded growth process comprised cyclic
addition of metal precursor and nanoparticles extraction, by cooling to 90 °C and
then adding HAuCly (1 mL, 25 mM) in two steps 30 min apart. After additional
30 min, 55 mL of the growth solution were removed and the remaining 98 mL were
mixed with water (53 mL) and sodium citrate (2 mL, 60 mM). This process was
repeated 2 times to obtain nanoparticles of ~ 27 nm gold core diameter.

DNA functionalization (15-mer ) of gold nanoparticles was followed by Hurst et
al. protocol[164]. An excess of thiolated oligonucleotides (0.1 mM) was added to
AuCitrate (5.55 mL) containing sodium dodecyl sulfate (SDS) 0.1% and phosphate
buffer 0.01 M, followed by incubation at room temperature for 20 min. To improve
oligonucleotide binding, a salt aging process was carried out by sequential addition
of 25 ul,, 25 ul, 75 ul, 125 ulh and 250 ulL of a solution containing NaCl 2 M,
SDS 0.01% and phosphate buffer 0.01 M, up to a final concentration of NaCl 0.2
M. Each salt aging step was sonicated (10 s) and incubated (20 min), and the last
one was incubated for 12 h, at 25 °C. To remove the excess of oligonucleotides,
the solutions were centrifuged (7000 rpm, 30 min) and re-dispersed in 2 mL of SDS
0.01%. This step was repeated three times. AuDNAs were characterised by TEM,
DLS and UV-Vis, see Figure 5.3.1. For TEM, 50 ulL of nanoparticles were drop
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casted onto copper grid placed on filter paper and left for drying. Transmission
electron microscopy (TEM) analysis was performed by JEOL JEM-1400 PLUS,
operating at 120kV. The hydrodynamic diameter of AuDNA was determined by 6
measurements of DLS with 5 runs of 5 s each. The study was carried out at 25 °C

with 120 s of sample equilibration.

5.6.4 Experimental setup and procedure

In a typical clustering experiment (Vo = 500 L), AuDNAs (50 L) were diluted
with water (223 pL) and complimentary clustering DNA (62.5 L, 2 pM, 250 nM
final concentration. The solution was placed inside the cuvette holder and data
recording (UV-Vis-NIR and temperature) was initiated. Next, NaCl (70 uL 5 M,
0.7 M final concentration) were added to the nanoparticle solution, initiating aggre-
gation. After UV-Vis-NIR spectra stabilized, Cu(II)-THPTA (31.3 uL, 32 mM) was
added and then in subsequent steps fuel mixture (9.45, 18.9 and 47 plL). Between
each fuel addition, the sample was led to equilibrate followed by the removal of a
portion of the mixture (equal to the volume of added fuel) prior to adding another
batch.

5.7 Appendix
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