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Abstract

Surface modification of nanoparticles by grafting polymer brushes is an efficient approach to finely
control the surface properties of nanoparticles and their behavior in suspensions. The conformation of the
grafted polymer chains is influenced by the architecture of the polymer canopy defined by the grafting
density or the length of the polymer chains. The constrained conformation of polymer brushes on a curved
substrate influences the thermal and mechanical properties of the polymer chains and affects the colloidal
behavior of polymer-functionalized nanoparticles. However, to grasp why these changes are observed, an
in-depth understanding of the dynamics of end-tethered polymer chains is required. Furthermore, the
influence of the substrate stiffness has mainly been overlooked, and the impact of the dynamics of the
core when using soft and deformable polymer nanoparticles needs to be better analyzed. The primary goal
of this dissertation is to study and understand the behavior of suspension of surface-functionalized soft
polymer nanoparticles functionalized with polymer chains and to correlate local properties like chain

dynamics and macroscopic behavior like the viscoelastic properties of the colloidal suspensions.

In order to understand how structural factors affected the properties and behavior of the colloids, a flexible
and versatile preparation method was developed to produce a variety of polymer nanoparticles
functionalized with end-grafted polymer chains. First core poly(styrene) nanoparticles were prepared via
miniemulsion polymerization, the softness of the core can be tuned by controlling the degree of cross-
linking of the polystyrene by the addition of various amounts of divinylbenzene. Those polystyrene
nanoparticles were then functionalized with a thin layer of inimer containing layer. By controlling the
composition of the inimer layer, it was possible to control the grafting density of the end-grafted polymer
chains. Finally, surface-initiated atom transfer radical polymerization was used to grow poly(methyl
acrylate) chains from the inimer layer with a well-controlled degree of polymerization. This yields a

library of nanoparticles with a defined size, softness, grafting density, and degree of polymerization.

Then the effect of the architecture of the poly(methyl acrylate) canopy on the viscoelastic behavior of
nanoparticle suspensions was studied using different selective solvent (Section 5.1). The results showed

that the softness of the core influences the properties of the colloidal gels, softer core yielding more



deformable materials, and showed that the softness of the core was as important as the architecture of the
canopy on the final properties of the colloidal material. To further understand how the properties of the
nanoparticles influenced the behavior of the suspension, the local subsegmental motion of polymer chain
was studied using NMR spectroscopy (Section 5.2, 5.3, and 5.4). The results revealed an interplay
between the dynamics of the soft core and the dynamics of the grafted polymer canopy and the effect of
the architecture of the nanoparticles on the dynamics of such confined polymer systems. The influence of
the different parameters affecting the rheological properties of the nanoparticles suspension on the
dynamics of the polymer systems was investigated: the degree of polymerization of grafted chains
(Section 5.2, and 5.4), grafting density (Section 5.1 and 5.4), the rigidity/swelling of the core (Section
5.2, and 5.3), and solvent quality (Section 5.3).

This doctoral dissertation presents a comprehensive overview of the parameters influencing the dynamics
of the local chain in polymer nanoparticles functionalized with a canopy of end-tethered polymer chains.
One of the key insights provided is the clear interplay between the dynamics of the core and the dynamics

of the canopy.



Zusammenfassung

Die Oberflachenmodifizierung von Nanopartikeln mithilfe von Polymerbursten ist ein effizienter Ansatz
zur Steuerung der Oberflacheneigenschaften von Nanopartikeln und ihres Verhaltens in Suspensionen.
Die Konformation der angebrachten Polymerketten wird durch die Architektur der Polymerbedeckung
beeinflusst, wie beispielsweise der Pfropfdichte oder der Lange der Polymerketten. Die eingeschrankte
Konformation von Polymerbdrsten auf einem gekrimmten Substrat beeinflusst die thermischen und
mechanischen  Eigenschaften der Polymerketten und das kolloidale Verhalten von
polymerfunktionalisierten Nanopartikeln. Um zu verstehen, warum diese A nderungen beobachtet werden,
ist jedoch ein grundliches Verstandnis der Dynamik endgebundener Polymerketten erforderlich. Dartber
hinaus wurde der Einfluss der Substratsteifigkeit bisher Gberwiegend tbersehen, und der Einfluss der
Dynamik des Kerns bei Verwendung von weichen und verformbaren Polymer-Nanopartikeln muss besser
analysiert werden. Das Hauptziel dieser Dissertation ist es, das Suspensionsverhalten von
oberflachenfunktionalisierten weichen Polymernanopartikeln, die mit Polymerketten funktionalisiert sind,
zu untersuchen und zu verstehen, sowie lokale Eigenschaften wie Kettendynamik und makroskopisches

Verhalten wie die viskoelastischen Eigenschaften der kolloidalen Suspensionen zu korrelieren.

Um zu verstehen, wie strukturelle Faktoren die Eigenschaften und das Verhalten der Kolloide
beeinflussen, wurde ein flexibles und vielseitiges Herstellungsverfahren entwickelt, um eine Vielzahl von
Polymernanopartikeln herzustellen, die mit endgepfropften Polymerketten funktionalisiert sind. Erste
Kernpolystyrol-Nanopartikel wurden durch Miniemulsionspolymerisation hergestellt. Die Weichheit des
Kerns kann durch Steuern des Vernetzungsgrades des Polystyrols durch Zugabe verschiedener Mengen
Divinylbenzol eingestellt werden. Diese Polystyrolanopartikel wurden dann mit einer diinnen Schicht, die
ein Inimer enthielten, funktionalisiert. Durch Steuern der Zusammensetzung der Inimerschicht war es
moglich, die Pfropfdichte der endpfropften Polymerketten zu steuern. SchlieBlich wurde eine
oberflacheninitiierte radikalische Atomtransferpolymerisation verwendet, um Polymethylacrylat-Ketten
aus der Inimerschicht mit einem gut kontrollierten Polymerisationsgrad zu ziichten. Dies ergibt eine
Bibliothek von Nanopartikeln mit einer definierten GrolRe, Weichheit, Pfropfdichte und einem definierten

Polymerisationsgrad. AnschlieBend wurde der Einfluss der Architektur des Poly(methylacrylat)-Dachs



auf das viskoelastische Verhalten von Nanopartikelsuspensionen unter Verwendung verschiedener
selektiver Lésungsmittel untersucht (Abschnitt 5.1). Die Ergebnisse zeigten, dass die Weichheit des
Kerns die Eigenschaften der kolloidalen Gele beeinflusst, wobei ein weicherer Kern mehr verformbare
Materialien ergibt, und dass die Weichheit des Kerns fur die endgultigen Eigenschaften des kolloidalen
Materials ebenso wichtig war wie die Architektur der Schale. Um besser zu verstehen, wie das Verhalten
der Suspension durch die Eigenschaften der Nanopartikel beeinflusst wurde, wurde die lokale
subsegmentale Bewegung der Polymerkette mittels NMR-Spektroskopie untersucht (Abschnitt 5.2, 5.3
und 5.4). Die Ergebnisse zeigten ein Zusammenspiel zwischen der Dynamik des weichen Kerns und der
Dynamik der gepfropften Polymerkorona. Der Einfluss der verschiedenen Parameter, die die
rheologischen Eigenschaften der Nanopartikelsuspension beeinflussen, auf die Dynamik der
Polymersysteme wurde untersucht: der Polymerisationsgrad der gepfropften Kette (Abschnitt 5.2 und
5.4), die Pfropfdichte (Abschnitt 5.1 und 5.4), die Steifigkeit / Quellung des Kerns (Abschnitt 5.2 und
5.3) und die Lésungsmittelqualitat (Abschnitt 5.3).

Diese Dissertation bietet einen umfassenden U berblick tber die Parameter, welche die Dynamik der
lokalen Kette in Polymer-Nanopartikeln beeinflussen. Eine der wichtigsten Erkenntnisse ist das klare
Zusammenspiel zwischen der Dynamik des Kerns und der Dynamik der Polymerschale .
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1. Motivation

In the past three decades, nanoparticles have been extensively studied and have become an integral part
of technological advances in chemistry and physics.[1-3] Nanoparticles have shown superior chemical
and mechanical properties due to their size — they are defined as particles with a size between 1 x 10~°
and 1 x 10~7m — [4] and to their dramatically increased surface area in comparison to bulk materials.[5]
In particular, polymer nanoparticles have unique advantages such as a wide range of source materials,
tunability in surface functionalities and architectures, or even, controllable swelling in a stimuli-
responsive manner. [6-9] Owing to such attractive properties, nanoparticles are employed in a number of
applications such as functional coatings, inks, adhesives, nutrition, cosmetics, biomedical, and

pharmaceutical applications.[10-15]

The control of the interface between nanoparticles and the suspension media around them is an
indispensable step when dealing with nanoparticles due to the high surface energy of nanoparticles.[16]
The grafting of polymer chains — refer to as polymer brushes when they stretch out from the surface — can
efficiently control the stability of nanoparticles in a suspension.[17] The tethering of polymer chains
changes the surface properties of the nanoparticles but preserved the intrinsic properties of the core.[18]
The behavior of densely grafted polymer chains on flat substrates was described by De Gennes,[19] but
their behavior when grafted to polymer nanoparticles is not yet fully understood. Nevertheless, over the
past 20 years, polymer brushes have been successfully used to tailor the properties of nanoparticles used
in a variety of applications such as scratch-resistant coatings, precursors of nanoporous polymers and drug
delivery.[20-24] In addition, the development of surface-initiated controlled radical polymerization
enabled us to finely tune the conformation of grafted chains.[25, 26] The conformation of tethered chains
grafted to nanoparticles dispersed in a solvent varies significantly from random coil to stretched brush
regime according to the grafting density and solvent condition. At low grafting density, the conformation
of grafted chains is not dissimilar to that of untethered chains. However, with increasing grafting density,
the grafted chains are confined by neighboring chains and adopt a stretched conformation. Of course, the

conformation of grafted chains is also closely related to the chain length and the size of the core.[19]



Although the conformation of systems composed of grafted polymer chains has been studied, there is an
evident lack of understanding of the relaxation dynamics of the grafted chains, [27] especially when the
polymer chains are grafted to soft polymer nanoparticles. The tethering of polymer chains to the surface
of a nanoparticle can influence the timescale of chain relaxation.[28] The changes in the relaxation of the
polymer chains caused by grafting, eventually result in new mechanical properties for the polymer-
functionalized systems, such as variation of the loss and storage modulus, glass transition temperature,
and stress relaxation of the final material.[29, 30] For example, the relaxation dynamics of polyisoprene-
grafted-nanoparticles has been studied by using broadband dielectric spectroscopy,[31] a reduced
segmental dynamics was observed with low molecular weight chains at low grafting density and was due
to the increase in the entanglements of the grafted chains with the polymer chains of the matrix. For the
same polymer system, rheological studies found a relationship between moduli and grafting densities.[31]
At higher grafting density, the stretched chains were limiting the entanglements and the interpenetration
between brush layers, resulting in low elastic moduli. Neutron spin-echo was used to access a wide range
of relaxation time at different time scales.[32] The dynamics of the system showed that longer relaxation
times were observed in the stretched brush regime (high grafting density) in comparison to the random
coil regime and caused by the confinement by neighboring chains experienced at higher grafting density.
Depending on the measurement method, relaxation times can be observed at the different time scale and
length scale, [33] and very similar system have shown drastically different behavior because the different

studies looked at the same material at different time scale and length scale.

So far, most of the studies of the chain dynamics have been limited to polymer chains grafted to inorganic
hard cores nanoparticles.[27, 34] The increasing number of applications involving soft nanoparticle
functionalized with end-grafted polymer chains is the driving force to study more in-depth the dynamics
of polymer-polymer soft core-canopy nanoparticles systems. The results observed for such systems are
expected to be different from that of systems based on nanoparticles that have hard and rigid cores due to

the mobile nature of the grafting points between core and the canopy in the softer systems.

Herein, the main objective was to get a comprehensive understanding of the consequences of the grafting
of polymer chains on soft and deformable polymer nanoparticles. The related composition, architecture
and resulting properties, (a) a library of nanoparticles made of poly(methyl acrylate) chains grafted to

cross-linked polystyrene cores was prepared, and the properties and behavior of the resulting nanoparticles



suspensions were characterized using (b) NMR relaxation to understand the local dynamics and (c)

rheology to study the macroscopic behavior of the suspensions.

The present dissertation consists of six chapters. Chapter 1 describes the motivation of the present study.
Chapter 2 introduces the key information about polymer nanoparticles and polymer brushes to understand
the need for the study of local dynamics. Chapter 3 gives an introduction to the characterization tools used
to study the polymer-functionalized polymer nanoparticles, including NMR relaxometry, rheology, and
dynamic light scattering. Chapter 4 describes the experimental details. Chapter 5 presents the key results
obtained in the study of the dynamics of polymer-polymer soft core-canopy system. First, the macroscopic
properties of the suspension were studied by rheology in different systems. Then the dynamics of polymer-

polymer soft core-canopy in a suspension was studied by NMR spin relaxation.



2. State-of-the-art

2.1 Polymer nanoparticles

Polymer nanoparticles are ultrafine particles with a size in the range of 1 to 500 nanometers in diameter.
The interest for polymer nanoparticles is due to their unique combination of small size, high surface area,
softness, and the ability to carry materials. Depending on the synthetic strategies, they can be fabricated
into various shapes such as a sphere, core-shells, bottles, and so on. The advances in the control of their
size and shape, preparation method, surface modification have made them an ideal platform in a wide
range of applications.

2.1.1 Preparation of nanoparticles by polymerization in dispersed media.

Polymerization, including free radical polymerization (one of the polymerization methods the most
favored by the industrial sector), can be performed in different types of media. Bulk polymerization is the
easiest way to synthesize polymers. Even if the monomers are liquid, the synthesized polymers are usually
solids and can be easily separated from the monomers. Most free radical polymerizations are highly
exothermic reactions, and bulk reactions can get out of control due to poor heat exchange. Additionally,
an increase in the viscosity of the monomer/polymer mixture during the course of the polymerization
hinders the diffusion of the reagents and the heat during the reaction. Polymerization in dispersed media
(emulsion) is an ideal method to solve these issues. In general, polymerization in dispersed media requires
a monomer immiscible in the solvent chosen as the continuous phase and usually requires the addition of
surfactants as stabilizers. When a hydrophobic monomer is dispersed in water, the system is called oil-in-
water (O/W) type emulsion. In the case where a hydrophilic monomer and a hydrophobic continuous

phase are used, the system is called a water-in-oil (W/O) type emulsion.



2.1.1.1 Emulsion polymerization

Emulsion polymerization is one of the most widely used methods in the industry to produce polymer
nanoparticles.[35-37] The main components of a conventional O/W emulsion polymerization are
hydrophobic monomer, water, amphiphilic surfactant, and hydrophilic initiator. During the
polymerization reaction, there are three physical regions in the reaction medium: the continuous water
phase, monomer reservoirs, and growing polymer particle. The emulsion polymerization process is

schematically described in Figure 2.1.1.

The amphiphilic surfactants are dissolved in the continuous water phase at a concentration above critical
micelle concentration (CMC). They immediately adsorb on the large monomer drops forming the
monomer reservoirs, and the excess of surfactant forms micelles in the continuous phase. For a successful
emulsion polymerization, the monomers must be hydrophobic, and most of the monomers are in the
monomer reservoirs, and a minor fraction of the monomers are inside the micelles, and only a few

monomer molecules are present in the continuous phase, diffusing between the reservoirs and the micelles.

The free-radical polymerization is initiated by initiators from the continuous phase using temperature,
light, or other stimuli to create radicals. After the formation of a radical in the water phase, the radical
reacts with monomer molecules that are present in the continuous phase. Oligomeric radicals become
insoluble. The growing oligomers are then captured by micelles where the subsequent polymerization will
occur. As soon as the monomers are consumed in the continuous phase, monomers from the reservoir will
diffuse in the continuous phase to keep a constant monomer concentration Those monomer molecules,
diffusing from the reservoir into the continuous phase, will also be able to enter the micelles. In the course
of the reaction, new monomers will diffuse from the reservoir through the continuous phase into the
growing particle to feed the polymerization. The emulsion polymerization technique can produce particles

with sizes ranging from 20 to 500 nm.
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Figure 2.1.1 Schematic representation of emulsion polymerization.
2.1.1.2 Microemulsion polymerization

Microemulsion polymerization has also been used to prepare polymer nanoparticles of hydrophobic
monomers in water-based media.[38-40] A microemulsion is a spontaneously formed, macroscopically
homogeneous and thermodynamically stable mixture of oil, water, and surfactant (Figure 2.1.2). In
comparison to emulsion polymerization, microemulsion polymerization uses a much larger concentration
of surfactant. Typically, a bicontinuous network of the two phases is formed by the addition of a large
quantity of the surfactant in the oil/water system. Then, a perturbation, like the change of temperature, is
used to disturb the bicontinuous network to obtain very homogenous nanodroplets. Different surfactants
can be used such as natural surfactant (lecithin), non-ionic surfactants (polysorbates - Tween 20) and ionic
surfactants (sodium dodecyl sulfate, cetyltrimethyl ammonium bromide, and cetyltrimethyl ammonium
chloride). Still, they all share the properties of displaying lyotropic behavior at high concentration in the
final continuous phase. Short- and medium-chain alcohols (ethanol or 1-butanol) or alcoholic derivatives
(propylene glycol) are often used as co-surfactants. In oil-in-water microemulsion polymerization,
hydrophobic monomers are used, and initiators are dissolved in the continuous phase. Microemulsion
polymerization can form particles size in the range of 10 to 100 nm. Despite the fact that this is a powerful
technique to prepare nanoparticles, the use of a large amount of surfactant is a severe drawback and limits

its use in general applications.
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Figure 2.1.2 Phase diagram for the formation of a microemulsion.
2.1.1.3 Miniemulsion polymerization

The miniemulsion enables the preparation of nanoparticles with small size (30~500 nm) and narrow size
distribution.[41-43] In a simple system, a miniemulsion is composed of kinetically stable droplets of a
dispersed phase in suspension in a continuous phase. The stable droplets are produced by high shear forces
such as ultrasound or microfluidizer (Figure 2.1.3). In order to maintain the miniemulsion system stable
for an extended period, several factors have to be controlled. The presence of a surfactant is required to
hinder the coalescence of the droplets caused by Brownian motion, creaming, or settling. However, in
miniemulsion, the concentration of free surfactant molecules in the continuous has to be below the CMC.
Most of the surfactant molecules are adsorbed at the surface of droplet or dissolved as single molecules,
but without the formation of empty micelles in the continuous phase. The addition of highly oil-soluble
costabilizer inside the droplets is necessary to limit Ostwald ripening.

One of the unique features of a miniemulsion system that there is no net mass transport between the
droplets. The polymerization occurs inside the preformed droplet and each droplet can be considered as
independent nanoreactors. The particle size and composition are defined by the initial amount of
monomers and other chemical species present in the droplets before the polymerization.
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Figure 2.1.3 Schematic illustration of a miniemulsion polymerization.

2.1.1.4 Stability of miniemulsion

Because miniemulsions are thermodynamically metastable, different stabilization processes are needed to
assure their long term stability by avoiding coalescence and Ostwald ripening. Coalescence occurs through
the collision and merging of droplets to reduce the surface area of the droplets and the interfacial energy
of the system (Figure 2.1.4a). Ostwald ripening occurred by diffusion of molecules from a smaller droplet
to a bigger one (Figure 2.1.4b). The use of surfactants and co-stabilizers can successfully suppress the

coalescence and Ostwald ripening.

(@) Q
(b) 00 0

Figure 2.1.4 Schematic illustration of destabilization mechanism of the miniemulsion (a) coalescence of

droplets and (b) Ostwald ripening in miniemulsion.



2.1.14.1 Surfactants

The formation of a miniemulsion is inevitably accompanied by the formation of an interface between the
immiscible phases. The addition of surfactants can reduce the surface tension between the two media to
favor the formation and stability of the nanodroplets.[44] In most cases, the surfactant is an amphiphilic
molecule consisting of a hydrophilic polar head and a hydrophobic aliphatic tail.[45] Surfactants can be
categorized into two main categories, either ionic surfactants and non-ionic surfactants, depending on the

types of hydrophilic moieties in the surfactant molecules.[46]

lonic surfactants have an ionic group for their hydrophilic head, which is responsible for the electrostatic
stabilization of the miniemulsion droplets resulting from the presence of Columbic repulsion forces. The
ionic surfactants class is divided into two sub-categories, anionic- and cationic-surfactants. When the
hydrophilic head consists of an anion like sulfate and phosphate, they are classified as anionic surfactants,
such as sodium dodecyl sulfate (SDS). On the other hand, if the cation is used instead of anion like
trimethylammonium of cetyltrimethylammonium bromide (CTAB), they are known as cationic

surfactants.

Unlike ionic surfactants, non-ionic surfactants, are molecules, often copolymers, having no ionic groups,
but they instead carry hydrophilic and hydrophobic segments. For example, poly(ethylene oxide)-b-
poly(butylene/ethylene), can provide a steric stabilization with its hydrophilic block (PEO) and its
hydrophobic block (PB/E). When droplets, stabilized with non-ionic surfactants, approach each other, the
local concentration of the polymer chains providing the steric stabilization increases in the overlapping
area. This causes an osmotic pressure and results in the uptake of continuous phase into the overlapping

area. Hence, the droplets push each other away.

When the surfactants are dissolved in a mixture of water and oil, they are likely to self-assemble at the
interface to minimize the contact between the immiscible medium. The critical micellar concentration
(CMC) is an important parameter defining the phase of the mixture. At low concentration, below the
CMC, the surfactant molecules can be molecularly dissolved in the continuous phase, or they are
preferentially located at the air/solvent interface, or the solvent/solvent interface. As the concentration
increase, the number of molecules at the interface (and inside the continuous phase) increases and
consequently, the surface tension readily decreases. As the concentration of surfactant increases, the

surface tension steadily decreases until it reaches the minimum at the CMC. At the CMC, the interface is



populated by the maximal number of surfactant molecules and additional surfactant molecules are forced
to the continuous phase where they start to self-assemble into micelles. When the continuous phase is
water, the hydrophilic heads are exposed to the exterior of the micelle, while the hydrophobic tails hide
inside the micelle, and inversely when the continuous phase is oil. The micelles are formed spontaneously

and their formation is entropically favored. [45-47]

A suitable surfactant has to be chosen to stabilize the emulsions against the coalescence. The emulsion
can either be water-in-oil (W/O) or oil-in-water (O/W), and depending on the composition, the choice of
surfactant needs to be tuned by having more hydrophilic or hydrophobic character.[48] The HLB
(hydrophilic-lipophilic balance) parameter, which was proposed by Griffin provides a guide for the

selection of suitable surfactant:[49]

20 - M,

HLB =
M

(2.1.1)

where M is the molar mass of the hydrophilic head and M is the molar mass of the entire molecule. The
HLB ranges between 0 and 20. If the HLB value of a surfactant is between 3 and 8, the surfactant is
suitable for W/O system, while O/W emulsifier is between 8 and 18.

The choice of ionic surfactant can also be estimated by using an incremental method, which was proposed
by Davis:[50]

HLB=7+Zm~H—Zn-L 2.1.2)

where H and L are experimentally defined numbers with respect to the hydrophilic and lipophilic parts,
and m and n are the numbers of hydrophilic and lipophilic groups in the surfactant. For instance, HLB=40
is given for the SDS consisting of SO4~ head and —(CH2)—1 tail (H=38.7, L=0.47) and substantial polar

contribution is to be expected.
2.1.1.4.2 Ostwald ripening

The molecules in small droplets can diffuse into the bigger droplets through the continuous phase. This

can lead to an increase in average size of the droplets due to the disappearance of small droplets, a
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phenomenon known as Ostwald ripening.[51, 52] This arises from the difference in Laplace pressure (P;),
caused by the pressure difference between the inner- and the outer- part of a curved surface, between
droplets of different sizes:

2.y
AP, = Pipper — Poyter = " (2-1-3)

where y and r are the interfacial tension and radius of the droplet, respectively. The Laplace pressure is
proportional to the interfacial tension between two immiscible phases and inversely proportional to the
droplet size. Hence, the molecular diffusion is driven by the higher Laplace pressure in smaller droplets.
If all droplets in an emulsion system are the same in size, there is no difference in Laplace pressure
between the droplets. Therefore, there would be no net molecular mass transfer among the droplets (caused

by Laplace pressure).

It is particularly important to control the Ostwald ripening in the emulsion to obtain uniform and stable
droplets. The co-stabilizer (also called osmotic pressure agent) is dissolved in the dispersed phase and
creates an osmotic pressure inside the droplets. The osmotic pressure is used to effectively counteract the
effect of the Laplace pressure.[53] The addition of the osmotic pressure agent enhances the stability of the
miniemulsion.[54, 55] For example, let us consider a model system composed of styrene, water, and
hexadecane as a co-stabilizer. After the emulsification, the styrene droplets are dispersed in the continuous
phase, and the styrene molecules will diffuse through the continuous phase from smaller droplets to the
bigger due to the larger Laplace pressure in the smaller droplets. Since hexadecane is much less soluble
in water in comparison to styrene, it will not significantly diffuse through the water phase, at least not on
the same timescale as the styrene molecules. Thus, as styrene molecules are diffusing out of the droplet,
the local concentration of hexadecane inside the droplet increases and the osmotic pressure in the droplet
increases. To minimize the difference of osmotic pressure between the droplets, the concentration of
hexadecane should be the same in each droplet. Since the hexadecane molecules are trapped in the
droplets, the transport of styrene molecules is required to equilibrate the osmotic pressure between the
different droplets. Increasing the droplet size, i.e. having new styrene molecules diffusing in the droplet,
would result in a decrease in osmotic pressure. The changes in osmotic pressure and Laplace pressure
counterbalance each other and the system reaches a steady-state where the net molecular diffusion of

styrene is largely limited.[56, 57] However, since the Laplace pressure is usually (at least in direct
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miniemulsions) higher than the osmotic pressure inside the droplet. Directly after the miniemulsion, the
overall pressure difference in the system is not zero, but equal in all droplets. Hence, the droplets remain
in a metastable state. The collision between the droplets results in a thermodynamic equilibrium of the

miniemulsion system, and Laplace pressure and osmotic pressure become equal.

2.1.2 Polymer nanoparticles with complex architectures

Polymer nanoparticles are designed and prepared with various architectures for different applications. The
shape, the structure, and the surface functionalization influence the final properties and behavior of the
polymer nanoparticles. One interesting method to gain some control over these properties is to design non-

homogenous nanoparticles composed of two or more polymers (Figure 2.1.5).

R
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Figure 2.1.5 Multicomponent polymer nanoparticles with (a) core-shell, (b) multidomain, and (c) hairy

architecture.
2.1.2.1 Core-shell nanoparticles

Core-shell nanoparticles are composite nanoparticles with a well-defined structure consisting of at least
two different materials, one forms a core and another covers the core producing a shell.[58] Core-shell
NPs can be fabricated when one of the components interacts more favorably with the continuous phase.
For example, in a mixture of polymers, if one of the components has a lower interfacial tension with the

solvents in comparison to other components, it will form a shell encapsulating the other components.[59]
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A variety of core-shell NPs has been reported with the different combinations of polymers and solvents.
When a mixture of amine-functionalized polystyrene and polyisoprene (PI) is added into a solvent mixture
of THF and water, Pl forms a core and PS-NH. covers the core making a shell.[60] In the case of inorganic
cores not interacting favorably with the solvent, the inorganic cores tend to be encapsulated by the polymer
shell to minimize the interfacial energy.[61] Hence, it is important to choose the suitable components and

solvent condition to design the core-shell nanoparticles.
2.1.2.2 Multi-domain nanoparticles

Multi-domain nanoparticles are nanomaterials where the main component includes domains or islands of
one or multiple other components, in the particle itself or on the surface, caused by site-specific
functionalization or by the constrained phase separation of two or more components.[62] When
nanomaterials are composed of two parts with different compositions or properties, they are called Janus
nanoparticles. The multi-domain nanoparticles can be prepared by various methods such as hierarchical
self-assembly of block copolymer, seeded emulsion polymerization, phase separation of two mixtures,
direct grafting of hetero-component from the surface, and so on.[63-65] This kind of multi-domain
nanoparticles provides different chemical or physical properties in one object. For instance, multidomain
nanoparticles can aggregate into hierarchical complex superstructures in a selected solvent or heating
condition.[66-68] In addition, the mobile chains in multidomain nanoparticles are able to respond to
different external stimuli.[69] Particularly, it is useful to design a suitable nanovehicle for controlled
motion.[70]

2.1.2.3 Hairy nanoparticles

The direct immobilization of polymer chains onto the surface of a NP via covalent bond provides a new
type of multicomponent NP architecture, called hairy NPs. Interestingly, hairy NPs combine the unique
features of both NP cores and tethered polymer chains.[71] The surface properties and behavior of hairy
NPs are largely influenced by the chain conformation of the polymer chains grafted on the NP surfaces.
There are few parameters affecting the chain conformation, such as grafting density (o), chain length and
particle size, shape and solvent condition. The methods for the preparation of hairy NPs can be divided
into three categories: “grafting from”, “grafting to”, and one-pot synthesis.[72] When brushes with high
grafting density are desired, the direct grafting-from method is preferred.
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2.1.3 Behavior of nanoparticles in suspension

2.1.3.1 Interaction between nanoparticles

There are several important interactions to consider that occurs between nanoparticles in a colloidal
suspension such as Van der Waals force, hydrophilic and hydrophobic interactions, hydrogen bonding.
Van der Waals forces are very important interactions at short distances to determine the behavior of
nanoparticles. It is a distance dependent attraction of intermolecular forces between molecules, atoms, or
particles. The attractive VdW forces are the result of the induced dipoles in particles due to the random
fluctuation of electron density. Van der Waals interactions are very strong at short distances, but decrease
rapidly when the distance between the objects increases. Thus, particles aggregating because of the VdW
attractive force are difficult to redisperse in suspension without the use of high energy. However, at longer
distances, Van der Waals forces are not very effective and do not significantly influence the stability of
colloids.[73]

Hydrogen bonding is responsible for the interaction of nanoparticles in a suspension. This is particularly
important to tailor the properties of nanoparticles used in the presence of biomolecules. It has been used
to trigger the reversible assembly of nanoparticles in suspension.[74-76]

2.1.3.2 Stabilization of nanoparticles

Electrostatic stabilization is often obtained by repulsive coulombic forces caused by the interaction of
charged surfaces.[77] In particular, when a colloidal system is stabilized using ionic surfactants or
stabilizers, the Deryaguin-Landau-Verwey-Overbeek (DLVO) theory can be used to analyze the stability
of the system.[77, 78] The DLVO theory combines van der Waals attractive force and electrostatic
repulsion created by the interactions between the electric double layer of the NPs caused by the presence
of counterions at the surface induced by the presence of surface charges. The DLVO theory can be used

to predict if a suspension will be aggregated or dispersed:

GT = GR + GA (214)

where G is the total potential energy of interaction between two particles at a certain distance, Gy is the

potential energy of repulsion and G, the potential energy of attraction.
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The interaction between the particles varies as a function of the distance between two particles (Figure
2.1.6). The primary minimum () results from van der Waals attraction at close range and represents the
coagulation. The electrostatic repulsion generates the primary maximum at a longer distance (I1). The
energy barrier determines the stability of colloids. Hence, when the energy barrier is high enough, the
colloidal system is stable and there is no irreversible coagulation caused by the high van der Waals force

at a short distance. The secondary minimum (I11) is observed a longer distance than Il, and it is where
weak reversible aggregation of particles can take place.[77, 79]
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Figure 2.1.6 Illustration of the potential energy of interaction between two particles as a function of
distance.

The colloidal stability can also be achieved by steric stabilization by adsorbing non-ionic surfactant at the
surface of particles.[78] The block-copolymer type surfactants possessing hydrophilic and hydrophobic
chain adsorb at the surface of particles. The block exposed to the continuous phase provides the steric
hindrance to the particles to avoid the attractive forces. When the entire surface of the particle is covered

by surfactants, the steric stabilization is very effective in comparison to particles that are only partially
covered by surfactants.[77, 78]

2.1.3.3 Flow behavior of colloidal suspensions

The behavior of NPs in suspension is important for the use and the processing of colloidal dispersion. For
example, some colloidal suspensions have shown shear thickening behavior, characterized by a sudden

increase in viscosity at a high shear rate, and their rheological behavior was investigated to resolve
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problems occurring during processing steps such as coating and mixing.[80, 81] The understanding of the
behavior of the NPs in suspension has now led to the development of colloids taking advantage of this
unique behavior, for example, smart fluids used in protective systems to prevent damages by absorbing

shocks created by direct impacts.[82]

Shear-thinning behavior, characterized by a decrease of viscosity at high shear rates, occurs in colloidal
suspension when the NPs or NPs assemblies are deformable under the application of a shear force (Figure
2.1.7).[83, 84] The soft NPs experience the spatial rearrangement deviating from the equilibrium
arrangement. When the applied shear rate is removed, the deformed arrangement of the NPs in suspension

is restored to the equilibrium conformation due to the Brownian motion.
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Figure 2.1.7 (a) Shear stress and (b) viscosity of shear thickening, shear thinning, and Newtonian fluids

influenced by variable imposed shear rate.

Shear thickening behavior, observed in the shock-absorbing fluid, is a non-Newtonian behavior and it can
be observed in colloidal suspensions where solid particles (SiO2, CaCOs, CNT) are dispersed in pure
liquids (water, ethylene glycol, poly(ethylene glycol)).[85, 86] Since pure liquids behave like Newtonian
fluids, the shear-thickening behavior is attributed to the presence of NPs in suspension. At a low shear
rate, the NPs are randomly distributed in the pure liquid. Once the shear rate increases, NPs start to align
through pseudo-layer structures and exhibit shear-thinning behavior characterized by a decrease in

viscosity. When the shear rate further increases beyond a critical shear rate, the aligned structures of NPs
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are broken down, and the NPs form clusters by hydroclustering, and the suspension shows a shear

thickening behavior characterized by a dramatic increase in viscosity (Figure 2.1.8).[87, 88]
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Figure 2.1.8 Schematic description of equilibrium, shear thinning and shear thickening behavior of

suspensions.
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2.2 Functionalization of nanoparticles with end-

tethered polymer chains

Polymer chains grafted to a surface have been extensively chosen to tailor the chemical and physical
properties of surfaces in the field of surface and interface engineering, such as stimuli-responsive surfaces,
antibiofouling surfaces, colloidal stabilization, wetting and lubrication.[17, 89-94] Once the polymer
brushes are tethered to the surface, the properties are changed compared to both the unmodified surface
and the untethered polymer chains. There are two main reasons that polymer brushes have unique
properties. One is the immobilization of chain end and the other is the brush regimes due to the close
proximity of tethered chains to the neighboring ones. When individual polymer chains are immobilized

by one chain end to a surface, at a relatively high surface coverage, they are called polymer brushes. [95]

2.2.1 Behavior of end-tethered polymers

2.2.1.1 Alexander-de Gennes model

Alexander and de Gennes (AdG) established the basic theory describing the behavior of end-tethered
polymer chains. In the AdG scaling model, the thickness of the grafted polymer layer (h) at the equilibrium
is obtained by a balance of the free energy associated with the stretching of the polymer “blobs” and the
energy involved in the excluded volume interactions.[19] However, the AdG theory has some limitations
when it comes to discussing the details of the polymer structure, such as the chain conformations. In the

AdG theory, the density profile is modeled by a step-like density profile.

In a good solvent, the chains stretch away from the surface to avoid unfavorable segment-segment
interaction, the polymer chains lose conformational entropy due to the reduction in the possible number

of conformations, and the interaction between polymer segments and solvent molecules are favored. At
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the swelling equilibrium, the height (h) of the grafted polymer layer is described as a function of the

number and diameter of the polymer blobs.

h = Na(oa?)'/3 (2.2.1)

where N and a are the number of monomers and the size of the monomer units, o is grafting density.
2.2.1.2 Daoud-Cotton model

Daoud and Cotton extended the AdG model by studying polymer grafted to curved substrates.[96] The
major difference in comparison to the AdG model is the size of the blobs increases with increasing distance
from the surface, all blobs at the same distance from the surface have the same size. The Daoud-Cotton
model describes the decay of the density of monomers (@) from the center by a scaling law. There are f
arms (polymer chains) linked at the center of the star shape. The arms are considered to each have N

statistical units with length .

There are three different regions with different chain conformation of the end-grafted polymers (Figure
2.2.1). In the swollen region (r > r1), the random coil domain the distance from the center is large. The
arms inside the blob behave like a single chain. Hence, the arms are supposed to be swollen in a good
solvent. In this region, excluded volume effects are present in the blob. The diameter of the blob (¢(r)) is

described as a function of the distance (r) from the center:

E(r) ~rf1/2 (2.2.2)
The local monomer concentration in this region is also defined:

r\—4/3

o)~ (7)) vrr (223)

where v is the monomer excluded volume parameter.
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Figure 2.2.1 (a) Representative illustration of stretched polymer chains from star-shape polymers. (b) The

monomer concentration profile from the core of the star-shape polymer.

In the unswollen region (r2 < r < ry), the distance from the center is small and the swelling parameter
becomes unity. Thus, the concentration of monomer is sufficiently high to ignore the excluded volume.
The crossover distance from random coil to stretched (r1) is obtained between swollen and unswollen

regime of the blobs (see also Figure 2.2.1):
r ~ fY?p71 (2.2.4)

If the distance from the blob to the center is smaller than r1, the blobs are not swollen any longer. In this

situation, blob size and local monomer density are defined:

E(r) ~rf /2 (2.2.5)

() ~ (g)_1 12 (2:26)

In the core region (r2 > r), the monomer concentration is unity and no blobs are found in this region:
r, ~ f1/2] (2.2.7)

From the above results, the radius of a star shape polymer (R) can be evaluated:
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1 302 3/5

R ~ Nf+1—0?+%f3/2 v1/5f—2/51 (228)

Depending on the chain regime, the radius of star shape polymer has a different relationship in a good
solvent (Table 2.2.1). In the case of nanoparticles functionalized with polymer chains, the core region is

redefined as the combination of the NPs core itself.

Table 2.2.1 Relationship between radius, number of arms and monomers and excluded volume in the

different regime

Regime Radius, R

Random coil N > f1/2y=2 N3/5pY/5f1/5]
Swollen Polymer chain Y272 > N > f1/2 N1/2f1/4]
Unswollen polymer chains 12 >N (NOHY3I

2.2.1.3 Grafting density

The end-tethered polymer chains on flat substrates show three different regimes depending on the grafting
density: mushroom, constrained polymer chains, and stretched polymer chains, also called polymer
brushes (Figure 2.2.2). For the mushroom conformation, the distance between neighboring chains is large
enough (D > 2R,), and the thickness of mushroom layer is h~2Rj. In this regime, the conformation of

the polymer chain is a random coil not dissimilar to a free chain. As the grafting density increases, the

distance between neighboring chains becomes short (D < 2R,), and to avoid overlapping, chains stretches

away showing stretched conformation. The thickness of the polymer brush layer scaled as functions of
degree of polymerization and grafting density (h~Nax,§ < x < 1). When the polymer chains are grafted

to a flat substrate, the polymer brush regime does not change with the increase of thickness of the brush

layer.
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Mushroom Polymer brush Stretched
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Figure 2.2.2 Graphical description of polymer brushes on a flat substrate.

Unlike planar substrate, as chain length increases, polymer brushes on the curved-substrate show a

transition of brush regimes from unswollen to swollen (Figure 2.2.3).

Unswollen

Random coil Polymer Brush

Figure 2.2.3 Illustration of polymer brushes on a curved substrate.

In the random coil regime, the bushes are sparsely grafted on the substrate, and the distance between the
chains is far enough. Thus, there is no overlapping of chains. The thickness of the brush layer (h) can be

scaled as a function of the degree of polymerization (N) and grafting density (0):[97, 98]
ho N ~ R, (2.2.9)
where R, is the radius of gyration of the grafted chain.

In swollen polymer brush regime, as the grafting density increases, it reaches to the threshold grafting

density. In this region, chains start to overlap. The thickness scaled as:
h o< N96g02R 04 (2.2.10)

where R, is the radius of core.
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In the unswollen polymer brush regime, the polymer chains are densely grafted and placed at a close
distance on the substrate. In a good solvent, the repulsive interaction occurs between neighboring brushes.

Therefore, the brushes adopt a stretched conformation to compensate for the entropy loss:

h o« N¥g05%(0.6 < x < 1) (2.2.11)

2.2.2 Dynamics of polymer brushes

A polymer chain consists of small repeating monomeric subsegments bonded together to form a long
chain. A subsegment composed of between 6~12 monomers represents a Kuhn segment. This is the basic
scale to define the size of a chain segment. The Kuhn segment of a given polymer is derived from the end-

to-end distance of a chain under the 8-condition of Flory.

The Rouse-Bueche model describes a polymer chain composed of a series of segments or beads connected
by springs (Figure 2.2.4a).[99, 100] The beads can be viewed as the mass connected by springs following
Hooke’s law with a restoring force (spring) constant (f). When the segments are immersed in a solvent,
they shift through other polymer chains and segments. This viscous medium causes a drag force to the
system and slows down the motion. Since the Rouse model only considers friction factor (p), to explain
intermolecular interactions, this model is limited to unentangled polymer systems such as polymer melt,

low concentration of polymer solution, or low molecular weight below entanglement:

dx
f= p(a (2.2.12)
D~N"! (2.2.13)
T~NR™! (2.2.14)

where % is the displacement of a bead over time, D is the diffusion coefficient, T is the relaxation time,

and N and R are the number of beads and size of the chain, respectively.
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(b)

Figure 2.2.4 Tllustrations of (a) Rouse’s bead and spring model and (b) de Gennes’ reptation model for a

polymer chain.

Later, Zimm introduced the concepts of Brownian motion and hydrodynamic interactions. The friction
factor was then replaced by the macroscopic viscosity of the medium. In consequence, the diffusion

coefficient and relaxation times of polymer solution can be described by:
D~R™1 (2.2.15)
T~R3 (2.2.16)

De Gennes established a model for the long-range motion of polymer chains (Figure 2.2.4b).[101] The
reptation theory which involves polymer chains trapped inside a tube-like structure. The chain moves
through the tube-like structure with a snake-like motion, the reptation. The tube is made up of the
entanglements of the surrounding polymer chains. Using scaling concepts, de Gennes found a relationship
between self-diffusion coefficient D of a chain with a molecular weight M trapped in an entangled polymer

system to scaled as: [102]
D x M~? (2.2.17)

De Gennes and Doi Edwards developed the tube reptation model predicting five different regimes for the

chain motion (Figure 2.2.5).[101, 103] These motions are observed at distinct ranges of correlation time
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and distance; and the different regimes of movement can be probed using different characterization
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Figure 2.2.5 Tube-reptation regimes of linear polymers and mean-square displacements.[104]

The dynamics of polymer brushes is distinct from free polymer chains. For example, even if the grafted
chain length is longer than the entanglement molecular weight, no entanglement can be found. The
dynamics of end-tethered polymer chains vary depending on the grafting density, length of the chain and
size of the core.[103] The relaxation time of free polymer chain in a good solvent condition follows
standard Rouse and Zimm model as provided in eq. 2.2.14 and 2.2.16.[105] However, when the chains
are fixed to the substrate, the polymer brushes can interact with the substrate or with the neighboring
chains differently than free chains. Thus, the relaxation times of grafted polymer chains cannot be
predicted, in a straight forward manner, using the standard models due to the intrinsic physical constraints

in grafted polymer systems.[106, 107]

Experimentally, the dynamics of polymer brushes has been shown to be different from that of free polymer
chains. Because one end of the chain is anchored to the substrate and the brush adopts stretched
conformation under the influence of the steric hindrance created by neighboring chains, this completely

hinders the free diffusion of the chains itself, but also affects the segmental and subsegmental motions of
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the chains. For example, only the local subsegmental chain motions have been observed for polymer
chains in the unswollen polymer brush regime as measured using NMR spin relaxation, neutron back
scattering, or dielectric spectroscopy.[33] However, for chains in the swollen polymer brush regime, when
the length of polymer brushes was sufficiently long, the chains adopt a more relaxed conformation and

long-range movements, similar to constrain Rouse motion, have been observed.

2.2.3 Synthesis of brushes
2.2.3.1 Grafting strategy

There are two main strategies to synthesize polymer brushes: grafting-to and grafting-from. In the
“grafting-to approach, pre-polymerized polymer chains having functional groups at the end of the chain
are attached to a surface. The pre-synthesized polymer chains are often prepared by living or controlled
polymerization techniques by adding the functional groups at the beginning or at the end of the reaction.
The advantages of this approach are the simplicity of synthesis and well-controlled polymer chain length.
The main limitation of this approach is the difficulty in obtaining high grafting densities due to steric

interactions between grafted chains and incoming species.

In the “grafting-from® approach, polymer brushes are grown in situ. The first step in the preparation
brushes using this approach is to immobilize an initiator to the substrate. Then, the polymer chains are
grown, monomer by monomer, from those tethering points using controlled polymerization methods such
as reversible addition—fragmentation chain-transfer polymerization, nirtoxide mediated polymerization
and atom transfer radical polymerization. The important advantage of the “grafting-from* approach is the
ease in obtaining high grafting density. It is possible to precisely control the grafting density by controlling
the number of initiators on the surface. However, the associated drawback is that the dispersity of chain
length increased when the grafting density is very large due to the steric hindrance during the

polymerization.
2.2.3.2 Surface initiated-atom transfer radical polymerization

Atom transfer radical polymerization (ATRP) has imposed itself as one of the most used methods to
perform controlled polymerization due to its versatility in terms of initiators, monomer choices, and the
relatively mild reaction conditions required.[108] Most ATRP systems are based on the use of a complex

between a transition metal and an initiator having a carbon-halogen bond. The control of ATRP reaction
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highly depends on the reversible redox activation of a dormant alkyl halide terminated polymer chain end
by a halogen transfer to the transition metal complex, commonly a copper complex. The cleavage of the
carbon-halogen linkage produces a free and active carbon-centered radical species at the initiating site.
The activation is based on an electron transfer from the transition metal-ligand complex to the halogen
atom. This process results in the oxidation of the transition metal-ligand complex. Afterward, a fast
reversible reaction occurs involving the reduction of the catalyst to change the growing radical chain end
back to the halogen-ended dormant species. Various parameters influence the kinetics of ATRP and can
be used to tune the reaction condition, such as ligand to transition metal ratio, Metal'' to Metal' ratio,

ligand, counterion, solvent, or initiator:

[RX][Mt"Ligand]
[Mt"+1Ligand — X|

R, = ky,Karrp M] (2.2.18)

Surface initiated-ATRP (SI-ATRP) was first reported in 1997 when poly(acrylamide) brushes were
successfully grafted from benzylchloride-derivatized silica particles.[25, 109] To perform SI-ATRP, the
initiator used for traditional ATRP must be immobilized on a surface (Figure 2.2.6). The same transition
metal complexes are used as in conventional ATRP to graft polymer brushes in a controlled manner from
the functionalized substrates. The number of initiators on the surface directly controls the grafting density
of brushes. However, the kinetics of SI-ATRP is different from the kinetic of conventional ATRP.[110]
When a high concentration of catalysts is used in the polymerization, a high concentration of radicals can
be produced. Thus, rapid initial growth is found with the early termination. However, low catalyst
concentration yields limited chain growth. If the solution is strongly agitated, this can also lead to early
termination. This might be due to the increased mobility of chain ends, leading to an increased possibility

of termination via combination or disproportionation.
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Figure 2.2.6 Schematic description of SI-ATRP.
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2.2.4 Application

Nanoparticles modified with surface-immobilized polymer chains have been used in a variety of
applications due to the functionalities that the brushes can provide. For example, polymer-functionalized
nanoparticles are being used in nanocomposites, drug delivery and lubricants. In such applications, the
influence of the nanoparticles can be enhanced by the presence of a layer of end-tethered chains.

2.2.4.1 Nanocomposite

A nanocomposite is composed of NPs used as a reinforcing agent dispersed in a polymer matrix.
Nanocomposites show a unique feature that they have the functionality of NPs as well as the processability
of a polymer matrix. As NPs are incorporated in the polymer matrix, nanocomposite can provide good
mechanical, electrical, optical or magnetic properties to the polymer matrix and these enhanced properties
can be easily tuned by varying the concentration of NPs or molecular weight of polymer matrix.
Depending on the composition, nanocomposites can be classified into several subcategories, for example,
inorganic/polymer nanocomposite,[111] inorganic/organic hybrid nanocomposite,[112] polymer/polymer
nanocomposite,[113] and bionanocomposite.[114] Owing to the improvements in mechanical, thermal,
electrical (and so on) properties, nanocomposites are finding more and more industrial applications and
are, as well, a topic of fundamental studies. Such nanocomposites have been used in an array of
applications such as drug delivery system,[115] anti-corrosion coatings,[116] UV protective agents,[117]
lubricants,[118] scratch-free paint,[119] flame retardant,[120] abrasion resist agents,[121] high-
performance fibers and films.[122, 123]

The state of dispersion of nanoparticles in a polymer matrix is one of the key factors to achieve reinforced
properties of nanocomposites. [124-126] Controlling the surface properties of the nanoparticles is crucial in the
development of nanocomposites for industrial materials. An efficient manner to produce nanocomposite
consists of dispersing nanoparticles functionalized with grafted polymer chains in a polymer matrix. The
presence of strong interaction, such as interpenetration and entanglement, between the grafted chains and the
polymer matrix leads to a significant enhancement in the mechanical properties of the composite. For instance,
polystyrene grafted silver nanoparticles were dispersed in a polystyrene matrix and showed excellent miscibility
with effective antibacterial activity.[127] When dealing with polymer brush grafted nanoparticles, it is possible

to fabricate the nanocomposites composed solely of hairy nanoparticles. It is called one-component-
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nanocomposites.[128-130] The big advantage of this approach is that a high loading amount of nanoparticles in
the nanocomposite can be achieved. This high NPs loading is closely related to the thermomechanical properties
of nanocomposite. For example, polystyrene reinforced by polystyrene-grafted silica nanoparticles showed
significant reinforcement in the elastic modulus of the resulting composite. [131]

2.2.4.2 Drug delivery

In some cases, the therapeutic effect of a drug can be improved and its side effects reduced when the active
molecule is encapsulated in a nanocarrier. The use of nanocarriers for drug delivery can improve the local
concentration of drug by protecting the drug from rapid degradation, delivering the drug safely to the
destination, and releasing the drug at the targeted tissue.[132] By designing the right polymer nanocarrier
systems for drug delivery it is possible to improve the efficacy of drugs while reducing their side-effect.
Nanocarriers also have additional advantages in terms of solubility, bioavailability, surface area, and

versatility of use.

A nanocarrier-based drug delivery system consists of at least two components, the pharmaceutically active
ingredient and the carrier material. However, there is an accumulation of experimental evidence that the
surface functionalization of the nanocarrier is an important factor in controlling the fate of the nanocarrier
both in vitro and in vivo. In order to achieve high efficiency of drug delivery using nanoparticles, it is
essential for the carriers to have high biocompatibility, colloidal stability in the physiological environment
and during blood circulation. Those properties can be influenced by attaching polymer chains to the

surface of the nanocarriers. [133-137]
2.24.3 Lubricant

Polymer-grafted nanoparticles can be utilized as a lubricant. The low friction of surfaces functionalized
with end-tethered polymer chains has been observed for surface-functionalized with chains having a low
degree of polymerization.[138] This is consistent with the expectation that stretched chain conformations
absorb solvent molecules and repel other bigger external molecules and other components. Thus, a high
grafting density and a low degree of polymerization of the grafted chains are required to achieve high
lubrication efficiency.[139] For example, poly(3-sulfopropyl methacrylate potassium salt) (PSPMK)
brushes were grafted from the surface of PNIPAM particle, and the negatively charged PSPMK brushes
played the role of a bio-mimicking lubricant.[140] Recently, poly(alkyl methacrylate)-grafted
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nanoparticles were used as an additive in poly(a-olefin) lubricating oil.[141] The polymer brush-based
additive was stable in the base oil at a temperature of 100 °C over 55 days. The friction between surfaces

covered with this lubricating oil was considerably decreased.
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3. Characterization methods

3.1 NMR relaxometry

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for the study of polymer materials.
In addition to the identification of the chemical composition, NMR spectroscopy can be used to address
questions like structure and dynamics using a variety of acquisition techniques and pulse sequences. For
example, NMR spectroscopy can be used to measure the relaxation times of the excited nucleus and thus
provides detailed information on the molecular motions of polymers in the nanosecond to picosecond time
scale.

3.1.1 Relaxation in NMR

The resonance of the nuclear spins in a magnetic field occurs due to the interaction of the magnetic
moment of nuclei with an external magnetic field, Bo. When a nucleus with a non-zero spin is placed in a

magnetic field, the energy difference between different orientations of the spin becomes non-null (the

Zeeman effect), AE, increases when the strength of applied magnetic field increases:[142]

AE = yhB, (3.1.1)

where 7 is the reduced Planck constant h/2z and v is the gyromagnetic ratio. For a proton, of spin + %,
two orientations of the spin are possible, and at thermal equilibrium, the population ratio of between the
two energy levels of the spins of a proton in an external magnetic field is governed by the Boltzmann
distribution;[143]
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"B _ ,-/ksT (31.2)
na
where kg is the Boltzmann’s constant and T is the temperature, and n, and ng are the populations of lower

(m=+1/2) and upper (m=-1/2) energy levels. The spin transition (a— [3) can be induced by the application

of a radio-frequency pulse to the system corresponding to the Larmor frequency, wo, of the nuclei:

When the RF pulse is removed, the excited spins return to the equilibrium population. This process is
called NMR relaxation. As the population of spins returns the equilibrium magnetization in the z-axis, the
energy released is dissipated in the surrounding environment, also called the lattice. Such changes in the
spin populations can be described by first-order exponential equation and be characterized by a time

constant T1:

T
An(T) = Angq[1 —exp (— T_l)] (3.1.4)

where Aneq is the equilibrium population difference and 7 is the delay time.

Transverse or spin-spin relaxation (T2) is another relaxation mechanism, T2 is the measure of the decay of
the magnetization in the perpendicular plane (transverse) to the external magnetic field Bo after the RF
pulse. The decay of the transverse magnetization results from the loss of phase coherence in the spin
system due to the local magnetic field fluctuations during the measurement. The spins are mobile
depending on their surroundings, and these spins experience marginally different local magnetic field
strengths in the system. Thus, each spin precesses at a slightly different frequency deviating from the
average Larmor frequency. The dephasing of transverse magnetization is also affected by the imperfection
of the external magnetic field as well as the energy exchange between spins. There is no transfer of the
spin-spin potential energy into the surrounding. T> relaxation takes place faster than Ti. In general, the
decrease of magnetization in transverse plane My is described by an exponential function with a time

constant T».
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3.1.2 Measurement of NMR relaxation

The inversion recovery pulse sequence is widely used to measure T1 relaxation. The pulse sequence is

described in Figure 3.1.1.[143] Before any perturbation, the net magnetization is aligned along the +z-

axis due to the field of the magnet Bo. At the beginning of the inversion recovery sequence, a 180°% pulse

is applied to rotate the net nuclear magnetization to the —z-axis. During the delay time t, the spins undergo

fragmentary spin-lattice relaxation. The net magnetization returns toward its equilibrium state to the +z-

axis. After a delay time t, a 90°% pulse is applied to rotate the longitudinal nuclear magnetization to the

x—y plane. The spins rotated to the x-y plane have a precession motion around the z-axis. A free induction

decay is recorded for different delay time t. The observed signal intensity M.(z) is described by an

exponential decay:

M, (1) T
M_(0) =1-—2exp (_T_1)
t 1
A = *
Bo T z z
T 180°,

T T/ Ng Ty

z z z z
|
I‘L T/
y / y y 7}* y
X l X T X ‘ e
90°, 90°, 90°, 90°,

Figure 3.1.1 (a) The inverse recovery sequence and (b) the illustration of recovery of M.

(3.1.5)

T2 can be numerically explained that the time required to lose 63% of the phase of the magnetization in

the transverse (x-y) plane after the perturbation by a 90°« pulse.[143] The dephasing is mainly caused by
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the spin-spin interactions without energy exchange with the surroundings due to the local variation of the
magnetic field. However, the inhomogeneities in the magnetic fields promote the dephasing, resulting in
shorter decay times. In order to avoid the effects of the inhomogeneity of the magnet and the consequence
of molecule diffusing during the measurement, the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence
(90°— (t— 180° — 1 )n-acquisition) was developed in 1950, based on the classic spin-echo pulse-sequence
(Figure 3.1.2). The magnetization is aligned along the x-axis by the first 90° pulse. During the following
period 1, the x-y magnetization dephases and, then, the magnetization is flipped by a 180° pulse. The
magnetization refocuses along the x-axis to yield the echo after a time 1. Due to the relaxation, an
incomplete refocusing of the initial magnetization is observed. The value of T2 is obtained from the
reduction of the signal after a different number of echo cycles. After repeating multiple 180° pulse
separated by a time 2t — corresponding to multiple echo cycles — the reduction of magnetization after the
spin-echo can be fitted to:

My (T) = My, (0)exp (— Tiz) (3.1.6)

(a)
90°, 180°,
(b) ' '
Bg 4
1 90°, T
b @~
1807,
@éy ' /@v
—

Figure 3.1.2 (a) The CPMG sequence and (b) the description of dephasing of transverse magnetization.

34



3.1.3 NMR relaxation for the molecular dynamics

T1 and T2 relaxation processes involve transitions between excited and ground state energy levels. The
transitions are stimulated by fluctuating magnetic fields at the transition frequencies. Thus, the relaxation
times can be determined by measuring the relaxation of the relevant nuclei. Fluctuations of the local
magnetic fields in nuclei part of polymer chains are ascribed to the movements of nuclei relative to
adjacent spins or lattices, or relative to the overall external magnetic fields. Therefore, relaxation processes
are highly sensitive to molecular motion. And the time scale of the motion accessible by measuring Ty and

T2 relaxation is in the range of picoseconds to nanoseconds.

The magnetic field dependence of spin-lattice, spin-spin relaxation time, T and T. can be described by
using semi-classical, Bloembergen, Purcell and Pound (BPP) model.[144] According to the BPP model,
the relaxation times are closely related to the rotational correlation time (tc). This parameter, 1, is the time

needed for the nucleus to rotate one radian:

1
T, =K [J(wo) + 4] 2wo)] (3.1.7)

K
= =75 [3](0) + 5/ (wo) + 2] 2wy)] (3.1.8)

2
Tc
J(w)=1—"5—7 T w2 (3.1.9)
3 3 MOZ y4h2

K==t 1 (3.1.10)

where J(w) is the spectral density equation for the exponential correlation function, K is the second
moment of the two spin system defined by the strength of the dipole-dipole interaction, yu, is the
permittivity of free space, # is the reduced Planck constant, r is the effective 'H-'H distance, and y is the

proton magnetogyric ratio.

Using the BPP model, the relaxation time measured by NMR can be related to the local motions of the
molecules (Figure 3.1.3). The T> relaxation time always increases with the increase of molecular motion

(reduction of the correlation time). However, T; relaxation time describes a parabola having a minimum
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that is a function of both the correlation time and the magnetic field. The effect of this dependency is
particularly visible for slow local dynamics as observed in large and hindered molecules, like polymer
chains.[145] For large molecules, the T relaxation time decreases when the molecular motion becomes
faster. Furthermore, T1 relaxation time is highly influenced by the magnetic field in this slow region. When
the magnetic field increases, T1 relaxation time increases. Additionally, temperature affects both the T
and T2 relaxation times.[146] The increase in temperature causes the acceleration of the molecular motions
resulting in the shorter correlation time. Thus, in the slow molecular region, the T1 relaxation time

decreases, whereas T2 relaxation time increases.

A

increase
0lfF — 7, 850MHz

001} — T, 700MHz
— T, 500MHz

— T, 500MHz

Y

. . . .
1E-11 1E-10 1E-9 1E-8 1E-7

Correlation time (s)

Figure 3.1.3 Dependence of the relaxation times as a function of the correlation time for the spin of *H
according to the BPP model.
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3.2 Rheology

Rheology is the study of deformation and flow of materials. It measures the response of a material to an
applied stress on a macroscopic level. The aim of rheology is to establish the relationship between
deformations and stresses, in order to understand the behavior of a material subjected to the deformation.
Rheology measurement is used to analyze the characteristics of rubbers, plastics, paints, and so on, to

optimize their processing conditions.[147-149]

In a purely viscous medium, a steady laminar flow can be described by a simple model (Figure 3.2.1). If
amedium is placed between two plates when the top plate, having an area of A, moves in a certain direction
with a force F the medium is deformed. The stress tensor ¢ is a ratio of the applied force F and the area
A. It is conventional to separate the stress tensor into two components based on the direction of applied
forces. On the one hand, stresses applied perpendicularly to the area A will result in elongation or
compression of the medium. On the other hand, stresses applied parallel to the plane of area A cause

shearing defined by the shear stress of o.

(a) (b)

4

v (2) y(z)

Figure 3.2.1 (a) velocity distribution vy (z) and shear rate y(z) in the plate-plate model. Variation in the

applied direction of the force F resulting in the elongation (b), compression (c), or shear (d) of the medium.

When a medium is confined between two parallel plates separated by a gap (z), and that a force is applied
on one of the plates in the direction parallel to the plane of the plate, it will result in a constant shearing,
and a velocity gradient vy (z) for the displacement of pseudo-layers of the medium will be created between
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the plates The magnitude of this velocity gradient defines the shear rate or shear velocity y and can be

related to the viscosity of the medium:[150]

. ldx(z) dvy
y(@) =7y = €t dz - dz (3.2.1)

There are three types of deformation behavior for materials: viscosity, elasticity, and viscoelasticity.

In the deformation of purely viscous, the deformation is completely irreversible. The viscous behavior of

a fluid can be described by the Newtonian equation:

SIS
I

oc=n-Yy (3.2.2)

In Newtonian fluids, there is a linear relationship between shear stress (a) and shear rate (y) of fluid, if
the viscosity (1) is independent of the shear rate. Non-Newtonian fluids have a viscosity that is dependent

on the shear rate of the deformation applied.

The second ideal case involves purely elastic deformation, an ideal elastic material experiences a
deformation when a force is applied, and the deformation is completely reversible. This behavior can be

described by Hooke'’s law:

o=G-y (3.2.3)

where G denotes shear modulus and y is shear strain or shear deformation. The shear stress is proportional
to the shear strain with a slope G.

Viscoelastic flow and deformation can be found in most of the polymer materials having both viscous and
elastic properties. By combining Newton’s and Hooke’s law, the viscoelasticity can be explained by two
fundamental models. Viscoelastic deformation in solid involves delayed deformation and slow recovery.
Different models have been developed to explain such behavior and are described in Figure 3.2.2. The
Maxwell model explains the viscoelastic flow of material by connecting a dashpot (viscous module) with
a spring (elastic module) in series. In the Kelvin-Voigt model, a dashpot and a spring are linked in a

parallel manner and each module is deformed to the same extent at the same time. On the other hand,
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viscoelastic flow is observed as viscous flow over a long period with an elastic deformation observed over

a short time period.

(a) Maxwell (b)  Kelvin-Voigt

Figure 3.2.2 (a) Maxwell and (b) Kelvin-VVoigt models for viscoelastic materials.

There are two important methods to measure the flow behavior using a rheometer. In the continuous shear
experiments, a shear rate y is applied in a certain range. Then, a shear stress ¢ and viscosity n are

measured under the steady-state conditions.

When an oscillatory shear is applied, the dynamic behavior of the fluid is measured. The direction of the
applied shear is changed; this causes a variation in the strain and shear rate. The variation of the
deformation follows a sine wave with the angular frequency w = 2rf. The deformation strain y is given

by the amplitude of strain y, with the sinusoidal movement:
¥y = Y, sin(wt) (3.2.4)

where wt is the frequency of the strain applied. Since the applied shear strain is accompanied by a
sinusoidal deformation, the stress response to applied strain also follows the same function, but with a

phase shift:
o = g, sin(wt + §) (3.2.5)
The derivative of the strain function gives the shear rate of the system:
Y = wy, cos(wt) (3.2.6)

The shear stress is divided into two components, sin(wt) in phase and cos(wt) 90° out of phase:
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o=0a'(t)+d"(t) =0dysin(wt) + ¢’y cos(wt) (3.2.7)

The shear storage modulus G'(w) and the shear loss modulus G"'(w) are obtained from sinusoidal varying

shear strain and stress:[150]

o
G*=—=G"+iG"
v (3.2.8)
a'y 0y
G'(w) =— =—cos(s
( N @) (3.2.9)
oy _0g
G"(w) =—=—sin(d
T e (6) (3.2.10)

The component G'is representative of the elastic behavior of the medium being deformed and the
component G"'reflects the viscous behavior of the medium. Typically, an oscillatory shear experiment
probes the response of the material on the time scale of 1/w.[151] It distinguishes the frequency responses
of viscoelastic solids (or gel) from that of viscoelastic liquids. In the viscoelastic gel, G' is bigger than G"
while a viscoelastic liquid shows larger G"' than G'. Sometimes, polymer systems show a transition from
viscoelastic gel to the viscoelastic liquid by exhibiting the crossover as the frequency of the deformation
applied is changed.
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3.3 Dynamic light scattering

Dynamic light scattering (DLS) is a useful characterization method for determining the size and
polydispersity of nanoparticles in suspensions. DLS measures the displacement of the NPs caused by the
Brownian motion of the suspended nanoparticles in highly diluted solutions. An incident laser beam is
focused on the center of suspension. While the beam is passing through the suspension, the light is
scattered by the colloids present in the path of the incident light. A detector measures the fluctuation of
the intensity of the scattered light as a function of time. Since the smaller particle diffuses faster than the
bigger ones, the fluctuations in the intensity of the scattered light can be used to calculate the diffusion
coefficient of the suspended nanoparticles. The intensity of the scattered light is treated with an
autocorrelation function. When the suspension is monodispersed, it is described by an exponential
decay:[152]

g(t) = eC-Pa*D (3.3.1)

where q is the scattering vector, t is the time, and D denotes the diffusion coefficient. The obtained
diffusion coefficient can be converted to the hydrodynamic radius (Rn) of the colloids through the Stokes-

Einstein equation:

kT
B 67TT]Rh

(3.3.2)

where kg is the Boltzmann constant, T is the absolute temperature, and n represents the viscosity of

solvent:
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4. Preparation of materials and

characterization methods

4.1 Preparation of the nanoparticles

4.1.1 Chemicals

Styrene, methylacrylate and divinylbenzene were purified on a column of basic aluminum oxide.
Methacryloyl chloride was purified by distillation under reduced pressure. 2,2'-azobis(2-
methylbutyronitrile) was recrystallized in MeOH. All other chemical reagents, 2-hydroxyethyl disulfide,
2-bromoisobutyrylbromide, trimethylamine. Cu(ll) chloride, ascorbic acid, polydimethylsiloxane (5 cSt),
N,N,N''N",N"-pentamethyldiethylenetriamine, sodium dodecyl sulfate, cetyltrimethylammonium
chloride, hexadecane, DL-dithiothreitol, 1,8-diazabicyclo[5.4.0]indec-7-ene, hydrochloric acid,
ammonium chloride, sodium hydrogen carbonate, sodium chloride, ethyl acetate, dichloromethane, N,N -

dimethylformamide, anisole, tetrahydrofuran, hexane, diethylether, and methanol, were used as received.

4.1.2 Synthesis of the ATRP inimer
2-((2-(3-Methyl-2-oxobut-3-en-1yl)xy)ethyl)disulfanyl)ethyl 2-bromo-2-methylpropanoate (MA-SS-Br)

MA-SS-Br was synthesized via 2-step esterification (Figure 4.1.1).[153] 600 mL of DCM was added to a
round bottom flask with 1000 mL volume and cooled to 0 °C. Under stirring, 23.8 g of (2-hydroxyethyl)
disulfide (1.1 eq) and 67.8 mL of trimethylamine (2.6 eq) was added. Then, 21.6 mL of 2-bromoisobutyryl

bromide (1.0 eq) was slowly added to the reaction mixture using a syringe pump (15 mL/h). The reaction
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mixture was left stirring overnight at room temperature and was then filtered using filter paper. The
organic phase was then washed by extraction with sequentially 1 M HCI (3 X 400 mL), sat. NaHCO3 (3
X 600 mL) and sat. NaCl (3 X 600 mL). The organic phase was then dried with MgSO4 and evaporated
at 40 °C under 500 mbar. The resulting oil was purified by silica filled column chromatography
(hexane:EtOAc = 6:4, Rf = 0.56). The purified solution was evaporated at 40 °C under 200 mbar and
further dried at 50 °C under 1 mbar for 24 hours. *H-NMR spectroscopy (300 MHz, CDCls): chemical
shift (6/ppm) of 4.46 (t, 2H), 3.91 (t, 2H), 2.99 (t, 2H), 2.90 (t, 2H), 1.96 (s, 6H) (Figure 4.1.1(i)). The
resulting 2-((2-hydroxyethyl)disulfanyl)ethyl-2-bromo-2-methylpropanoate (HO-SS-Br, 169, 1.0 eq) and
144 mL of DCM were added to a round bottom flask with 500 mL volume, 15 ml of trimethylamine (2.5
eq) was added to the solution which was then cooled to 0 °C using ice water bath. Then, 14.26 mL of
freshly distilled methacryloyl chloride (3.0 eq) was added dropwise to the reaction mixture and the
reaction was left stirring overnight at room temperature. The precipitate was filtered off using filter paper
and the solution was washed by extraction with 1 M HCI (3 X 360 mL) and sat.NaHCO3 (3 X 430 mL).
After drying the organic phase with MgSOa, the solvent was evaporated at 40 °C under 500 mbar and the
product was purified with a silica column chromatography (hexane:EtOAc = 6:4, Rf = 0.2). After
evaporation of the solvents, in order to eliminate the remaining impurities, the mixture was purified with
a second silica filled column chromatography (hexane:diethyl ether = 9:1, R¢ = 0.46) resulting in the pure
MA-SS-Br. *H-NMR spectroscopy (300 MHz, CDCls): 8/ppm of 6.07 (m, 1H), 5.53 (m, 1H), 4.36 (m,
4H), 2.91 (m, 4H), 1.87 (m, 9H) (Figure 4.1.1(ii)).
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Figure 4.1.1 Synthesis and characterization of the ATRP inimer containing a disulfide bond (MA-SS-Br).
H-NMR spectra of (i) 2-((2-hydroxyethyl)disulfanyl)ethyl-2-bromo-2-methylpropanoate and (ii) 2-((2-

(3-methyl-2-oxobut-3-en-1yl)xy)ethyl)disulfanyl)ethyl 2-bromo-2-methylpropanoate.

Synthesis of a PS nanoparticle core

Typically, 6.5 mL of styrene (St, 1 eq.), 82 uL of divinylbenzene (DVB, 0.01 eq.) and 0.65 mL of
hexadecane (HD, 0.04 eq.) were added to a beaker and were mixed with 0.0552 g of a 2,2'-azobis(2-
methylbutyronitrile) initiator (VV-59, 0.005 eq.). After 10 minutes, 48 mL of sodium dodecyl sulfate (SDS)
aqueous solution (10 mM) was added and the mixture was pre-emulsified for 15 min by magnetic stirring
at 600 rpm. The biphasic mixture was sonicated for 2 min at 0 °C (20 kHz, 70% A, 10 s on/2 s off) to
obtain a miniemulsion before being transferred to a 50 mL round bottom flask and heated to 80 °C. After
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2.5 h of polymerization, 4 mL of SDS aqueous solution (250 mM) was added and the system was purged
by bubbling Ar for 10 min. Then, to create a thin layer of an inimer (MA-SS-Br, Figure 4.1.1) containing
polymer network at the surface of the NP, a mixture of 89-98 mol% of St (1.33 mL), 1 mol% DVB (16.6
ul), 1-10 mol% of MA-SS-Br (0.0326-0.326 mL) and V-59 (0.0115 g) was subsequently added dropwise
with a syringe pump at a rate of 1 mL h™2. The reaction mixture was left stirring overnight at 80 °C before
being filtered using filter paper. The PS NPs in the aqueous suspension were then precipitated in 200 mL
of MeOH and air-dried. To completely eliminate HD and SDS from the PS NPs, the NPs were dispersed
in 40 mL of THF and precipitated in 500 mL of MeOH three times. Finally, the NPs were air-dried.
Alternatively, PS NPs were also prepared by tuning the amount DVB added during the synthesis from 0.5

mol% to 10 mol%.

4.1.4 Synthesis of the end-tethered canopy of PMA on the surface of the PS core

In a typical reaction, 0.4 mL of methyl acrylate, 0.1 mL of a solution containing Cu(l11)Br2 (2000 ppm)
and PMDETA (Cu(ll) : ligand =1 : 10 molar ratio) in DMF were added into a vial containing a suspension
of 50 mg PS-SS-Br NPs dispersed in 4 mL of anisole. PDMS (0.1 mL) was added to the suspension. The
mixture was stirred and purged with argon for 30 min. Then, a 0.5 mL solution of ascorbic acid (1600
ppm) in DMF was added. This resulting suspension was degassed with argon for another 10 min, and the
vial was then placed into an oil bath at 60 °C and allowed to react. Once the appropriate monomer
conversion was reached, the reaction mixture was diluted with THF, precipitated in MeOH and dried
overnight under vacuum. The reaction was repeated with various amounts of the monomer, Cu(lIl)/ligand

and bromoisobutyrate grafted moieties.

To characterize the end-tethered PMA, the chains were cleaved from the PS@PMA NPs. The disulfide
bonds between the PS core and the PMA chains were cleaved by reduction with dithiothreitol. A
suspension of PS@PMA NPs was prepared by mixing 0.1 g of PS@PMA NPs with 10 mL of DCM for
24 h. Then, DL-dithiothreitol (DTT, 10 mg) and two drops of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (ca. 20
mg) were added to the NP suspension and stirred for 24 h. After evaporation of the solvent, the dried and
cleaved polymer/particle mixture was mixed in 10 mL of THF with an additional 5 mg of DTT and stirred

overnight. The suspension was then filtered through a syringe filter (PTFE, @ = 0.2 um). The solutions

45



were centrifuged at 29 068 g for 20 min to eliminate the residual PS core and the molecular weight of
PMA in solution was measured by SEC in THF.

4.2 Characterization methods

4.2.1 Composition of the core and canopy nanoparticles

FTIR spectra of PMA, PS NPs, PS@PMA NPs and binary mixtures of PS NPs and PMA were recorded
(Figure 4.2.1). The peak at 696 cm™ originating from aromatic C-H bending was used to quantify the
presence of PS and the peak at 1736 cm™ due to the C=0 stretching was used for PMA. The area ratio
observed for the PS@PMA was used to quantify the amount of PMA in each sample in comparison to a

set of binary mixtures of PS NPs and free PMA.

Normalized absorbance (a.u.)

Area ratio (1736 cm™ /696 cm™)

. 1 1 1 1 1
500 0 3 6 9 12 15 18
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Wavenumber (cm™) Weight ratio (PMA/PS)
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Figure 4.2.1 FTIR analysis of the PS@PMA NPs. (a) FTIR spectra of PS NPs (——), free PMAuok (—
—), PSm@PMA20« (——) and a binary mixture composed of 50 wt% of PS NPs and 50 wt% of PMA 4ok
(- - - ). (b) Calibration curve used for the analysis of the PMA/PS fraction by FTIR.

4.2.2 Volume occupied by the nanoparticles in suspension

When the volume of a solvated particle measured by DLS was used to calculate the volume occupied by
the NPs in suspensions, the volume fraction obtained (¢cal) was largely overestimated due to the possible

compression and interdigitation of the polymer as the concentration of the suspension increased.
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Figure 4.2.2 also displays that mixing known volume of dry NPs with known volumes of anisole led to
no significant variation of the final volume (less than 1 vol%) suggesting that in concentrated suspension,
the volume occupied by a NP was much smaller than the volume occupied by the same NP in the diluted
suspensions measured by DLS. Models have been developed to estimate the effective volume fraction of

hard particles in suspension, like the Krieger-Dougherty model:[154]

B d)KD ~bmaxnl
Ny = 1-— (422)

¢max

where 7 is the relative zero-shear viscosity of the suspension and [#] is its intrinsic viscosity, ¢kp and ¢max
are respectively the effective volume fraction and the maximal volume fraction. However, this model also
tends to inaccurately describe the volume fraction of suspensions of soft and deformable particles (Figure
4.2.2).

Sample PS, PS,PMAsy  PS,PMAs,  PSPMAs,  PSPMAgy
Myp (g) 0.252 0.251 0.252 0.253 0.505
M, (g) 4738 4.726 4.738 4.762 45
Cpp (Wt%) 5.05 5.04 5.05 5.05 10.09
Vyp (dry) (em?) 0.24 0.21 0.21 0.22 0.45
Vj (mL) 4.762 4.75 4.762 4.786 4523
# of NPs 25214 2.55e13 6.77e13 2.25e14 4.49%14
Ry, (nm) 104 296 168 161 161
Vpp (swolen) (em?) 1.21 2.8 1.34 39 7.8
Viotal (em?) 5 5 5 5 5.05
@ 0.24 0.56 0.27 0.79 15
Do 0.48 0.63 0.57 0.6 0.64

Figure 4.2.2 Swelling of nanoparticles in concentrated solutions.
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4.2.3 Rheological behavior of suspensions

Suspensions of PS and PS@PMA NPs and a solution of free PMA (M, of 40 K) were prepared in anisole
at a concentration ranging from 0.1 to 15 wt%. The rheological properties of the suspensions were
measured with a Bohlin Gemini 200 rotational rheometer at 25 °C equipped with a cone and plate
geometry of 40 mm diameter and 4° cone angle. The gap was set at 150 um. Continuous shear experiments
were performed by varying the shear rate between 0.1 and 1000 s™X. The dynamic behavior of the
suspensions was studied using oscillatory shear experiments; for frequency-sweep experiments, the strain
applied to the system was fixed to 10% and the frequency varied from 0.1 to 100 rad st and in strain-
sweep experiments, the frequency was fixed to 10 rad s* and the strain varied from 0.1 to 1000%.

4.2.4 Size and size distribution of nanoparticles

The radius of the NPs was determined by dynamic light scattering (DLS) measured with a Malvern

Instruments Zetasizer Nano S90 at a fixed angle of 90° (A=633 nm, 15 runs, run duration of 10 seconds).

The NPs were dispersed either in a good solvent (DCM, anisole, DCM/acetone or DCM/cyclohexane) or
in an aqueous solution of cetyltrimethylammonium chloride (0.2 wt%). All the measurements were carried

out at 25 °C with a concentration of 0.05 mg/mL.
4.2.5 Grafting density of nanoparticles

To determine the number of initiating sites at the surface of the NP, the sulfur content in the NPs was
analyzed. The NPs were dispersed in water and stabilized with cetyltrimethyl ammonium chloride
(CTAC). A PS-SS-Br NP suspension in DCM was added dropwise to 10 mL of an aqueous solution
containing 5.0 mg of CTAC and sonicated at 0 °C (20 kHz, 70% A, 10 s on/2 s off). Then, DCM was
evaporated under a mild vacuum (200 mbar, 40 °C). The sulfur content in the resulting aqueous suspension
of PS NPs was measured by inductively coupled plasma atomic emission spectrometry (ICP-AES) with
an ACTIVA M spectrometer (Horiba Jobin Yvon) equipped with a Meinhardt-type nebulizer and a
cyclone chamber, and processed with ACTIVAnalyst 5.4. ICP-AES was operated at 1250 W forward
plasma power with 12 L min of Ar flow and 15 rpm of peristaltic pump flow. The argon emission line
at 404.442 nm was chosen for the reference line. The measurements were conducted using three different
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standard concentrations and 5 s of integration time. A dynamic underground correction was used for the

baseline correction. The measurement was repeated three times with the same sample.
4.2.6 Spin-lattice relaxation (T1)

The PS-PMA core-corona hairy NPs were dispersed in CD,Cl at a concentration of 16.7 mg-mL™. The
relaxation experiments were performed on a series of NMR AVANCE spectrometers (Bruker) working at
nominal frequencies of 500.13 MHz, 700.02 MHz and 850.27 MHz. The spin-lattice relaxation time
constants (T1) were measured using a standard inversion-recovery pulse sequence (180—z—90-acquire).
The recovery time (¢) was varied from 20 ms to 10 s and the temperature was set at 278 K, 288 K, 298 K
and 308 K. The protons in the aromatic ring of PS (7.1 to 6.6 ppm) and in the methoxy group (3.7 ppm)
were chosen for the analysis. The area of the NMR peak at each recovery time was fitted with a

monoexponential decay (Eq. 4.2.3) to calculate the relaxation time Ty (Figure 4.2.3).

1(7) -T
1700) =Ax(1-2x% exp(T—l)) (4.2.3)

L '”Iqibu‘ Ml, ;_‘:o_os

—/ Increasing

Normalized intensity

R R D
Delay time (s) Delay time (s)

Figure 4.2.3 (a) Inversion-recovery NMR experiment of PS-PMA NPs at a Larmor frequency of 500.13
MHz at 298 K. *H magnetization recovery for (b) aromatic protons of PS and (c) methoxy protons of PMA
in PS-PMA NPs fitted with Eq. 4.2.3.
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The correlation time (z.) was determined from the relaxation time T1 measured at different magnetic fields

with the Bloembergen-Purcell-Pound model: (Eq. 4.2.4)

T, 4 47,
14+ wo?t? 1+ 4wyt ?

T, "'=K (4.2.4)

where w, is Larmor frequency of the spin system, and K is the temperature-independent dipolar coupling

constant given by:

4

3uo® _ h%y
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16072" " r ) ( )

K o (
where u, is the permittivity of free space, y is proton magnetogyric ratio, 7 is the reduced Planck constant,

and r is the effective *H-'H distance.

4.2.7 Spin-spin relaxation (72)

The PS NPs, PS-PMA NPs and PMA free chain were dispersed in deuterated solvent mixtures at a
concentration of 16.7 mg mL™. The relaxation experiments were performed on NMR AVANCE
spectrometers (Bruker) working at a nominal frequency of 300.13 MHz. The spin-spin relaxation time
constants (T2) were measured using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence using 16
spin-echo times (t). The z was varied from 4 ms to 8.3 s and the temperature was set at 298 K. The protons
in the aromatic ring of PS (7.1 to 6.6 ppm) and in the methoxy group (3.7 ppm) were chosen for the
analysis. The area of the NMR peak at each spin-echo time (M) was fitted with a stretched exponential
function (Eg. 4.2.6) to calculate the apparent relaxation constant T2, app (Figure 4.2.4). The average

relaxation Tz, ave Was obtained from the Eq. 4.2.7:[155]

T

M(z) = Ao X exp (—=(z—)") (4.2.6)
2,App
Tya 1
Ty ave = PP xT(%) (4.2.7)

B B

where f is stretched exponent, T' is gamma function.
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Figure 4.2.4 Measurement of the T2 relaxation time in a sample of PS-PMA NPs. (a) *H NMR spectra
of PS-PMA NPs obtained with Carr-Purcell-Meiboom-Gill pulse sequence at a Larmor frequency of
300.13 MHz at 298 K. Decay of the signal intensity during the spin-echo extracted from the spectra for
(b) aromatic protons of PS and (c) methoxy protons of PMA in the PS-PMA NPs fitted with Eq. 4.2.6.

4.2.8 Calculation of Flory-Huggins polymer-solvent interaction parameters

The Flory-Huggins polymer-solvent interaction parameters (y;,) were calculated using the Hansen
solubility parameters (Eq. 4.2.8):[156]

1%
Y2 = @ (B0 = 82a) +0.25(81p = 6,p) +025(8ums = Sr) ) (4:28)
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where, a is a constant, v, is molar volume of solvent, R is universal gas constant, T is absolute temperature,
04 4 Is the Hansen dispersion parameter for the solvent, 6, 4 is the Hansen dispersion parameter for the
polymer, &, ,, is the Hansen polarity parameter for the solvent, &, ,, is the Hansen polarity parameter for
the polymer, &, n;, is the Hansen hydrogen bonding parameter for the solvent, &, ,;, is the Hansen

hydrogen bonding parameter for the polymer.

4.2.9 Measurement of glass transition temperature

Differential scanning calorimetry (DSC) was carried out to measure the glass transition of PS-PMA NPs
by using DSC, 204F1 / ASC Phonix, Netzsch in a temperature range between —80 °C and +200 °C with a

heating and cooling rate of 10 °C min2.
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5. Results and discussion

End-tethered polymer chains, or polymer brushes, are used extensively to modify the properties of
nanoparticles (NPs) such as their stability, solvent compatibility, dispersibility, and assembly. However,
there are currently no guidelines to design the ideal canopy of end-tethered polymer chains, especially
when the polymer chains are grafted onto soft and deformable NPs. Understanding the behavior of the
polymer canopy and its effect on the NP behavior would improve the design of future NP-based systems.
A comprehensive library of polymer-functionalized soft polymer NPs with a variable degree of core
softness and length of grafted polymer chains was designed, and their behavior studied by rheology and

NMR relaxometry.

Controlling the thickness of the grafted polymer layer and the surface coverage is one of the most
important parameters to be considered when designing polymer-functionalized NPs because these
parameters determine the conformation of the grafted chains.[19, 27, 97, 157-160] As the grafting density
increases, polymer chains start to overlap and hence stretch because of steric repulsion. In a densely
crowded regime, as described by the Alexander—de Gennes model, polymer chains are highly stretched
and only local polymer movement confined within a polymer blob unit can be observed. [19] When such
a polymer layer is immobilized on a spherical surface, the size of the blobs expands as the distance with
the substrate increases. [96] Consequently, the influence of the neighboring chains on the stretching and
extension of the chains decreases with respect to the distance from the curved substrate or with the degree
of polymerization (N) of the grafted chains. This radial dependency results in a transition between brush

regimes from stretched chains to coiled polymer chains. [96]

The behavior of the functionalized NPs is not only influenced by the architecture of the polymer canopy,
but also by the solvent quality. The chain dynamics and the conformation of end-grafted chains are also
affected by the polymer-solvent interaction,[161, 162] and changes in the solvent quality have been used
to control the properties of polymer-functionalized NPs.[163, 164] When end-tethered polymer chains are
in a good solvent (Flory-Huggins interaction parameter, y12<0.5), both enthalpic attraction between chain

segments and solvent molecules and entropic repulsion between chain segments occur in the polymer
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canopy,[165] and results in an extended chain conformation of the end-grafted polymer chains.
Consequently, the swelling of the polymer canopy on the NPs in the suspension provides colloidal stability
through steric repulsions. However, when the quality of the solvent decreases, the conformation of the
end-grafted polymer chains can undergo a transition from a stretched regime to a more collapsed regime
and can be accompanied by the formation of non-uniform polymer canopy,[166, 167] or lead to the self-

assembly of polymer chain grafted NPs into various mesostructures.[168, 169]

The swelling behavior of core NPs in the suspension can also affect the behavior of the polymer chain
grafted soft NPs. The degree of swelling can be controlled by varying the cross-linking density of soft NP
cores. Highly cross-linked NPs show less swelling and this is related to the relatively rigid particle
property. Soft NPs can be deformed in response to external stimuli such as solvent quality, pH, and
temperature. Solvent quality efficiently controls the swelling of core NPs as well as the polymer canopy.
In a good solvent, the core of the NPs is swollen, resulting in an increase in the surface area and a decrease
of effective grafting density of the end-tethered polymer chains. Hence, the transition of chain
conformation can be found from the stretched regime to the random coil regime. When the solvent quality
for the core NP decreases, the NP deswells resulting in the decrease of particle size and increase of
effective grafting density. Consequently, the grafted chain can be more stretched.

The behavior of colloidal dispersions can be measured by rheology. This the viscoelastic behavior of the
nanoparticle suspension not only depends on the volume fraction occupied by the colloids and the colloid—
colloid interaction,[170] but is also affected by the reorganization and reorientation of the particles in
suspension and their effects on the local flow patterns,[88, 171] and the formation (or destruction) of
colloidal mesostructures.[172, 173] Furthermore, when dealing with soft and deformable colloids in
suspension, both the shape and the volume occupied by the particles can change under the application of
shear, leading to strong flow-dependent behavior.[174-176] The softness of the NPs affects the
mechanical properties of the resulting gels and glasses and the concentration needed to observe a liquid
to gel transition.[177, 178] Soft and deformable particles are expected to form stronger gels than hard
spheres.[179]

Studies of the relaxation dynamics of grafted chains, both experimentally and by simulation, have
demonstrated that the presence of a substrate significantly affects the subsegmental dynamics of the

tethered polymer chains and can impact the mechanical properties of the resulting materials. [31, 32, 131,
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180] The presence of the substrate usually creates a confinement effect influencing the relaxation of the

tethered polymer chains, and this effect decreases with an increase in N. [181-183]

Since a variety of parameters can potentially influence and control the behavior of the polymer-
functionalized soft NPs, a robust model system is required to understand the fate of the NPs. Here, an
approach combining the use of rheology to measure the macroscopic properties of the NPs suspensions
and NMR relaxometry to investigate the dynamics of such systems was developed to elucidate the effect
of architecture and environment on the behavior of polystyrene NPs functionalized with poly(methyl
acrylate) end-tethered chains. A library of soft and swollen cross-linked polystyrene (PS) nanoparticles
functionalized with a canopy of end-tethered poly(methyl acrylate) (PMA) chains was designed. Using
surface-initiated atom transfer radical polymerization (SI-ATRP) the length of the polymer chains was
precisely controlled, and the grafting density was tuned during the synthesis of the PS core. The softness
of the core was controlled either by the cross-linking degree of the PS or the choice of solvent. The impact
of the swelling and rigidity of the core (Section 5.1, 5.2 and 5.3), degree of polymerization of the grafted
chains (Section 5.1, 5.2, and 5.4), grafting density (Section 5.1 and 5.4), and solvent quality (Section 5.1
and 5.3) on the macroscopic and local behavior of the NPs were investigated.
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5.1 Polymer-functionalized polymer
nanoparticles and their behavior in
suspensions?

In this section, soft polymer nanoparticles functionalized with end-tethered polymer chains influencing
their solvent compatibility and stability were studied. Controlling and understanding the behavior of such
functionalized latex suspensions are critical for their comprehensive applications. To investigate the effect
of the nanoparticle architecture on their rheological behavior, a library of polystyrene nanoparticles
functionalized with a canopy of end-tethered poly(methyl acrylate) chains with different degrees of
polymerization and grafting densities were prepared. When the end-tethered polymer chains were long
enough, the suspensions of polymer-functionalized nanoparticles underwent a liquid to gel transition when
the concentration of the nanoparticles was increased. The architecture of the polymer canopy was the
determining factor for the mechanical properties of the resulting gels; nanoparticles with moderate grafting
density where the polymer chains adopt a relaxed polymer brush conformation led to the formation of the
strongest and most robust gels. In comparison with suspensions prepared with polymer functionalized
nanoparticles, particles with a soft and swollen core formed gels with higher yield stress at a lower solid

content.

5.1.1 Motivation

Nanoparticles (NPs) with a grafted layer of polymers have become ubiquitous building blocks for
applications from the biomedical field to the production of sustainable energy.[17, 72, 184-188] In these
systems, end-tethered polymer chains are often used to modify the properties of NPs, such as stability,

solvent compatibility, dispersibility, and assembly. Polymer chains tethered to latex nanoparticles

1 This section is based on the article:

W. Wichaita, Y.-G. Kim, P. Tangboriboonrat, H. Thérien-Aubin, Polymer-functionalized polymer nanoparticles
and their behaviour in suspensions. Polymer Chemistry 2020, 11, 2119-2128, DOI: 10.1039/C9PY01558B.
Reproduced permission from open access license from Creative Commons Attribution 3.0 Unported License.

Author contribution: W.W., Y.-G.K and H.T.-A designed and performed the experiments. W.W. and H.T.-A
analyzed the data. W.W., Y.-G.K. and H.T.-A discussed the results and wrote the manuscript.
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represent a particular challenge since both the canopy of end-tethered chains and the core of the
nanoparticles are soft and deformable. Thus, designing an ideal polymer layer to optimize the behavior of
the NPs for a specific application is non-trivial and new design principles are needed to rationally engineer
such polymer canopies. Polymer NPs functionalized with a canopy made of end-tethered polymer chains
combine the complex rheological behavior of polymer chains and polymer colloids. Furthermore, to
facilitate the processing of such materials, it is essential to understand how the architecture of such

particles influences their behavior in flow.

Polymer solutions can be complex non-Newtonian viscoelastic fluids, especially in the semi-dilute and
concentrated regime, when the concentration of the polymer in solution is above the critical overlap
concentration. The behavior of the polymer chains in solution depends on not only the concentration but
also the architecture, topology, and flexibility of the chains.[186, 187] Branched polymers, such as star-,
H-, or comb-shaped macromolecules, exhibit larger shear viscosities than their linear analogs.[188, 189]
The viscosity of solutions of branched polymers increases as the number of branches increases, while the
effect of the branch length becomes more marginal as the number of arms increases.[190] One of the key
features of branched systems is the restricted arm interpenetration and arm entanglement as the branching
degree increases.[191] In comparison with solutions of linear polymer chains, the overlap concentration
of solutions of dendrimers or of solutions of polymers having a branched architecture occurs at higher

concentrations because of the limited effective chain entanglement.[192]

The behavior of nanoparticles in suspension could be tuned by the functionalization of the surface of the
nanoparticles with a canopy of end-tethered polymer chains.[72, 167, 193] The behavior of such
nanoparticles dispersed in a polymer matrix has been shown to depend on the composition of the canopy
as determined by the degree of polymerization (N) and grafting density (o) of the chains since these
parameters influence both the particle/particle interaction and the particle/environment interaction.[194,
195] The influence of N and o on the stability of polymer functionalized nanoparticles dispersed in a
solvent or in a solid matrix has been widely studied for nanoparticles with a rigid core. In such systems,
the dynamics of the nanoparticle suspensions and the particle/particle interactions in suspension were
mostly governed by the architecture of the polymer canopy[196] via the excluded volume interactions and
chain configuration entropy,[197, 198] and fluctuations of the polymer canopy influenced the fragility of

the particle assemblies.[199] Furthermore, for similar polymer canopies, the degree of swelling of the
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polymer canopy changes the chain conformation in the canopy and the resulting behavior of the

suspensions.[200]

However, when the core particle is soft and deformable, the influence of the architecture of the canopy
(N and o) has not been addressed, and significant differences could be expected. On the one hand, gel
nanoparticles display a more polymer-like behavior when they are highly swollen because of their
compressibility and facilitated interpenetration. On the other hand, the swelling of the polymer canopy
could promote the canopy interpenetration or the solvation shell surrounding the NPs can create new
slipping planes and act as a lubricating agent for the nanoparticle suspensions.

Here, to understand the relationship between the rheological and mechanical properties of the suspension
and the structure of soft-core/soft-corona polymer nanoparticles dispersed in a good solvent, the
rheological properties of suspensions of these PS@PMA NPs in different solvents were investigated. This
gave insights into how the architecture of the canopy of end-tethered polymer chains and how the
combination of a swollen gel core with the swollen polymer canopy affect the NP suspension and the

behavior of colloidal glasses formed at high NPs concentration.

5.1.2 Results and discussion

A library of core—corona nanoparticles with a core of polystyrene grafted with a canopy of poly(methyl
acrylate) chains (PS,@PMAN) with different chain lengths (N) and grafting densities (o) was prepared
(Table 5.1.1). The synthesis of the particles proceeded via a three-step process (Figure 5.1.1). First,
miniemulsion polymerization[201] was used to prepare PS nuclei used to form core—shell NPs through a
starve-fed emulsion polymerization process[202] to create a thin layer of a copolymer of styrene and the
inimer at the surface of the PS NP. The grafting density was tuned by controlling the concentration of the
inimer in the outer layer of the PS core. Finally, each inimer was used to initiate the polymerization of
methyl acrylate by surface-initiated atom transfer radical polymerization (SI-ATRP).[203] In the dry state,
at room temperature, the resulting NPs were composed of a rigid glassy core surrounded by a soft rubbery
corona (Figure 5.1.1c). PS and PMA were selected because they are strongly immiscible (yrsipma =
0.03-N = 169 -ypsipmma) [204, 205] as observed experimentally with binary mixtures of PS and PMA and
PS/PMA block copolymers readily phase segregating.[204, 206] Thus, the choice of PS and PMA
prevented any specific interaction between the PS core and the PMA canopy potentially influencing the

behavior of the resulting NPs suspensions.
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Figure 5.1.1 Preparation of a library of PS@PMA nanoparticles. (a) Synthetic scheme; (b) NPs with
different grafting densities (o) and chain lengths (N); and (c) SEM of the resulting PSx@PMA2ok NPs.

Scale bars are 500 nm.

Furthermore, using SI-ATRP to grow PMA from the PS surface allowed to precisely tune the length of
the grafted chains, since the polymerization of the methyl acrylate was controlled as demonstrated by the
linear increase of monomer conversions with the polymerization time (Figure 5.1.2). The experimental
molecular weights of the PMA brushes determined by SEC (Mnsec) were in good agreement with the
expected values based on the monomer conversion measured by NMR spectroscopy and the number of
initiating sites measured by ICP (Table 5.1.2). The chemical composition in PS and PMA within the NPs
could be controlled by the architecture of the PMA canopy. The chemical composition of the NPs was
quantified by FTIR spectroscopy using a series of binary mixtures of pure PS NPs and linear PMA in
known weight ratios as a calibration (Figure 4.2.1). The contents of PMA in each sample scaled as
expected with the different o and N (Figure 5.1.3a). The combined analysis of the NPs by ICP, GPC, NMR
and FTIR spectroscopy showed that the length and grafting density of the PMA chains in the PS@PMA

NPs were precisely controlled. This allowed to tune the architecture of the PMA canopy.
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Table 5.1.1 Library of PS@PMA nanoparticles.

Effective grafting

Reaction Mn PMA density ¢ (nm~2)

Sample Time (h)  (10°g/mol) N H:O DMSO  Anisole
PS,@PMAG. 05 31 36 25 25 0.82
PSy@PMAs( 1 6.0 70
PSy@PMAuoc 2 10.0 128
PSy@PMA ¢ 25 15.0 171
PSh@PMA20k 3 19.0 220
PSY@PMAsq 1 35.0 406
PSY@PMAsaq 3 42.0 493
PS1@PMAsoc 6 54.0 623
PSm@PMAa 05 26 31 080 080 0.22
PSm@PMAs( 0.5 6.9 79
PSn@PMAaoi 3 20.0 228
PSn@PMAgoi 2 30.0 349
PSm@PMA 40k 3 42.0 493
PSn@PMAsoi 45 51.0 593
PSI@PMAg( 05 3.8 44 017 013 0.04
PSI@PMAs( 1 8.5 99
PSI@PMA 0k 2 23.0 267
PSI@PMAs0k 15 32.0 377
PSI@PMAsq 2 41.0 474
PSI@PMAsq 25 52.0 610
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Figure 5.1.2 Monomer conversion as a function of polymerization time for the synthesis of PS@QPMA
using the ratio of I/MA/Cu of 1/533/0.1; (M) PSy@PMA (2.5 chains/nm?), (#) PSm@PMA (0.80
chains/nm?) and (@) PSI@PMA (0.17 chains/nm?).
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Table 5.1.2. Library of PS@PMA nanoparticles.

Sample Initiator/MA/Cu(ll)/  Time N Mn NMR SEC Particle size (nm)
PDMETA/ASAC ® (kDa) Mn P  Water DMSO  Anisole
(kDa)
PS with high grafting density (PSh, 6 = 2.5+0.3 chains/nm?) 120 120 210
PSh@PMA3 1/266/0.1/1.0/0.5 0.5 36 3.1 42 17 120 -- 220
PSh@PMAgi 1/533/0.1/1.0/0.5 1 70 6.0 6.6 19 160 -- 320
PSh@PMA 10k 1/533/0.1/1.0/0.5 2 128 10.0 12 21 140 200 300
PSh@PMA 5k 1/533/0.1/1.0/0.5 25 171 15.0 18 2.0 120 230 340
PSh@PMA0k 1/533/0.1/1.0/0.5 3 220 19.0 21 21 140 -- 340
PSh@PM A0k 1/1066/0.1/1.0/0.5 1 406 35.0 27 2.4 140 250 390
PSh@PM Aok 1/1066/0.1/1.0/0.5 3 493 42.0 40 25 140 250 440
PSh@PMAsok 1/1066/0.1/1.0/0.5 6 623 54.0 44 2.0 150 320 600
PS with medium grafting density (PSm, 6 = 0.80+0.03 chains/nm?) 110 110 210
PSm@PMA:k 1/133/0.1/1.0/0.5 0.5 31 2.6 42 19 110 -- 250
PSm@PMAsk 1/266/0.1/1.0/0.5 0.5 79 6.9 89 26 100 -- 260
PSm@PM A0k 1/533/0.1/1.0/0.5 3 228 20.0 20 2.2 110 200 290
PSm@PMAsz0k 1/1066/0.1/1.0/0.5 2 349 30.0 27 21 120 240 330
PSm@PM Aok 1/1066/0.1/1.0/0.5 3 493 42.0 29 21 120 250 320
PSm@PMAsk 1/1066/0.1/1.0/0.5 45 593 51.0 35 24 130 260 340
PS with low grafting density (PSi, ¢ = 0.17+0.02 chains/nm?) 100 115 210
PSI@PMAs 1/266/0.1/1.0/0.5 0.5 44 3.8 42 1.8 95 -- 290
PSI@PMAGk 1/533/0.1/1.0/0.5 1 99 8.5 8.0 21 97 -- 290
PSI@PMA 0k 1/533/0.1/1.0/0.5 2 267 23.0 19 2.3 95 170 300
PSI@PMAs0k 1/1066/0.1/1.0/0.5 1.5 377 32.0 15 2.2 103 180 300
PSI@PMA 0k 1/1066/0.1/1.0/0.5 2 474 41.0 18 2.7 107 200 300
PSI@PMAsk 1/1066/0.1/1.0/0.5 25 610 52.0 34 2.2 97 180 320
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Figure 5.1.3 Effect of the architecture of the PMA canopy on (a) the mass fraction of PMA in the NPs
measured by FT-IR, and (b) the shell thickness of the PMA layer for NPs in dilute suspensions in anisole
(solid symbol) and in DMSO (open symbol) measured by DLS for PS@PMA NPs with increasing grafting
density (A) PSI@PMA (0.17 chains per nm?), (e) PSm@PMA (0.80 chains per nm?) and (m) PSh@PMA
(2.5 chains per nm?),

The PS@PMA NPs with their well-defined composition were used to investigate the effect of the NP
architecture on the behavior of their resulting suspensions. The thickness of the canopy of PMA was
dependent on the solvent quality and decreased when the solvent quality became poorer.[207] In water, a
poor solvent for both PS and PMA (Table 5.1.3), both PS and PMA were shrunken, and the variation in
the diameter with the increase in the N of PMA was limited (Table 5.1.2). The difference in the swelling
of the PS core in the various solvents used resulted in a variation of the effective grafting density observed
for a given NPs (Table 5.1.1). In anisole, a good solvent for both PS and PMA, and in DMSO, a poor
solvent for PS but a good solvent for PMA (Table 5.1.3), the PS@PMA NPs swelled and a variation of

the thickness of the canopy with its architecture was observed. When pure PS NPs were dispersed in
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anisole, they experienced swelling of ca. 100%, whereas when the same NPs were dispersed in DMSO
they only experienced swelling of less than 15% (Table 5.1.2). PS@PMA NPs were dispersed in the same
solvents and the difference in the size of the swollen PS@PMA NPs was compared to the size of the pure
PS NPs in the same solvent to calculate the thickness of the PMA canopy. At low grafting density, only a
marginal increase in diameter was observed because the canopy of PMA was collapsed on the surface and
occupied a limited volume (Figure 5.1.3 and Table 5.1.2). At higher o, an increase in the diameter of the
NP was observed in water due to the crowding of neighboring polymer chains forcing PMA to adopt a

stretched conformation.

Table 5.1.3 Flory-Huggins interaction parameters.

Solvent quality (3)*

Solvent
PS PMA
Anisole 0.18 0.25
DMSO 1.40 0.30
Water 3.13 2.33

* Calculated from the Hansen solubility parameters[208]

The thickness of the layer of tethered polymer chains on a substrate varies with N, the repulsion between
the monomers, the solvent type, o and blob size.[209, 210] When the substrate is the curved surface of a
NP, the behavior of the end-tethered chains is more complex than that on a flat substrate due to the
curvature dependence of the conformation of the polymer chain since the local polymer concentration
decreases with an increase in the distance from the surface of the NPs.[96, 207] Here, the solvated radius
of the NPs was used to calculate the thickness of the PMA corona (Figure 5.1.3b). The correlation between

the thickness of the brush layer (T) and N in various solvents scales with:
T < k(N)“* (5.1.1)

where « is the stretching parameter of the polymer chain, with o = 0 for a canopy where the chains are
completely collapsed on the surface and a = 1 for canopies where the chains are completely stretched; the
value of the scaling exponentais a function of the grafting density and the solvent

quality.[160] According to the extended Daoud—Cotton model and modelization and self-consistent field
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theory, in good solvents, under semi-diluted grafting conditions, the thickness of the polymer canopy
scales with ~N*® while at high grafting density the thickness of the brush layer should scale linearly
with N.[27]

The results of the fit of Eq. 5.1.1 to the thickness of the PMA canopy (Table 5.1.4) show that in anisole
and in DMSO, « increased as o increased due to the steric constraints of tethered polymer chains. At a
high grafting density, the variation in the thickness of the PMA canopy suggested that due to a high local
polymer concentration and high solvent quality, the brushes adopted a stretched conformation. For NPs
with moderate grafting density, the brushes were extended, but not fully stretched, indicative of the semi-
dilute brush regime.[129] For samples with low o, the polymer brushes adopted a more collapsed
conformation. When the NPs were dispersed in water, no clear trend in the variation of the thickness of
the PMA canopy with N and ¢ could be observed. The effects of N and o on the thickness of the PMA
canopy in good solvent suggest that, in anisole, the tethered chains were forced to adopt a stretched
conformation on the surface of NPs with high and medium o due to the steric hindrance, while at

lower o the tethered chain adopted a more relaxed conformation.

Table 5.1.4 The stretching parameter (o) calculated from the fitting of the variation of shell thickness and
N (Eg. 5.1.1).

Stretching parameter (o)

Solvent PS:@PMA,  PSn@PMAx __ PSI@PMA,
Anisole 0.8+03 06+03 03+02
DMSO 0.7+03 07403 03+03
Water 01+04 0.2+0.5

The behavior of the suspension of PS@PMA NPs, naked PS NPs and a binary mixture of PS NPs and free
PMAuok in anisole was investigated under a continuous shear. The solution of free PMAuok chains and the
solution containing a binary mixture of PS NPs and PMAuok chains both displayed mostly Newtonian
behaviors (Figure 5.1.4a) because of the limited interaction and entanglements in these systems. In
contrast, suspensions of PS NPs and PS@PMA NPs exhibited a shear-thinning behavior attributed to the
presence of highly swollen PS or PS@PMA in anisole leading to the formation of either jammed
suspensions or interdigitated networks. [175, 211]
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Figure 5.1.4 (a) Dynamic viscosity of 10 wt% suspensions and (b) the effect of the NP concentration of
the zero-shear viscosity of suspensions of (m) PS NPs, (A )PSh@PMAuok NPs, (@) free PMA4ok and (<) a

binary mixture of PS NPs and free PMAuok in anisole.

The influence of the concentration on the viscosity of the NP suspensions was measured between 0 and
10 wt% in anisole. In continuous shear experiments, the viscosity of the PS@PMA suspension was
affected by the number of NPs in the suspension and the architecture of the PMA canopy. The suspensions
of PS@PMA displayed two regimes of distinct shear-dependent behavior (Figure 5.1.5); at a low
concentration, the suspension behaved as a simple Newtonian liquid over the entire range of the shear rate
studied, while at a higher concentration (ca. 5 wt% for PSh@PMAuok) the suspensions behaved like shear-
thinning fluids.

The zero-shear viscosity (7o) obtained for the suspensions prepared with the different NPs systematically
increased with an increase in the concentration of NPs in the suspension (Figure 5.1.4b). The viscosity of
the suspensions at a given concentration increases with an increase in N. However, the effect of & was not

as straightforward (Figure 5.1.6); for 10 wt% suspensions of NPs with relatively long brushes (N ca. 500),
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the viscosities of high and medium grafting density samples were similar but larger than those of samples
with the lowest grafting density. The influence of the architecture of the PMA canopy was especially
evident when comparing suspensions containing the same number concentration of NPs (or the same
number concentration of PS core) (Figure 5.1.7); for the same number of NPs in the
suspensions, 7o increased with o, while the influence of the architecture was less critical when comparing
suspensions containing the same amounts of methyl acrylate (Figure 5.1.7).

Tor 0 107 10°
Shear rate (s™)
Figure 5.1.5 Influence of NPs concentration on the dynamic viscosity of suspensions of PSh@PM Aok in

anisole at different concentration; (" ) 2.5 wt% (@car = 0.014), (<7) 3.5 Wt% (¢ca = 0.20), (A) 5 Wt% (Pcal
=0.29), () 7.5 Wt% (@car = 0.43) and (V) 10 wt% (dca = 0.57).

n(Pas)

10—2 1 1 1
10" 100 10" 102 103

Shear rate (s™)

Figure 5.1.6 Continuous shear experiments of 10 wt% suspensions of PSx@PMAs NP. ()
PSh@PMAk , () PSm@PMA0k and (@) PSi@PMAaox.

66



10°
el @ = ol @)
'Y 10' °
W g0 L3 W g0 [
g 10 . ; E 10 -
= M ' e . *
- 3 s 10|
= - V} = 0.
102k i;‘ 10°}f e
H o
-3 a ’
v & ; l 107} FREPUE |
10+ L L 1 104 . 1 .
107 10° 10° 10" 10° 10!
NP concentration (wt%) NP concentration (wt%)
107} (b) " 102} ®)
L]
*
E‘ 100f * E 10° * L4
o *n ﬁ ba o . .
= l .4 = k
£ = L
2 [ 0 .1 2 *
10 102} * [ ]
’A‘ s o°
L L o ¥ o
[APLI s ¢0 e @
104 104 1 1 1
104 1|J3 10‘ 104 10°? 102 107
NP concentration (uM) NP concentration (uM)
et © ] et (€)
L]
’ r
’g 10° L] E 100 L4
o Azt L) .o
£ 2 3 *
.
102 g 102F e
ne
] see®
10+ L L L 10 L L L
107 1072 107 10° 10! 1073 102 10" 10° 10!
Concentration of MA units (M) Concentration of MA units (M)
AC) = ot (@)
[ 3
E 10°F ® , E 10° L L]
< o < g o
= . > = L .
102k > 10?2} 4 [}
> ]
L o o
] HI& & 40% o°
104 104 1 1 1
107 10! 10 107 10" 10° 10!
¢w| ¢ca|

Figure 5.1.7 Zero-shear viscosities of PS@PMA NPs suspensions at different concentrations in anisole
given in weight fraction of NPs (a), in molar concentration of NPs in suspension (b), in molar
concentration of methyl acrylate units in the suspension (c) or in the calculate volume fraction (Eq. 4.2.1)
occupied by the NPs (d). For (a,b,c,d) (A) PSh@PMAsk, (») PSh@PMAsk , (¥) PSh@PMA10k , ()
PSh@PMA20k , (®) PSh@PMAszok , () PSh@PMA4ok and (®) PSh@PMAsok and for (a’, b’, ¢’) (1)
PSh@PMA0k , (®) PSm@PMA40k and (@) PSi@PMAuok.
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The transition between the dilute and semi-diluted regimes (C') was defined as the inflection point in the
variation of 7o with NP concentration (Figure 5.1.4b).[198] The C’ of the PS suspension, caused by space
jamming, was ca. 6 wt% and the C' of PS@PMA NPs decreased with the increase in the N and o of the
PMA chains (Figure 5.1.8). In comparison with PS NPs, PS@PMA NPs could, in addition to space
jamming, also undergo interpenetration of the PMA canopy and entanglement of the PMA chains can
occur for the chains with larger N, leading to an increase in viscosity. However, the addition of free PMA

chains decreased the viscosity of the suspension (Figure 5.1.4).

Figure 5.1.8 shows that the concentration of NPs in the suspension required to observe the transition
between the dilute and semi-dilute regimes decreased with increasing N and increasing o. The
interpenetration of the PMA canopy led to an earlier onset of the transition between the viscoelastic
regimes. The rheological behavior of the suspensions, at any given N and ¢, was mainly influenced by the
methyl acrylate content in the suspension (Figure 5.1.9), and the observed C’ decreased linearly with the
number of methyl acrylate units decorating the PS core. The relation between C’ and the NP architecture
was further evidenced when the concentration of C’ was calculated in terms of the number of NPs in the
suspension ([NP]’" in Figure 5.1.9). In this case, as both N and o increased, a decrease in [NP]" was
observed. However, the total amount of the polymer on the NP was the key factor influencing [NP]’, and
similar effects on [NP]’ were observed for NPs with a few long PMA chains or multiple short PMA chains,
an increase in either N or ¢ promoting the NP-NP interactions and reducing the number of NPs needed to

achieve the same effect of the flow behavior of the suspensions.

68



0 200 400 600
Degree of polymerization

0.0 0.5 1.0 15

Grafting density (chain nm2)

Figure 5.1.8 Effect of the architecture of the PMA canopy on the NP concentration at the transition
between the dilute and semi-dilute regimes for a suspension of PS@PMA in anisole. (a) Effect of the
PMA chain length for (A) PSh@PMAy and (m) PS NPs, and (b) the effect of grafting density for (e)
PSx@PMAgk, (€) PSx@PMA2ok and () PSx@PMAaox.
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Figure 5.1.9 Variation of C’ in anisole with the architecture of the PMA canopy. With C’ expressed in (a)
weight fraction of NPs in suspension, (b) volume fraction (Eqg. 4.2.1) of NPs in suspension, (c) molar
concentration of NPs, (d) molar concentration of methyl acrylate units in suspension and (d) molar
concentration of poly(methyl acrylate) chains in suspension. For () PS NPs, (M) PSi@PMA,
(®) PSm@PMA and (@) PSI@PMA and (®) PSx@PMAek, (®) PSx@PMA and (@) PSx@PMA .
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When the concentration of PS@PMA increased above C’, a transition between a liquid-like state and a
gel-like state was observed for some NP architectures (Figure 5.1.10). Concentrated suspensions of PS
NPs formed gels at a concentration greater than ca. 8 wt%, while suspensions of PS@PMA NPs with long
chains (N > 200 units) formed gels at concentrations ranging from 2 to 15 wt%. However, suspensions of
PS@PMA NPs with short chains (N < 175 units) did not form gels even at concentrations as high as 20
wt%. Similarly, binary mixtures of PS NPs and free PMA chains did not form gel-like suspensions even
at high concentrations.
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Figure 5.1.10 Formation of colloidal gels in concentrated suspensions of PS@PMA NPs. (a) influence of
the NP concentration (PSm@PMA2«) and architecture of the PMA canopy (PSm@PMAyand
PSx@PMAk). (b) Elastic (solid symbol) and viscous (open symbol) moduli of 10 wt% suspensions of
(w) PS NPs, (A)PSh@PMA0k NPs, (@) free PMAsok and (#) a binary mixture of PS NPs and free PMAso«.
(c) Complex viscosity of 10 wt% suspensions of (m) PS NPs, (A)PSh@PMAsk NPs, and
(F)PSm@PMAuok NPs in anisole (filled symbol) and DMSO (open symbol).
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Figure 5.1.10b shows that at 10 wt% in anisole, solutions of free PMA and binary mixtures of PS NPs and
free PMA displayed viscous behavior while concentrated suspensions of pure PS NPs and of grafted
PS@PMA behaved as viscoelastic solids (G’ > G"). Furthermore, gels formed with pure PS NPs displayed
a lower yield strain than the gels made of PS@PMA NPs. While PS@PMA NPs formed viscoelastic
solids, the binary mixture of PS NPs and free PMA, with the same chemical composition, did not. The
formation of colloidal gels by the PS NP suspensions could only be ascribed to core—core interactions and
colloidal jamming. The addition of free PMA chains to the PS NPs suspension prevented the formation of
such networks leading to a transition between a viscoelastic solid and a viscous liquid. Similarly, the
grafting of short PMA chains also prevented efficient PS—PS interactions required to form a colloidal gel.
However, when the PMA chains grafted to the PS core were much longer than the critical entanglement
length (Nepva = 125)[212] of PMA, the interpenetration, and potential entanglement, of the PMA
canopies led to the formation of a network of PS@PMA NPs, where the PS core in the PS@PMA NPs
acted as junction points. In addition to anisole, which is a good solvent for both the PS core and the PMA
canopy, suspensions of PS@PMA were also prepared in DMSO, a selective solvent for PMA. When the
same NPs were dispersed in DMSO and in anisole at the same concentration (Figure 5.1.10c and Figure
5.1.11), the suspensions in anisole systematically displayed more solid-like behavior and a larger complex
viscosity than the suspensions in DMSO. Even when taking into account the volumes occupied by the
NPs in different solvents (Figure 5.1.12), only weak gels were formed in DMSQO, although the polymer
canopies were similarly swollen in both solvents (Figure 5.1.3 and Table 5.1.4). The swelling of the core
in anisole in comparison with that in DMSO was the only variable parameter and the easier gelation in

anisole must be ascribed to the interplay between the PS core and the PMA canopy.

Both the modulus and the yield strain of the PS@PMA NP suspensions were affected by the architecture
of the PMA canopy. Figure 5.1.13 shows that, at a fixed o, as N of the canopy increased, the modulus of
a 10 wt% suspension increased and the behavior of the suspension transitioned from liquid-like to gel-
like. This transition was observed at a concentration much lower than what was observed with hard NPs
functionalized with polymer chains. This was even more directly observed by comparing the mechanical
properties of PS@PMA NPs in suspensions in anisole and in DMSQO. The suspensions in anisole contained
soft core NPs surrounded by a soft canopy and suspensions in DMSO were composed of a hard core
functionalized with the same polymer canopy (Figure 5.1.12). The suspensions in anisole of PS@PMA
NPs functionalized with short PMA chains (N < 150 units) did not form gels in the concentration range

studied. The stiffness of the suspension, defined as G* (G’ + iG") in the low strain regime, increased as a
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function of N (Figure 5.1.14 and Figure 5.1.11). However, when the chain length was kept constant
and o increased (Figure 5.1.13b) the properties of the colloidal gels prepared with the NPs varied in a
more complex manner. For suspensions of PSx@PMAok NPs (short brushes of N ca. 225 units) at 10 wt%
in anisole only PSm@PMA20k and PSI@PMA20k displayed a gel-like behavior, the suspension of NPs with
the highest grafting density, PSh@PMA2ok, remained a viscous liquid. The colloidal gel of
PSm@PMA2 NPs was the stiffest (higher G*) and strongest (higher yield strain). However, for
PSx@PMAusok NPs having longer PMA chains (N ca. 500 units) the formation of colloidal gels was
observed for the three different o (Figure 5.1.12) and the gels prepared with the PS|@PMAsok NPs were
both the weakest and the most fragile, those prepared with PSh@PMAuok NPs showed the highest yield
strain, and those prepared with PSm@PMAuok NPs were the strongest. These results show that high ¢ can
prevent the efficient interdigitation of the PMA canopy and the resulting effective NP—NP interactions
due to the large local PMA concentration in the canopies with high o. Increasing the length of the polymer
brush alleviated this effect likely because the effective local concentration of the polymer decreased as the
distance between the surface of the PS core and the surface of the PMA canopy increased. In DMSOQO, the
formation of colloidal gels was only observed for highly concentrated suspensions of PSm@PMA and
PSh@PMA with long PMA chains.
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Figure 5.1.11 Complex modulus (G*) as a function of strain for PS@PMA suspensions at 10 wt% in
anisole. (a) (V) PSh@PMAzk, (A) PSh@PMAsok and (') PSh@PMAuok and (b) (®) PSI@PMA 4ok,
(®) PSm@PMA0k and (7)) PSh@PMAok.
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Figure 5.1.12 Elastic (close) and viscous (open) modulus of PS@PMA suspension in (i) anisole and (ii)
DMSO. (a) Effect of the grafting density on 10 wt% suspension of (Ill) PSx@PMA20k, (®) PSm@PMA20k

and (A) PSI@QPMA20k. (b) Effect of the brush length on 10 wt% suspension of () PSh@PMAuok, (@)

PSh@PMAsok and ( A ) PSh@PMA20k. (c) Effect of nanoparticle concentration in suspension of

PSh@PMAuok in anisole at () 10 wt% (¢ca = 0.62) and (@) 4.5 wt% (@cai = 0.27) and in DMSO at (H)
19 wt% (¢cai = 0.50) and (@) 10 wt% (@cal = 0.25).
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Figure 5.1.13 Visco-elastic behaviour (G’ (solid symbol) and G" (open symbol)) of 10 wt% suspensions
of PSx@PMAW in anisole (i) and DMSO (ii). (a) Effect of the PMA brush length for (m)PSh@PMA10x NPs,
(A) PSh@PMA2xk, () PSh@PMAszwk, and (V) PSh@PMAsok. (b) Effect of grafting density for (e)
PSh@PMA20k, (*) PSm@PMA2k and (A ) PSI@PMA20k.

Figure 5.1.14 shows that the gelation of PS@PMA NPs with longer PMA chains, for which interdigitation
of the PMA canopy was favored, led to an increase in the cohesion of the network formed. Yet, increasing
the grafting density over a certain point decreased the efficiency of the canopy interdigitation. However,
when the gels were prepared with a constant number of NPs in concentration (Figure 5.1.15), an increase
in both N and ¢ led to an increase in the modulus and yield strain of the colloidal gels. The mechanical
properties of the colloidal gels suggested that both the number of PS cores acting as either a cross-linking
point or a filler in the polymer network and the fraction of PMA in the samples and thus the canopy

interdigitation were critical in determining the final behavior of the suspension.
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Figure 5.1.14 Effect of the architecture of the PMA canopy on the properties of the colloidal gels formed
with (i) C = 10 wt% or (ii) deal Ca. 0.5 of (m) PSh@PMA, (e) PSm@PMA, (A) PS@PMA and (V)
PSh@PM Aok in suspensions in anisole (closed symbol) or DMSO (open symbol).
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Figure 5.1.15 Effect of the architecture of the PMA canopy on the stiffness (closed symbol) and the
strength (open symbol) of the colloidal gels formed with () PSm@PMA20k, () PSm@PMAsx and ()
PSm@PMAs, () PSx@PMAskand (@) PSI@PMAsok. For suspension with constant weight fraction (a,

a’), molar concentration of NPs (b, b”) and constant concentration of methyl acrylate units (c, ¢’).

At a constant mass fraction of NPs, suspensions of PS@PMA NPs in anisole were systemically stiffer and
tougher than the suspensions of the same NPs in DMSO. While the canopies of the PS@PMA NPs were
undergoing similar swelling in both solvents, it was not the case for the PS core. Taking into account the
volume occupied by each NP in the different solvents, the concentration of NPs in suspension in DMSO
needed to be higher than in anisole to reach the same volume fraction. Even when comparing suspensions
with similar volume fractions of NPs, the suspensions in anisole behaved in a more solid-like manner and
these suspensions were tougher, with significantly larger yield strain than the suspensions prepared in
DMSO (Figure 5.1.14). The difference in yield strain cannot be ascribed to the difference in the canopy
architecture. Even if the variation of the grafting density during the swelling of the PS core was taken into
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account, the samples prepared PSh@PMA dispersed in anisole should be directly comparable to the
suspension of PSy@PMA in DMSO. The respective effective grafting density was 0.80 chains per nm? for
PSm@PMA in DMSO and 0.82 chains per nm? for PSy@PMA in anisole. Since the PMA canopies had
similar structures in anisole and in DMSO, the conformation of the chain in the canopy was similar in
both solvents; thus the ease of interpenetration between adjacent NPs should be similar in both solvent,
since the main difference between the two systems was only the swelling of the PS core. The results
suggest that having NPs with a soft core functionalized with a polymer canopy favors the formation of

tough and strong gels even at low concentrations.

5.1.3 Conclusion

In summary, a library of PS@PMA core-canopy particles with different canopy architectures, i.e., chain
length (N) and grafting density (o), was prepared and their behavior in suspensions was analyzed using
rheology. The conformation of the end-tethered polymer chains transitioned from collapsed chains, to
brushes, to stretched brushes and was influenced by the degree of polymerization, grafting density and
solvent quality. Using selective solvents uniquely for the canopy or a common solvent for the core and
the canopy, suspensions with different behaviors were obtained, those with a “hard core” and those with

a “soft core”.

Polymer-functionalized soft core NPs displayed similar trends as expected for more traditional hard core
NPs. As expected, suspensions of soft PS NPs and soft PS@PMA NPs displayed a non-Newtonian
behavior. The soft PS NPs formed jammed suspensions while for suspensions of soft PS@PMA NPs the
interdigitation of the PMA canopy could be the main contributor to the shear thinning behavior. The
viscosity of the suspension was governed by both the concentration of the NPs in the suspension and the
architecture of the PMA canopy. The concentration at which the transition between the dilute and semi-

dilute regimes occurred shifted to a lower concentration with increasing N and o.

As the concentration increased, the PS@PMA suspensions transitioned from a viscous liquid to a gel in
which the PS core was a junction point for the entangled grafted PMA chains. This transition was observed
at lower concentrations for NPs dispersed in a solvent where both the core and the canopy were swollen.

The key factor affecting the sol—gel transition of the PMA functionalized PS NPs was the number of MA
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units decorating the PS core, but the properties of the resulting gels were largely influenced by the
architecture of the PMA canopy and the swelling of the core. More effective interdigitation between the
NPs occurred at high N and moderate o due to the increased opportunity for canopy interpenetration. Gels
were formed with either naked PS NPs or PS@PMA NPs with long PMA chains, where the interdigitation
of the PMA canopy could be accompanied by chain entanglements, but not with PSx@PMAN NPs with
short polymer brushes (N < 200 methyl acrylate units) or binary mixtures of PS NPs and free PMA chains.
It was found that the mechanical properties of the suspension, both moduli and yield strain, were affected
by both the corona architecture and concentration of NPs in the suspension. The direct comparison of soft-
PS@soft-PMA NP and hard-PS@soft-PMA NP suspensions revealed that the soft NPs formed gels at
lower concentrations and that the gels at similar NP contents were stronger and tougher when the core of
PS@PMA was softer in comparison with suspensions prepared with a hard core. These results provide
information to tailor the behavior of the polymer latex by controlling the architecture of a layer of the

grafted polymer to tune the rheological and mechanical properties of the latex suspensions.
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5.2 Dynamics of soft and hairy polymer
nanoparticles in a suspension by NMR
relaxation?

The previous section explored the macroscopic behavior of suspension of polymer nanoparticles
functionalized with end-tethered polymer chains. The results show that the macroscopic behavior was
influenced by interparticle interactions such as chain entanglement and interdigitation. In this section, the
local behavior of the grafted system was studied by NMR spectroscopy to understand more precisely how

the NPs architecture influences the behavior of the system at the polymer subsegmental scale.

The design of surface-modified functional nanoparticles (NPs) is used to control the properties of the NPs
and the NP/environment interactions. The efficient control of the final behavior of the NPs demands a
comprehensive understanding of the resulting system. This is particularly challenging for systems with an
architecture of the type polymer core—polymer canopy. In such systems, one of the key parameters
influencing the behavior of the NPs is the local dynamics of the polymer canopy. However, because the
grafting points of the canopy are experiencing their own local dynamics, predicting the final behavior of
such systems is difficult. To get a deeper understanding of NPs made of a soft and swollen polymer core
and a swollen polymer canopy, a library of hairy NPs made of a polystyrene (PS) core and a canopy of
grafted poly(methyl acrylate) (PMA) chains was prepared. The softness of the PS core and the thickness
of the PMA canopy were controlled, and the behavior and dynamics of the soft and hairy PS-PMA NPs
in suspension were measured by *H NMR relaxation and dynamic light scattering. It was observed that

the rigid PS core slowed down the subsegmental dynamics of the PMA chains, while thick PMA canopies

2 This section is based on the article:

Y.-G. Kim, M. Wagner, H. Thérien-Aubin, Dynamics of Soft and Hairy Polymer Nanoparticles in a Suspension by
NMR Relaxation. Macromolecules 2020, 53, 844-851. DOI:10.1021/acs.macromol.9b01813 Reproduced
permission from copyright 2020 American Chemical Society.

Author contribution: Y.-G.K and H.T.-A designed the experiments. and Y.-G.K performed the experiments.

M.W. conducted relevant characterization. Y.-G.K and H.T.-A analyzed the data. Y.-G.K., M.\W. and H.T.-A
discussed the results. Y.-G.K and H.T.-A wrote the manuscript.
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accelerated the relaxation of the PS core. The dynamics of the NPs in suspension was the result of the

interplay between the PS core and the PMA canopy.

5.2.1 Motivation

Previous studies of the relaxation dynamics of grafted chains, both experimentally and by simulation, have
demonstrated that the presence of a substrate significantly affects the subsegmental dynamics of the
tethered polymer chains and can impact the mechanical properties of the resulting materials. [31, 32, 131,
180] However, there are significant discrepancies in the effect of different canopies architectures of the
local chain dynamics. The presence of the substrate usually creates a confinement effect influencing the
relaxation of the tethered polymer chains, and this effect decreases with increase in N. [181-183] For
example, studies of the relaxation dynamics of a polymer chain grafted on inorganic NPs have shown that
the relaxation rate of short tethered chains was increased by orders of magnitude in comparison to the
untethered chains because of the conformational changes of the polymer chains, and as the chain length
increased, the relaxation rate of the tethered chains converged to the relaxation rate observed for
untethered chains of similar molecular weight. [31] Other studies have shown that the relaxation of grafted
polymer chains was impeded in comparison to free polymer chains of the same molecular weight because

of their immobilization on a substrate. [213]

Such differences arise from different methods used to analyze the polymer dynamics, which can probe
different types of relaxation processes and give access to different physical characteristics. For example,
a study, using neutron spin echo (NSE), has shown significantly faster chain dynamics for poly(methyl
acrylate) (PMA) grafted to silica particles when the length of the chain was increased above the threshold
for the transition from the concentrated brush region, close to the substrate, and the semidiluted brush
region. [32] However, a recent study using neutron backscattering (BS) of a similar system of PMA chains
grafted to silica NPs has shown that there is only a limited effect of N of the grafted chain on the local
relaxation of the polymer. [214] These studies were not probing the same dynamics; NSE measures the
global dynamics over a wide range of correlation time, [33], whereas BS was used to probe the

subsegmental dynamics. [215] Similarly, nuclear magnetic resonance (NMR) spectroscopy can be used
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to probe local subsegmental relaxation of grafted polymer chains and gives access to faster subsegmental

dynamics that involve motions, vibrations, and rotation of side groups. [216]

NMR spectroscopy is a versatile method to interpret the local dynamics of polymers[217] and has been
used to study functionalized NPs in suspension. [218-220] NMR relaxation is an ideal method to study
the behavior of swollen soft NPs functionalized with polymer chains because it allows for the
simultaneous and independent characterization of the local behavior of the core particle and the canopy
of end-tethered polymer chains. In NMR spectroscopy, the spin—lattice (T1) and spin—spin (T>) relaxation
times can be correlated with the local molecular motions in the molecules. [221] In particular, unlike other
methods used to probe polymer dynamics, such as dielectric spectroscopy, NMR relaxation provides
information on the local dynamics of specific chemical groups in the macromolecular structure without
the need for labeling. [216]

Most of the studies devoted to the relaxation of end-tethered polymer chains have focused on the polymer
grafted to rigid solid substrates, such as silica or gold NPs, where the tethering points can be considered
as fixed. The effect of having softer substrates with faster relaxation dynamics has been largely overlooked
so far. [222-224] In such systems, in addition to the dynamics of the canopy of end-tethered polymer
chains, the dynamics of the core also need to be taken into account. Then, the system becomes more
complex, and the interpretation of the results is more challenging in comparison to polymer chains grafted

on rigid inorganic cores.

Here, to address the complex dynamics in a system where both the canopy of the end-grafted polymer and
the particle core undergo relaxation in a similar frequency range, the study of the local dynamics of hairy
NPs with a polymer—polymer core—canopy architecture was studied by NMR spectroscopy. The core—
canopy architecture was designed with a polystyrene (PS) core and a canopy of PMA (Figure 5.2.1). The
cross-linking density of the core, and thus the softness of the core of the particle, was tuned by the addition
of different amounts of divinylbenzene (DVB) during the synthesis of the PS nanonetwork. Then, SlI-
ATRP was used to grow the PMA chains from the initiators immobilized on the PS surface. The relaxation
dynamics of the resulting PS-PMA hairy NPs in suspension was investigated by NMR relaxation at
different temperatures and magnetic fields. The length of the PMA chains and the cross-linking density of
PS cores were controlled to understand the relationship between the rigidity of core and the degree of

polymerization of the polymer canopy and the local dynamics in NPs.
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Figure 5.2.1 (a) Synthesis of PS NPs and PS-PMA NPs by a tandem approach based on miniemulsion
polymerization and SI-ATRP. (b) Photographs of stable suspensions of PS NPs and PS-PMA NPs in
DCM. (c) NMR spectra of free PMA chains, PS NPs, and PS-PMA NPs (CDCl», 700.02 MHz, 298 K).

5.2.2 Results and discussion

The synthesis of a library of PS NPs functionalized with PMA chains was carried out in a multistep
manner. First, PS-DVB NPs were prepared by miniemulsion polymerization using different amounts of
DVB (from 0.5 to 10 mol % of cross-linkers). Afterward, a layer of cross-linked PS containing 5 mol %
of the ATRP initiator was polymerized at the surface of the PS-DVB NPs in a starved—fed regime. The
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resulting cross-linked PS NPs swelled in a good solvent, such as DCM, and their swelling varied between
370 and 1000% depending on the cross-linking density (Table 5.2.1) and provided NPs with different
softness used as the “core” to graft a “canopy” of PMA. Then, using a “grafting from” approach, PMA
chains were polymerized from the ATRP initiators immobilized at the surface of the PS NPs. The
molecular weight of the resulting end-tethered polymer chains varied from 3.5 to 26.2 kg mol (or 41 to
305 units). The density of the ATRP initiators on the surface of the PS-DVB NPs was ca. 0.8 chains nm~
2 in water and after redispersion and swelling in DCM ca. 0.2 chains nm~2 (Table 5.2.1).

Table 5.2.1 Grafting density and size of PS NPs in H,O and in DCM.

DVB in PS Core Graftina:ﬂgnsity in Radiui'?;)NPs in Radiu;gf'\;l\lPs in
(mol%) (chains nm”) (nm) (nm)
05 0.81+0.06 45 95
3 0.86+0.07 51 g2
10 1.08+0.08 69 a5

Dispersing the hairy PS-PMA NPs in a good solvent, such as DCM, resulted in a stable suspension
because of the combined swelling of the core and the polymer canopy. The change of the solvated radii
(Rn) of PS—-PMA NPs with different degrees of cross-linking was studied in DCM, a good solvent for both
PS and PMA (Figure 5.2.2). The particles systematically swelled in DCM in comparison to the particles
dispersed in water (in the presence of surfactant) a non-solvent for both PS and PMA (Figure 5.2.3). The
results show that in DCM the size distribution of the unfunctionalized NPs was systematically larger than
for the NPs functionalized with short PMA chains, although the unfunctionalized PS NPs were used as
the substrate to grow the PMA chains for the preparation of the PS-PMA samples. DCM is a better solvent
for PMA than for PS, and the addition of PMA likely increased the colloidal stability of the NPs by
preventing particle agglomeration more efficiently. Nevertheless, all the PS-PMA NPs cross-linked with
different amounts of DVB showed a similar overall trend; as N of the grafted PMA chains increased, an
increase in the size of the NP was observed and the relationship between the thickness of the grafted
polymer layer (H) and N of the PMA chains scaled as H o N%~072 (Figure 5.2.4). This scaling

relationship was similar to what has been observed for chains grafted on spherical NPs adopting a stretched

brush conformation (H o< N®% for poly(methyl methacrylate) in acetone and H =~ N°7 for PS in benzene).
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[27, 97, 98, 225] These stretching factors suggest that in the PS-PMA NPs, the end-tethered PMA chains

were in a stretched brush regime.
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Figure 5.2.2 Size (Rn) and size distribution (PDI) of PS-PMA NPs functionalized with PMA chains with
a degree polymerization (N) ranging from 0 to 305 units, measured by DLS in DCM. NPs with cross-
linked PS cores prepared with 0.5 mol % of DVB (green circle), 3 mol % of DVB (blue triangle), and 10
mol % of DVB ( ).
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Figure 5.2.3 Hydrodynamic radius of PS-PMA NPs in water (in the presence of surfactant) measured by
dynamic light scattering for NPs prepared with 3 mol% of DVB (blue triangle) and 10 mol% of DVB

( ) as cross-linker.
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Figure 5.2.4 Radius of PS-PMA NPs with (a) 10 mol%, (b) 3 mol%, and (c) 0.5 mol% of DVB in DCM
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versus degree of polymerization (N) with the curve fit of H ~ DP'+A.

NMR spectroscopy was used to individually study the average relaxation of the PS and PMA in different
PS—-PMA NPs. All the relaxation curves could be fitted to a monoexponential decay (Figure 4.2.3),
indicating that the relaxation process of every type of proton could be described by one single relaxation

mechanism or by a distribution of T1 averaged by spin diffusion. Ty is the measure of the rate of energy

86



transfer from an excited nucleus (the spin) to other molecules or nucleus in its immediate environment
(the lattice) and is influenced by the local dynamics of the group bearing the spin under observation and
the presence of other spins in the immediate environment as described by the Bloembergen—Purcell-
Pound (BPP) model (Eqg. 4.2.4 and 4.2.3). [144] The influence of swelling and cross-linking density on
the relaxation of the NP core was studied by measuring the T1 of naked PS NPs (Figure 5.2.5). The
longest T1 observed was 2.8 s for highly cross-linked PS NPs and decreased gradually with the decrease
in the cross-linker concentration. The variation of Ty with the correlation time of the local relaxation
process describes a parabola with a frequency-dependent minimum, and for relatively slow local
subsegmental motions, like those observed in the systems under study, one would expect T1 to decrease
as the subsegmental dynamics becomes faster. [144] The increase in T1 observed with the increasing
cross-linking density was in agreement with the expected trend for macromolecules and gels, [226] where,
as the network becomes more cross-linked and rigid, the local subsegmental dynamics slows down leading

to an increase in T1.

0 2 4 6 8 10
DVB in PS NPs (,.,%)

Figure 5.2.5 T; relaxation of PS aromatic *H in DCM-swollen naked PS NPs with different cross-linking
density, NMR at a Larmor frequency of 700.02 MHz at 298 K.

Figure 5.2.6 shows that for any length of the PMA chains, the T: of the PS aromatic protons in the samples
of PS-PMA-DVB10 was systematically longer than the T1 of PS in PS-PMA with a lower degree of
cross-linking in the PS core. This result was consistent with the decrease of T1 observed for the naked PS
NPs when the cross-linking density was decreased (Figure 5.2.5). Additionally, all NPs prepared using 3
and 10 mol % of cross-linker showed a decrease in T1 when increasing N of the PMA chains. This result

suggests that the grafting of PMA chains on the cross-linked PS core speeded up the local dynamics of
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the PS and that longer PMA chains facilitate more efficiently the relaxation of the PS network. The effect
of the end-tethered chains was the most prominent with the relatively rigid core and less effective in NPs
with a softer core because of the initially faster subsegmental dynamics of the PS in the sparsely cross-
linked core associated with the larger swelling of the softer NP core.
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Figure 5.2.6 *H spin—lattice relaxation of the (a) aromatic ring of PS and (b) methoxy group of PMA in
PS-PMA NPs with different degrees of polymerization of the PMA chains (N) grafted on PS cores with
different cross-linking densities, measured at a Larmor frequency of 850.27 MHz at 298 K. NPs with
cross-linked PS cores prepared with 0.5 mol % of DVB (green circle), 3 mol % of DVB (blue triangle),
10 mol % of DVB ( ), and untethered PMA chains (violet diamond)

Figure 5.2.6b shows the relaxation of the protons in the methoxy group of PMA for free PMA chains and
PMA chains tethered to a PS surface in PS-PMA NPs. In the range of N studied, the T1 of the free PMA
chains did not vary significantly and the T values of the free chains were consistently longer than
the Ty values of the grafted chains. This decrease in T1 upon grafting could be the consequence of an
increase in the local subsegmental chain dynamics of the tethered PMA triggered by changes to the

polymer chain conformation caused by grafting, in agreement with other studies, [214] or to an increase
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in the efficiency of the spin—lattice interaction. The Ty of the PMA chains grafted to the more rigid PS
cores, cross-linked with 10 mol% of DVB, remained constant over the range of N analyzed. However, for
chains grafted to the softer PS cores (PS-DVBO0.5 and PS-DVB3), an increase in Ty was observed
when N increased. The T relaxation time observed for three different systems all converged to a similar
value, independent of the cross-linking density of the PS cores when long PMA chains were immobilized
to the surface of the PS NPs. However, when short PMA chains were grafted to the PS NPs, the decrease
in T1 observed between the free PMA chains and the end-tethered chains was more pronounced for the
chains grafted to the soft and deformable PS cores in comparison to chains grafted to PS-DVB10.
The T values measured by NMR spectroscopy are the average values over every methoxy group in the
PMA chains, and the results suggest that the PMA units close to the surface of the PS core were
experiencing a larger variation in Ty relaxation times than the PMA units further removed from the
grafting point. The Ty values measured could be the average of the relaxation time of PMA units located
close to the PS surface and others further removed from the substrate. However, the difference observed
between the T relaxation time of the PMA chains with similar N grafted to PS cores with different cross-
linking degrees decreased as N increased. Thus, the results suggested that the substrate effect only had a
short-range influence. The substrate effect on the T: values measured did not disappear for long PMA
chains but was masked because of the increased number of methoxy groups not experiencing the effect of

the substrate.

To better understand the local chain dynamics in both the core and the canopy of the PS-PMA NPs, the
correlation between the Ty relaxation time of PS and PS-PMA NPs was measured at different
temperatures and Larmor frequencies. An increase in temperature should result in faster local
subsegmental dynamics, and thus, shorter T:. While most of the NPs analyzed displayed the expected
decrease in Ty with increasing temperature (Figure 5.2.7), it was not the case for the PS core of highly
cross-linked NPs (Figure 5.2.8 and Figure 5.2.9). Both the unfunctionalized PS NPs and the PS-PMA NPs
cross-linked with 10 mol % of DVB showed an increase in Tz relaxation time with increasing temperature,
suggesting the existence of a slower relaxation mechanism at high temperatures in these samples. This
result could be attributed to changes in the swelling of the PS core. In the same temperature range, the
size of the densely cross-linked PS NPs in DCM decreased with increasing temperature, while the size of
sparsely cross-linked PS NPs increased (Figure 5.2.10). Similarly, the deswelling of highly cross-linked
PS gels in toluene has been observed when increasing temperatures. [227] Thus, counterintuitively, in

highly cross-linked NPs, although the local dynamics of the solvated free PS chains should be faster with
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increasing temperature, an overall increase in Ty relaxation time was observed and was related to the

deswelling of the highly cross-linked PS NPs resulting in a more rigid polymer network.
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Figure 5.2.7 Temperature and magnetic field strength dependence of *H spin-lattice relaxation time of
PS—PMA hairy NPs cross-linked with 3 mol% of DVB. (a,b) Influence of the temperature on the relaxation
of the aromatic ring of the PS core (a) and of the methoxy group of PMA chains (b) at 278, 288, 298, and
308 K measured with a Larmor frequency of 850.27 MHz. (c,d) Influence of the magnetic field on the
relaxation of the aromatic ring of the PS core (c) and of the methoxy groups of PMA chains (d) measured
at 298 K with Larmor frequencies of 500.13, 700.02, and 850.27 MHz.
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Figure 5.2.8 Temperature and magnetic field strength dependence of *H spin-lattice relaxation time of PS
core NPs with different cross-linking density at Larmor frequencies of 500.13 MHz, 700.02 MHz and
850.27 MHz NMR at 278 K, 288 K, 298 K and 308 K

When using NMR relaxometry, molecular motions that are occurring at a rate similar to the resonance
frequency of the nucleus under investigation are more effective in influencing the efficiency of the spin—
lattice relaxation. In addition to the temperature and the resonance frequency of the nucleus, the
observed Ty is also a function of the distance between two interacting spins. The BPP model take those
last two factors into account in describing the subsegmental motions and can be used to relate Ty to the
local chain dynamics in the PS-PMA NPs (Eq. 4.2.4 and 4.2.5) [144] and to evaluate the correlation time

(tc) associated with the local subsegmental motions in the PS-PMA NPs.

For all NPs, an increase of T1 was observed when the magnetic field was increased, indicative of a
relatively slow local motion (Figure 5.2.9). When using different NMR magnets to vary the magnetic
field, the relaxation time will change. This effect is attributed to the fact that minimum T value is observed
when the rotational correlation time of the relaxation under study is equal to the inverse of the Larmor
frequency of the nucleus observed. [144] This variation in Ty relaxation times at different magnetic fields
was used to calculate the correlation time (t¢) of the segmental motions of PS-PMA NPs (Figure 5.2.11)
with the BPP model (Eq. 4.2.4). For the naked PS NPs, tc increased with an increase in the degree of
cross-linking in agreement with the reduction of the subsegmental dynamics of the PS network as the
cross-linking increased. The tc of PS in PS-PMA NPs decreased with increasing N of the PMA because
the PMA chains were promoting the local relaxation of the PS core. The 1. of PMA chains also showed a

variation with the degree of cross-linking of the PS core and N of the PMA chains. The 1. of the methoxy
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group of the free PMA chains with an N of 36 units was 135 ps in DCM. The 1 of all the grafted PMA
was either equal or longer than that of the free chains. As the cross-linking of the PS core increased, the
Tc,pmA INCreased indicative of a reduction in the subsegmental dynamics of the grafted PMA chains.
Furthermore, as N of the PMA chains increased, the average tcpwa decreased because of the faster
subsegmental dynamics of the PMA units located farther from the substrate, and as N increased, the effect
of the substrate decreased, and consequently, tcpwma for the grafted PMA chains converged to the

te.pma Measured for free PMA chains.
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Figure 5.2.9 Temperature and magnetic field strength dependence of *H spin-lattice relaxation time of (a),
(b), (c) PS core and (d), (e), (f) of PMA brushes with DVBO0.5, DVB3, DVB10 hairy NPs at Larmor
frequencies of 500.13 MHz, 700.02 MHz and 850.27 MHz NMR at 278 K, 288 K, 298 K and 308 K. The
magnetic field strength increases from the bottom set of Ti relaxation times to the above set. The
temperature rises from the left (278 K) to the right (308 K) within one column.
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Figure 5.2.10 Normalized swelling of naked PS NPs in DCM at 308 K normalized by radii of NPs at
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Figure 5.2.11 Correlation time of the *H spin-lattice relaxation in the (a) PS core and the (b) PMA chains
in PS-PMA hairy NPs at 298 K. NPs with cross-linked PS cores prepared with 0.5 mol % of DVB (green
circle), 3 mol % of DVB (blue triangle), 10 mol % of DVB (orange square), and untethered PMA chains
(violet diamond).
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The t¢ for both PS and PMA was faster with lower cross-linking and a longer PMA canopy, suggesting
that covalently tethering PMA chains to the PS core accelerated the subsegmental dynamics of the PS core
and that this effect increased with the increasing degree of polymerization of the PMA chains. Similarly,
the presence of the substrate slowed down the subsegmental dynamics of the tethered chains, and this
effect was more pronounced for more rigid substrates and decreased for longer chains. Figure
5.2.12 summarizes the interrelation between the composition of the core and the local dynamics of the
canopy and between the composition of the canopy and the local dynamics of the core. On the one hand,
the presence of PMA chains softened the PS core and facilitated the local relaxation. This effect increased
as N increased, and was more pronounced when the rigidity of the substrate increased. On the other hand,
grafting the PMA chains to the PS substrate impeded the local relaxation of the PMA in comparison to
free PMA chains in solution; this effect was stronger when the PMA chains were grafted to a more rigid
PS core, and more visible for short chains which can be relatively more strongly influenced by the

substrate effect than long chains.
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Figure 5.2.12 Effect of the interplay between the PS core and the PMA canopy on the local dynamics of
PS—PMA NPs. (a) Effect of the length of the PMA canopy on the local dynamics of the PS core measured
for the PS core cross-linked with 3 mol % of DVB (blue triangle) and 10 mol % of DVB ( ).
(b) Effect of the rigidity of the PS core on the local dynamics of the PMA canopy measured for PMA

chains of N ca. 50 units (green circle) and N ca. 250 units (pink diamond).

To fully understand the relaxation mechanism in the PS-PMA NPs, the temperature influence on t. of the
core and the canopy of PS-PMA NPs was measured between 278 and 308 K (Figure 5.2.13). An increase
in temperature is associated with faster local subsegmental chain dynamics resulting in a decrease of ..

The dynamics of the free PMA chains and PMA chains grafted to sparsely cross-linked PS cores followed
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the expected trend with the increase in temperature. However, 1cps of highly cross-linked PS NPs
increased at higher temperatures. When PMA chains were grafted to the NPs, the ¢ ps of the highly cross-
linked core in PS-PMA NPs showed an even more severe increase. In contrast, sparsely cross-linked PS
NPs and the PS core in PS-PMA NPs only exhibited a slight increase in tcps as the temperature increased.
This effect of temperature on the tcps observed for different cross-linking densities was in accordance
with the negative thermal expansion observed for highly cross-linked PS NPs swollen in DCM (Figure
5.2.13); the deswelling of NPs at high temperatures led to a slower local relaxation dynamics. The
subsegmental dynamics of PMA chains grafted on the highly cross-linked PS core followed a similar trend
and tcpma increased at higher temperatures. Thus, the local dynamics of the PS core directly affected the

local dynamics of the PMA canopy.
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Figure 5.2.13 Effect of temperature on the correlation time (tc) for the *H spin—lattice relaxation. (a)
Relaxation of the aromatic *H of PS for unfunctionalized PS NPs prepared with 10 mol % of DVB (brown
diamond) and with 0.5 mol % of DVB (green triangle) and for the PS core of PS-PMA NPs cross-linked

with 10 mol % of DVB ( ) and 0.5 mol % of DVB (blue circle). (b) Relaxation of the
methoxy *H of PMA for free PMA chains (N = 46) (violet diamond), PMA chains (N = 100) of PS-PMA
NPs prepared with 10 mol % of DVB ( ) and with 0.5 mol % of DVB (blue circle).
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5.2.3 Conclusion

In summary, *H spin—lattice NMR relaxation was used to characterize the dynamics of soft and hairy PS—
PMA NPs in suspension in DCM, a good solvent for both the PMA canopy and the PS core. The length
of the PMA chains and the amount of the cross-linker in the PS cores were controlled by miniemulsion
followed by SI-ATRP. The resulting NPs had a low size dispersity, formed stable suspensions in DCM,
and the grafted polymer chains were in an extended brush conformation in all samples. DLS measurements
showed that the swelling of the PS-PMA NPs was influenced both by the degree of cross-linking of the
PS core and the length of the PMA canopy. NMR relaxation was used to analyze the subsegmental
dynamics of the system. As observed by other techniques, grafting polymer chains slowed down the
subsegmental relaxation dynamics of the grafted chain, but more interestingly, grafting polymer chains
on soft and deformable NPs allowed us to address a new phenomenon, the relation between the local
relaxation dynamics of the core and the local relaxation dynamics of the canopy. A clear interplay between
the PMA canopy and the PS core was observed. More rigid PS cores slowed down the subsegmental
relaxation dynamics of the PMA chains more efficiently than softer cores, whereas the presence of longer
chains in the PMA canopy accelerated the local relaxation dynamics of the PS cores more efficiently than
short chains. Canopies prepared with long PMA chains showed marginally faster subsegmental dynamics
than the ones made with shorter chains because of the stronger influence of the substrate on short PMA
chains. However, the local dynamics of the grafted chains, especially short ones, was strongly influenced
by the local dynamics of the substrate. The relaxation dynamics of the PS cores was mainly determined
by the degree of cross-linking, but the tethering of long PMA chains accelerated the constrained

subsegmental motions in the cross-linked PS.

The results show the influence of the local dynamics of the substrates on the overall dynamics of the
system. A clear relationship between the local dynamics of the core particles and the local dynamics of
the end-tethered polymer chains was found. Grafting a canopy of polymer chains that are pulling and
tugging on the tethering points on a soft and deformable NP influences the local dynamics of the soft core.
Moreover, the local dynamics of the tethered chains is affected by the softness and the dynamics of the

substrate.
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5.3 Impact of the solvent quality on the local
dynamics of soft and swollen polymer
nanoparticles functionalized with polymer3

The architecture of polymer-functionalized polymer nanoparticles is important in determining the
behavior of the nanoparticles in suspensions and their potential applications. Another important factor
influencing the behavior of the NPs in suspension is the interaction between the solvent used as the

continuous phase and the different components of the polymer-functionalized polymer nanoparticles.

To explore the relationship between the solvent quality and the dynamics of polymer-functionalized soft
polymer NPs, we designed a system based on cross-linked polystyrene (PS) NPs grafted with a canopy of
poly(methyl acrylate) (PMA). PS and PMA, two immiscible polymers, can be selectively solvated by
using binary mixtures of solvents. NMR spectroscopy was used to address the effect of those selective
solvents on the local mobility of the PS-PMA core-canopy NPs and revealed an interplay between the
local mobility of the core and the local mobility of the canopy. A selective reduction of the solvent quality
for the PMA canopy resulted in the expected reduction of the local mobility of the PMA chains, but also
in the slower dynamics of the PS core. Similarly, a selective reduction of the solvent quality for the PS

core resulted in a slower dynamics for both the PS core and the PMA canopy.
5.3.1 Motivation

The grafting of end-tethered polymer chains on a surface is an excellent strategy to control the properties
of interfaces such as the surface of nanoparticles (NPs) in suspension.[95, 228] Nanoparticles

functionalized with a canopy of end-tethered polymer chains have been used in a variety of applications,

8 This section is based on the article:

Y.-G. Kim, H. Thérien-Aubin, Impact of the Solvent Quality on the Local Dynamics of Soft and Swollen Polymer
Nanoparticles Functionalized with Polymer. Macromolecules 2020, Accepted

Author contribution: Y.-G.K and H.T.-A designed the experiments. and Y.-G.K performed the experiments. Y .-
G.K and H.T.-A analyzed the data and discussed the results. Y.-G.K and H.T.-A wrote the manuscript.
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such as drug delivery, adhesives, or coatings.[17, 229-231] Using a canopy of end-tethered polymer chains
to tune the interactions between the nanoparticles and their environment is a strategy widely employed to
control the dispersibility of nanoparticles both in suspension and in polymer matrixes for the formation of
nanocomposites with specific properties.[195, 232] The properties of the resulting functionalized NPs are
affected by the chemical composition of the polymer canopy, its architecture, and its interaction with the
environment. The dynamics of the tethered chains is a piece of crucial information to understand the
behavior of such systems. The chain dynamics in polymer-functionalized NPs have been studied for a
variety of rigid nanoparticles core[27] such as gold,[233] silica,[32] or carbon black.[234] However, new
polymer-grafted systems used in drug delivery or tissue engineering rely on softer NP cores like polymer
micelles or swollen nanogels.[235, 236] When the polymer chains are tethered to such soft and deformable
NP cores, tuning the properties of the polymer canopy to optimize the behavior of the functionalized
nanoparticles represent a particular challenge since both the canopy of end-tethered chains and the core
of the nanoparticles are soft, deformable, and strongly affected by the conditions of the surrounding

environment such as the solvent quality.[237]

The behavior of polymer-grafted NPs is tunable through the control of the polymer chain conformation,
which is influenced by the architecture of the polymer canopy defined by the grafting density and the
chain length of the end-tethered polymer chains. For example, polystyrene-grafted silica nanoparticles in
a polystyrene matrix displayed tunable aggregation states, forming short strings, sheets, or clusters, by
controlling the molecular weight and grafting density of the end-grafted polystyrene chains.[195] This
behavior was attributed to the conformation of the end-tethered chains and the architecture of the polymer-
grafted nanoparticles. The conformational changes experienced by the end-tethered chains are related to
the local concentration of monomer units. Chains tethered to a substrate at a high grafting density will
experience a stronger steric hindrance from the neighboring chains leading to a larger reduction of
conformational entropy than chains tethered at a lower grafting density. Similarly, when chains are
tethered to a spherical substrate, like a nanoparticle, the local monomer concentration will decrease
radially from the surface of the core nanoparticle to the interface between the surface of the polymer
canopy and the surrounding environment, and the steric hindrance and the reduction of conformational
entropy will decrease analogously. Consequently, the chains grafted to a NP experience distribution of
confinement states.[96] The variation in the extent of confinement results in different interactions between
the polymer-functionalized NPs themselves and between the polymer-functionalized NPs and their
environment.[96, 238]

98



The study of the polymer chain dynamics and conformation is used to understand the effects of
architecture and solvent quality on the behavior of functionalized NPs.[32, 162, 239, 240] Different
techniques such as dielectric spectroscopy, neutron spin-echo, or neutron backscattering spectroscopy[31,
33, 241, 242] are probing different time scale and thus different aspects of the polymer dynamics.[243]
High-field NMR relaxometry compares advantageously to other techniques. It can be used to investigate
fast relaxation processes associated with the motions, vibrations, and rotation of side groups and it probes
the subsegmental and Rouse dynamics of the polymer chains.[218, 243-249] NMR spectroscopy provides
results in keeping with other techniques like dielectric spectroscopy or quasielastic neutron scattering[216]
with the added bonus of allowing for the analysis of the local dynamics of specific chemical groups
without the need for labeling. Both NMR spectroscopy and more specifically NMR relaxometry have
become more popular to characterize polymer functionalized nanoparticles both in the solid-state and in
suspension.[250-253]

When dealing with swollen polymer NPs, the influence of the solvent quality for the core NPs on the
behavior of the suspension is also critical. Soft NPs are deformable in comparison to the inorganic hard
NPs and can respond to external stimuli such as temperature, pH, and solvent quality. Under good
solvency conditions, the polymer NPs are swollen with solvent and are soft and deformable, but when the
solvent quality decreases, deswelling is observed and results in a variation in the rheological behavior,
optical properties, interfacial behavior, aggregation, self-assembly of the NPs in suspension.[254-258] For
example, when the quality of the solvent of aqueous suspensions of poly-N-isopropylacrylamide
(PNIPAM) soft microgels is decreased either by increasing the temperature or by the addition of a
cononsolvent, the volume occupied by the particles in suspension decrease leading to the obtention of
collapsed microgel, a reduced segmental chain dynamics, and a diminution in the viscosity of the
suspension.[259, 260]

In the case of polymer NPs functionalized with end-tethered polymer chains, the role of solvent quality is
complex, but understanding the role of solvent quality on the dynamics, conformation, colloidal stability
and properties is crucial in the design of new functional and responsive nanomaterials used for example
in drug release application.[261] The contribution of the solvent quality on the swelling and dynamics of
both the core and the end-tethered layers needs to be studied in more detail. The interplay between the
dynamics of the shell and of the core NP needs to be better understood.[262, 263] Here, to understand the

effect of solvent quality on the dynamics of swollen polymer NPs functionalized with a canopy of polymer
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chains, we functionalized cross-linked polystyrene (PS) NPs with a canopy of poly(methyl acrylate)
(PMA) (Table 5.3.1). PS and PMA are two immiscible polymers that can be selectively solvated using

binary mixtures of solvent (Figure 5.3.1).
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Figure 5.3.1. (a) Synthesis of PS-PMA NPs. (b) Polymer-Solvent Flory-Huggins interaction parameter

()(polymer_solvem) for PS (upper panel, closed symbol) and PMA (lower panel, open symbol) with solvent

mixtures of DCM and co-solvents, cyclohexane (red) and acetone (blue). The Xpolymer-solvent WaS calculated

from the Hansen solubility parameters of the polymers and solvents (Table 5.3.2 and Table 5.3.3) using
eq 4.2.8. (c¢) The expected effect of the relative solvent quality on the swelling of the PS-PMA NPs.
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Table 5.3.1. Library of PMA and PS-PMA NPs analyzed
Sample Initiaéon;/g/IEAT/iu(l V Fteuerﬁgtéﬁ; N (%rﬁgﬁ) (khg”r’negﬁl) Ds. oem (nm) PDI
PS - -- 0 -- -- 179+ 2 0.04 + 0.02
PS-PMA 1/249/0.1/1 1.5 50 4.3 -- 192 +2 0.02 +0.01
PS-PMA 1/702/0.1/1 1 257 22.1 -- 248 £ 2 0.06 % 0.02
PS-PMA s« 1/766/0.1/1 1 320 27.5 21.3 307+2 0.05 % 0.02
PS-PMA2« 1/991/0.1/1 1 487 42.0 33.1 3792 0.04 £ 0.02
PS-PMAs 1/1404/0.1/1 1 600 51.7 47.2 407 £ 4 0.05 % 0.02
Free PMA 1/148/0.1/1 1 43 3.7 4.0 -- --
Free PMA 1/702/0.1/1 1 264 22.7 22.6 -- --
Free PMA 16k 1/1685/0.1/1 6 1312 113 116

a: degree of polymerization

[MA]¢=q
[MA]¢=0

b:

X molar ratio of MA to Initiator

Table 5.3.2. Molar volume and Hansen solubility parameter of polymers and solvents. [156, 264]

Polymer or solvent Molar volume / J, J, S,
composition (cm’ mol”) MPa)?  (MPa)”  (MPa)"”
PS - 18.5 45 2.9
PMA - 18.6 10.5 7.5
Xbem 1.00 63.9 17 7.3 7.1
X Acetone .00 74.1 15.5 104 7.0
X cyclohexane 1.00 108.0 16.8 0 0.2
X cetone 0,00 ¥pem 0.01 64.8 16.9 7.6 7.1
X pcetone 0.18 T Xpewm 0.82 65.7 16.7 7.9 7.1
X pcetone 0,27 XpeM 0.73 66.6 16.5 8.2 7.1
X pcetone 0,36 XDCM 0.64 67.6 16.4 8.5 7.1
X cyelohexane 0.06 T XDCM 0.94 66.6 17.0 6.6 6.4
Xeyelohexane 0.13 " DM 087 69.5 17.0 5.8 5.7
X cyelohexane 0.20 T Xpem 0.60 72.8 16.9 5.1 5.0
Xcyelohexane 0.28 T Xpem 0.72 76.3 16.9 4.4 4.3
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Table 5.3.3. Flory-Huggins interaction parameters of the solvent mixtures

Flory-Huggins interaction parameter, y, ,

Solvent composition PS PMA
Xbem 100 0.22 0.13
X acetone 1.00 0.65 0.29
XCyclohexane 1.00 0.43 1.92

0.24 0.13

+
XAcetone 0.09 XDCM 0.91

+X 0.28 0.14

XAcetone 0.18 “~'DCM 0.82

X pcetone 0.27 Xpem 0.73 0.32 0.16
X Acetone 0.36 T XDCM 0.64 0.35 0.16
Xeyclohexane 0.06 T XDCM 0.94 0.17 0.18
X ycloheane 013 Xpem 0.87 0.13 0.25
X ycloheane 0.20 T Xpem 0.80 0.11 0.34

+X 0.09 0.45

XCchohexane 0.28 "'DCM 0.72

5.3.2 Results and discussion

PMA grafted PS soft NPs were prepared via miniemulsion polymerization, followed by surface-initiated
atom transfer radical polymerization.[41, 203, 265] In the present study, PS NPs were sparsely cross-
linked (0.5 mol% of divinylbenzene), and functionalized with PMA chains of increasing lengths, and the
five different molecular weight varied from 4 kDa to 52 kDa. The grafting density of the PMA chains was
0.20+0.02 chains nm™ when the NPs were dispersed in dichloromethane (DCM). The increase in the size
of PS-PMA NPs was observed in DLS and TEM measurements (Figure 5.3.2). The NPs were dispersed
in solvent mixtures of DCM with either cyclohexane or acetone to selectively control the solvent quality.
The local dynamics of the PS core and of the PMA canopy were addressed independently using the spin-

spin relaxation time obtained by NMR spectroscopy.

NMR relaxometry is especially ideal for interpreting the dynamics of soft NPs with a surface
functionalization of end-tethered polymer chains because the measurements can resolve the relaxation of
specific chemical entities such as the polymer chains anchored on the surface, or the cross-linked polymer

network in the core NPs.[221, 263, 266] The spin-spin relaxation characterized by the relaxation time 7>
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is the result of the interactions between the rotating spins in the system without energy exchange,[267]
and it is used to study the effect of temperature, molecular weight, cross-linking density or entanglement
on the molecular mobility. The 7> is an ideal marker of the local dynamics in the swollen PS-PMA NPs
and to study the segmental motions of their polymer chains in the picosecond timescale. The 7> time is
related to the spectral density function (J(wo) at the Larmor frequency wy) of the spin system, as 1/7>x
3J0)+ 5J(wo)t+ 2J(2wo).[144] In the simplest system, for an isotropic rotation, the spectral density
function can be used to calculate the correlation time associated with the rotation since J(wo)= ©/(1-
w¢*t?). Similarly, the correlation time of more complex relaxation mechanisms can be extracted from the
NMR data.[268] In every case an increase in 7> is associated with an increase in the local mobility of the
segment under study and probes relaxation mechanisms occurring on a time scale similar to the Larmor
frequency of the magnet,[243] 300 MHz in the present study. To characterize the dynamics of PS core
and PMA corona, the 7> of the aromatic ring from the polystyrene core and of the methoxy group of the
poly(methyl acrylate) canopy were measured using the Carr-Purcell-Meiboom-Gill pulse sequence
(Figure 4.2.4).[269, 270] A stretched exponential function (eq. 4.2.6) was used to describe the NMR decay
in order to take into account the distribution of confinement states experienced by the polymer chains. The
T values reported for the PS core and of the PMA canopy are the average T» for a given polymer
component calculated using eq. 4.2.7. The relaxation of PS NPs, PS-PMA NPs, and free PMA chains was
investigated in mixtures of DCM and cyclohexane and mixtures of DCM and acetone. To understand the
effect of the solvent, the NPs were first dispersed in DCM, a good solvent for both PMA and PS, then the
addition of a selective non-solvent, cyclohexane or acetone, was used to tune the solvent quality (Table

5.3.4).

Table 5.3.4. Flory-Huggins interaction parameter (x ) for the different polymer-solvent pairs

polymer-solvent

used. The x was calculated from the Hansen solubility parameters of the polymers and solvents

polymer-solvent

(Table 5.3.2 and 5.3.3) using eq 4.2.8.

X polymer-solvent

Polymer

DCM Acetone Cyclohexane
PS 0.22 0.65 0.43
PMA 0.13 0.29 1.92
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The quality of the solvent remained below y =0.5 for both the PS core and the PMA canopy to ensure that
the suspensions remained stable during the experiments (Figure 5.3.1b). The swelling of the NPs was
characterized by their diameter obtained by dynamic light scattering (DLS) in the different solvent
mixtures (Figure 5.3.3) and normalized to the diameter of the same NPs measure in pure DCM. The
solvodynamic diameter (Ds) of pure PS NPs increased when the mole fraction of cyclohexane increased
in the solvent mixture (Figure 5.3.2a) and decreased with the addition of acetone. The swelling observed

is in agreement with the Flory-Huggins interaction parameter ()(p ) of PS in those solvent

olymer-solvent
mixtures (Table 5.3.3). For free PMA chains, the radius of gyration of the chain (R;) moderately increased
with the addition of acetone and decreased with the addition of cyclohexane (Figure 5.3.4). The mixed
system composed of a PS core functionalized with a canopy of end-tethered PMA chains displayed a more
intricate behavior (Figure 5.3.3b) due to the simultaneous swelling and deswelling of the different polymer
components. PS-PMAy displayed a similar swelling behavior as the PS NPs (Figure 5.3.5). However, as
the length of the PMA chains in the PS-PMA NPs increased, the swelling behavior of the PS-PMA
particles became sharply distinct from the swelling of pure PS NPs (Figure 5.3.5). The effect of the solvent
quality on the swelling of the PS-PMA NPs must take into account the simultaneous swelling of the PS
core and deswelling of the PMA canopy upon the addition of cyclohexane or the swelling of the PMA

canopy accompanied by the deswelling of the PS core upon the addition of acetone.

Intensity a. u.

10 100 1000
Size distribution (nm)

Figure 5.3.2. (a) Solvodynamic size distribution of PS NPs (black line), PS-PMAuk NPs (green line) and
PS-PMA2sk NPs (red line) in DCM measured by DLS and transmission electron microscopy image of
(b)PS NPs and (c)PS-PMA2gk NPs .
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Figure 5.3.3. Normalized solvodynamic diameter and size distribution (PDI) of (a) PS NPs (V¥triangle),

and (b) PS-PM A« (@circle), measured by light scattering at 298k in solvent mixtures of DCM (violet)

with cyclohexane (red), and with acetone (blue). Ds were normalized by Ds measured in DCM.
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Figure 5.3.4. Hydrodynamic radii of free PMA 116k measured by static light scattering in solvent mixtures
at 298k. Normalized by Ds in DCM. For solvent mixtures of DCM with cyclohexane (red triangle), and

with acetone (blue square).
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(green square), PS-PMAm (dark green circle), PS-PMAzgk (blue diamond) in the solvent mixture of

(a)DCM/acetone and (b)DCM/cyclohexane measured by light scattering in solvent mixtures at 298k.

As the solvent quality changed and the PS core swelled and deswelled, so did the effective grafting density
of the chains. Because of the initial size of the NPs and the limited swelling of the PS core, the effective
grafting density only moderately changed, ranging from 0.19 chains-nm2 in DCM/cyclohexane to 0.24
chains-nm in DCM/acetone (Table 5.3.5). Similarly, the swelling and collapse of the PMA canopy could
also affect the conformation and dynamics of the system. However, when measuring the variation in the
thickness of the polymer canopy with the increase in the degree of polymerization of the PMA chains
(Figure 5.3.6), the scaling relationship (eg. 5.3.1) showed that in every solvent system used, the chains
maintained a conformation corresponding to stretched chains in a concentrated polymer brush regime.[27]

Even though the addition of cyclohexane resulted in moderately less stretched chains (Table 5.3.6).

T < NV (5.3.1)
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where T is the thickness of grafted chains (T=(Dps-pma-Drs)/2), N is the degree of polymerization of the

PMA chains, and v is the stretching parameter. When v is equal to 1, the chains are in a completely

stretched conformation. As v decreases, the chains are adopting a more and more collapsed conformation.

Table 5.3.5. Grafting density of PS-PMA NPs in different solvent mixtures.

=N
o
o

-~
[&)]

N
o

Thickness of PMA canopy (nm)
[<)]
o o

Solvent composition

Grafting density

Radius of the PS core

(chains-nm ") (nm)
X water 1.00 0.81+0.06 45
Xpem 1.00 0.20+0.02 90
X acetone 0,09 XpCm 091 0.21%0.02 88
Xacetone 0,18 Xpem 0.82 0.22+0.02 87
XAcetone OA27+XDCM 0.73 0.23+0.02 85
X acetone 0.36 T XDCM 0.64 0.24+0.02 83
X cyclohexane 0.06 T Xpom 0.04 0.20+£0.01 91
X cyclohexane 0.13 T XDCM 0.87 0.19+0.01 93
X cyclohexane 0.20 T Xpom 0.80 0.19+0.01 93
X cyclohexane 028 XDeM 0.72 0.19+0.01 93
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Figure 5.3.6. (a) Thickness of PMA canopy measured with DLS and scaling fitting with Eqg. 5.3.1 in

DCMos+cyclohexaneo.s (red triangle), and in DCMoe+acetoneo.s (blue square). (b) Stretching parameter

of grafted PMA chains in PS-PMA in solvent mixtures. For solvent mixtures of DCM (violet circle) with

cyclohexane (red triangle), and with acetone (blue square).
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Table 5.3.6. Stretching parameter of the PMA canopy of PS-PMA NPs in solvent mixtures.

Solvent composition

Stretching parameter

Xbem 1.00 0.89+0.05
X acetone 0,09 XDCm 0.91 0.88+0.01
X acetone 0,18 XDCMm 0.82 0.88+0.01
X acetone 027 XpcM 0.73 0.89+0.01
X acetone 0.36 T XDCM 0.64 0.89+0.01
X cyclohexane 0.06 T XDCM 0.94 0.89+0.02
XCchohexane 0.13+XDCM 0.87 0.86+0.02
X cyclohexane 0.20 T Xpcm 0.80 0.88+0.01
XCchohexane 0.28+XDCM 0.72 0.85+0.02

Grafting PMA chains to the PS NPs influenced the 7> of both PS and PMA in comparison to the free
components. The relaxation of the NPs in pure DCM (Figure 5.3.7) revealed that the grafting of the PMA
chains on the PS core led to an increase in the 73 of the PS core. This phenomenon is the consequence of
the grafting of mobile PMA chains. At the same time, anchoring the PMA chains to the PS core resulted
in a moderate decrease in the 7> of the PMA chains due to the substrate effect decreasing the segmental
dynamics of the grafted chains in comparison to free PMA chains.[213] The interplay caused by the
tethering of two polymer systems with different intrinsic dynamics is reminiscent of the block copolymer,
where the dynamics of a slow block can be enhanced by tethering a more rapidly relaxing block and
inversely the dynamics of a fast block can be slowed down by the tethering to a slower block.[271, 272]
In such situations, the fluctuation of the more rapid segment was responsible for the acceleration of the

segmental mobility of the slower component.
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Figure 5.3.7. Effect of the addition of selective non-solvent for the PMA canopy on the local mobility of
PS-PMA NPs. T relaxation of 'H of the (a) aromatic ring of PS of PS NPs ( ), PS-
PMAu (green square), PS-PM Ak (dark green circle), PS-PMA sk (blue diamond), PS-PM A4 (light blue
pentagon) and PS-PMAsk ( ) and (b) methoxy group of free PMA2xk (red triangle), PS-
PMAuk ( ), PS-PMA 2k ( ), PS-PMA2sk (violet diamond), PS-PMA42k (magenta
pentagon) and PS-PMA sy ( ) in DCM/cyclohexane mixtures.

Changing the quality of the solvent by the addition of cyclohexane, a marginal solvent for PS and a non-
solvent for PMA, changed the local dynamics of both the PS core and the PMA canopy of the PS-PMA
NPs (Figure 5.3.7). In the case of PS NPs, the 7> of the protons of the aromatic ring remained almost

constant during the addition of cyclohexane in DCM as the quality of the solvent (y,q ..,) Changed from

0.22 to 0.09 (Table 5.3.3). This observation was consistent with the swelling behavior of PS in
DCM/cyclohexane mixture displaying a moderate increase in swelling with the addition of cyclohexane.
Under the same conditions, the relaxation of the free PMA chains decreased linearly in keeping with the

deswelling of the chains associated with the increase in ypy, . jven ffOM 0.13 to 0.43. More surprisingly,
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when the PMA chains were immobilized on the PS core, the 7> of both the aromatic protons and the
protons of the methoxy group decreased with the addition of cyclohexane. The 7> of the methoxy group
decreased even more steeply for PS-PMA NPs than for free PMA chains, and this decrease was more
pronounced for the PS-PMA NPs functionalized with short PMA chains. The variation of 7> observed
with the degree of polymerization of the PMA chains can be ascribed to the different conformational
changes occurring in the PMA chains when they are immobilized on the surface of the PS NP, while short
chains are forced to adopt an almost fully extended conformation, longer chains, because the radial
decrease in the steric crowding in the canopy, can adopt, on average, a more relaxed conformation. More
counterintuitively, 72 of PS in PS-PMA decreased just like the free PMA since, even, if the solvent
condition becomes better for the PS. This phenomenon can be related to the increased local mobility
observed for PS in DCM when PMA chains were grafted to the PS core due to the rapid relaxation of the
PMA chains. As the local mobility of surrounding PMA canopy was reduced, so was the enhancement of
the PS local mobility caused by the grafting of the PMA chains. The increase in local mobility observed
in pure DCM was no longer present in DCM/cyclohexane solvent mixtures. At high cyclohexane content,
the local dynamics of the PS core in PS-PMA NPs became similar to the local dynamics of pure PS NPs

since the PMA no longer increased the local mobility of the substrate.

The relaxation behavior of pure PS NPs, PS-PMA, and free PMA chain in DCM/acetone solvent mixture
was also studied (Figure 5.3.8). Acetone is a good solvent for PMA and a poor solvent for PS. Upon the
addition of acetone to DCM the T of free PMA chains remained constant as the solvent quality yp\ ;s corvent
changed from 0.13 to 0.16. Simultaneously, the 7> of pure PS NPs moderately decreased when the mole

fraction of acetone increased in the solvent mixture due to the nonsolvency of PS in acetone with y,q (o
increasing from 0.22 to 0.35. The decrease in ypq (1ene WS also associated with the deswelling of the PS

NPs (Figure 5.3.3). After the addition of acetone, the 7> of the tethered PMA chains significantly decreased,
in keeping with the decrease of the local mobility of the PS core, this phenomenon was more pronounced
for short PMA chains and systematically reduced as the length of the end-tethered PMA chains increased.
Therefore, the local mobility of short chains was more susceptible to be influenced by the dynamics of the

substrate, especially when the substrate was soft and deformable.
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Figure 5.3.8. Effect of the addition of selective non-solvent for the PMA canopy on the local mobility of
PS-PMA NPs. T relaxation of 'H of the (a) aromatic ring of PS of PS NPs ( ), PS-
PMAu (green square), PS-PM Ak (dark green circle), PS-PMA sk (blue diamond), PS-PM A4 (light blue
pentagon) and PS-PMAsk ( ) and (b) methoxy group of free PMA2xk (red triangle), PS-
PMAuk ( ), PS-PMA 2k ( ), PS-PMA2sk (violet diamond), PS-PMA42k (magenta
pentagon) and PS-PMA sy ( ) in DCM/acetone mixtures.

The variation of the 7> of PS and PMA as a function of X of the polymers in the different solvent

olymer-solvent
mixtures (Figure 5.3.9) emphasized the existence of an interplay between the dynamics of the PMA
canopy and the dynamics of the PS core. Pure PS NPs and free PMA chains both showed the expected

overall linear decrease in 7> when the y, . varies from a good solvent to a marginal solvent (Figure

5.3.10). However, the local mobility of the grafted core-canopy system was more complex because of the
synergetic effect of the co-solvent addition. The normalized 7> of PS in PS-PMA NPs increased as the

solvent quality decreased ()pg . yen INCreasing from 0.09 to 0.22) and then followed the trend of pure PS

NPs and decreased with a further increase of ypq ... This change in behavior occurred when the co-
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solvent used to tune the solvent quality changed from cyclohexane to acetone and was ascribed to the
interplay between the local mobility of the core and the local mobility of the PMA canopy. Initially, the
addition of acetone decreased the solvent quality for the polystyrene core but had a limited influence of

the solvent quality for the PMA canopy (Figure 5.3.11).

(a) Cyclohexane Acetone
30f 4
2 ] DCM
25 ll/
<20 i
= 1
o '
g1 e o !
£
¢ T T @ v B X g
Wost 8 t 2 i ©
I
0_0 I I ! 1
01 0.2 0.3
Y AT

(b) DCM Acetone Cyclohexane
~

-
(=]
o
/

1
g g' L 4 v v v
o 1
o~ 1
e
orsf ® 8 8 $
E Q F (m] ° (o3
L |
£050F O
g oy | B
Q. % 1 o
= 0.25 :
- 1 L 1
0.1 0.2 0.3 0.4 0.5
(c) Y 47
<10} o
- o o ¢ M
- ) cyclohexane
~
; 0.8 J. 8 ¥ o® ¢ %
@ @ @ o
206 %e ® DCM
[} D.
g 04F = a
4 a DCM/
acetone
0.2 L

0.2 0.4 0.6 0.8 1.0
Normalized T; pg

Figure 5.3.9. Normalized 7> relaxation time of 'H of the (a) aromatic ring of PS of PS NPs (
), PS-PMAux (green square), PS-PM A2k (dark green circle), PS-PMA»sk (blue diamond), and PS-

PMA 2k (light blue pentagon) and (b) methoxy group of free PMA2xk (red triangle), PS-PMAuxk (

), PS-PM A ( ), PS-PMA sk (violet diamond), and PS-PM A4 (magenta pentagon) as
a function of y,, of PS and PMA. 7> normalized to the 7> of the pure PS NPs or free PMA chains in the
same solvent composition. (¢) Relation between the variation of the 7> relaxation time of PS and PMA in
solvent mixtures normalized to the 7> observed in pure DCM for PS-PMA4 (@), PS-PMA2 (W), PS-
PMAsk (@), and PS-PMA4k.
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Consequently, the local mobility of the PS core followed the same trend as the local mobility of the
unfunctionalized PS NPs since there were no other effects. However, the addition of cyclohexane to the
DCM suspension was accompanied by an increase in the solvent quality for the PS core and a decrease in
the solvent quality for the PMA canopy, and the behavior of the PS core deviated from the behavior of the

unfunctionalized PS NPs, because the local mobility of the PS core was not only influenced by ypq ivent

but also by the behavior of the PMA canopy. The grafting of the PMA canopy increased the local mobility
of the PS core, but this effect was observable only when the PMA canopy was in a good solvent and

sufficiently mobile.
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Figure 5.3.10. Variation of the T relaxation time of (a) PS NPs and (b) free PMA chains in different

binary solvent mixture.

The 7> of the PMA canopy on the PS-PMA NPs was characterized by a discontinuity when the solvent

mixture was changed from DCM/acetone to DCM/cyclohexane mixture. First, 7> decreased as xpya_opvent

increased from 0.13 to 0.16 with the addition of acetone, then increased drastically when 6 mol% of

cyclohexane was used as a co-solvent and ypy, 4 e €hanged from 0.16 and 0.18. Then, the 7> of the

PMA canopy decreased again with the increases induced by the addition of more

of XPMA-solvent
cyclohexane. Although the change in solvent quality experienced by the PMA chains was limited when

switching the cosolvent from acetone to cyclohexane, the 72 of the PMA canopy was simultaneously
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influenced by the large variation in solvent quality sustained by the PS (Figure 5.3.12) resulting in a

decrease in the local mobility of the PS core.

Consequently, the effect of y

polymer-solvent for one single component of the PS-PMA system cannot solely

be used to explain the variations observed in the relaxation dynamics. The simultaneous impact of the
change of the solvent quality on both PS and PMA should be considered as well as the interplay between
the local dynamics of the core and of the canopy. When the solvent mixture was changed from 36 mol%

acetone in DCM to 6 mol% cyclohexane in DCM, the ypy 4 sovens €hanged from 0.16 to 0.18, but the ¢

changed from 0.35 to 0.17. Between those conditions, the local mobility of the naked PS NPs

solvent
increases 3-folds. Thus the substrate of the PMA brushes was significantly different going from 36 mol%
of acetone to 6 mol% of cyclohexane and resulted in the discontinuous behavior observed for the 7> of the
PMA canopy. As the local mobility of the PS increased, the substrate effect limiting the local mobility of
the grafted chain was less prominent, and the 7> of the PMA chains increased. The addition of more
cyclohexane led to a steady decrease in the 72 of the PMA corona in keeping with the behavior of free
PMA chains. Additional evidence of the interplay between the dynamics of the core and the canopy, was
the effect of the degree of polymerization of the PMA chains on local mobility of the system. The impact
of the solvent quality on the local mobility of PMA chains was more pronounced for the shorter PMA
chains, for which the local mobility of the canopy was more strongly dependent on the local mobility of

the PS substrate.
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Figure 5.3.11. Flory-Huggins interaction parameter of PS as a function of that of PMA with
DCM/cyclohexane (red triangle), DCM/acetone (blue square), and DCM (black circle).
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The interplay between the PS core and the PMA canopy could only be understood by concurrently
considering the effect of ypg . 1vene 394 Xpyiasovent ON the T2 of both PS and PMA, (Figure 5.3.13). The

solvent quality had a definite impact on the 7> of both the PS and PMA segments. However, the 7> of the
PS was also influenced by the relaxation of the PMA segments, and inversely the relaxation of the PMA
segments was affected by the local mobility of the PS core (Figure 5.3.9¢). In the PS-PMA core-canopy
system, the reduction of the relaxation time of the core was systematically accompanied by a decrease of
the relaxation time of the canopy irrespectively of the chain length. Inversely, a reduction of the 7> of the
canopy led to a reduction of the 7> of the core. Consequently, only when using a common good solvent
resulted in fast local mobility for either PS or PMA in the coupled system. The addition of a selective non-
solvent resulted in the decrease in the relaxation of both the core and the canopy irrespectively if the non-

solvent was selective for the core or the canopy.

RS

'l 'l 'l '
0.0 0.1 0.2 0.3 0.4
Molar fraction of co-solvent

Figure 5.3.12. Influence of the molecular weight on the mobility of free PMA chain. T2 relaxation of *H
of methoxy group of free PMA4k (empty symbol) and PMA22k (filled symbol) in DCM/cyclohexane (red
triangle) and DCM/acetone (blue square) mixtures measured at a Larmor frequency of 300.13 MHz at
298K.
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Figure 5.3.13. Normalized T- relaxation of *H of the aromatic ring of (a)PS NPs (light green cube), (b)PS-
PMAuk (green cube), (c)PS-PMA2k (dark green cube), (d)PS-PMA:sk (blue cube), (e)PS-PMAusk (light

blue cube) (f)PS-PMAs ( ) and methoxy group of (g)free PMA2x (red tetrahedron) (h)PS-
PMAu ( ), (i)PS-PMA22x ( ), ())PS-PMAsk (violet tetrahedron),
(K)PS-PMAugk (magenta tetrahedron) (I)PS-PMAs2k ( ) as a function of x,, of PS

and PMA. T2 normalized to the T of the pure PS NPs or free PMA chains in pure DCM. Black, blue, and

red in x-z and y-z planes indicate the solvents with DCM, DCM/acetone, and DCM/cyclohexane,
respectively.
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5.3.3 Conclusion

In conclusion, the study of the relaxation dynamics of soft swollen gel nanoparticles functionalized with
polymer chains was investigated by NMR relaxometry. The effect of the solvent quality on the swelling
behavior and the relaxation dynamics of PS core and PMA canopy of PS-PMA hairy soft NPs were
investigated using solvent mixtures with tunable and selective solvent quality favoring either the PS core
or the PMA canopy. The results suggest a strong interplay between the dynamics of the core and the

dynamics of the canopy of end-tethered chains.

In a single polymer system, either pure PS NPs of free PMA chains, the 7> of the polymer decreased with

decreasing Xy However, in the case of PS NPs functionalized with a canopy of end-tethered

olymer-solvent"
PMA chains, the effect of the solvent quality on the 7> of the polymer was more complex due to the
interplay between the mobility of the PS core and of the PMA canopy. Generally, the functionalization of
the PS core with a canopy of swollen and mobile PMA chains increased the 7> of the PS in comparison to
unfunctionalized PS NPs. As expected, the addition of a selective non-solvent for the PMA canopy
reduced the solvent quality for the PMA canopy, and a reduction in the local mobility of the PMA chains
was observed. However, this reduction in the local mobility of the PMA canopy triggered a reduction in
the local mobility of the PS core, although the solvent quality for the PS core increased in that solvent
mixture. Similarly, as the local mobility of the PS decreased with the addition of a selective non-solvent,

the 7> of the PMA canopy also reduced due to a stronger immobilization by the PS core.

Selectively decreasing the solvent quality for one of the polymer components, either the PS core or the
PMA canopy, resulted in a decrease in the mobility of both polymer components. When a polymer system
with a complex architecture, such as the core-canopy PS-PMA NPs under study, are used, the synergetic

effect between composition, architecture, and environment need to be considered during their processing.
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5.4 Influence of the Architecture of Soft Polymer-
Functionalized Polymer Nanoparticles on
their Dynamics in Suspension®

The macroscopic behavior of PS-PMA core-canopy NPs in suspensions studied in section 5.1 shows that
the length of the grafted chains, the grafting densities, the swelling and softness of the core, all had
significant effects on the rheological behavior of the suspensions. NMR relaxation was used (section 5.2
and 5.3) to investigate the impacts of the core softness, length of the grafted chains, and solvent quality
on the behavior of the suspension at the sub-colloid scale, by measuring the local segmental motion in the
core and in the canopy of grafted polymer chains. Finally, to correlate the global behavior observed by
rheology with the local behavior measured by NMR, the combined effect of the variation of the chain
length and grafting density on the local subsegmental dynamics of the core and the canopy was measured

by NMR relaxation.

The grafting density is a crucial parameter in defining the conformation of the grafted chains and
influences the dynamics of the grafted chains. Thus, an understanding of chain dynamics at various
grafting density is essential to tune the properties of nanoparticles with polymer brushes. While the effect
of the chain grafting density on the local dynamics of the tethered chains has been studied when the core
particle is hard and rigid, like silica, the dynamics of the grafted system where the core particle is itself
soft and mobile has not been investigated. In such systems, the dynamics of the core can influence the
dynamics of the tethered chains and reversely, the dynamics of the tethered chains can influence the
dynamics of the core, poly(styrene) (PS) particles functionalized with poly(methyl acrylate) (PMA) chains
were prepared with various chain lengths at different grafting densities. NMR spin relaxation revealed

4 This section is based on the article:

Y.-G. Kim, W. Wichaita H. Thérien-Aubin, Influence of the Architecture of Soft Polymer-Functionalized Polymer
Nanoparticles on their Dynamics in Suspension. Polymers, 2020, 12, 1844

Author contribution: Y.-G.K and H.T.-A designed the experiments. and Y.-G.K performed the experiments.

W.W. synthesized polymer samples, Y.-G.K and H.T.-A analyzed the data and discussed the results. Y.-G.K and
H.T.-A wrote the manuscript.
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that the confinement effect on the mobility of the grafted chain was more prominent for densely grafted
short chain likely due to the steric hindrance created by the close proximity to the rigid core and of the
neighboring chains. More interestingly, a thick layer of a densely grafted PMA canopy efficiently
increased the local mobility of the PS cores. The results obtained by NMR relaxation of the nanoparticle
suspensions and thermal analysis of the dried nanoparticles suggest an interplay between the dynamics of

the core and the dynamics of the canopy.
54.1 Motivation

Nanoparticles (NP) possess a large surface area to volume ratio, and the control of the interface has a
critical influence on the properties of the NP systems by tuning their interaction with their surrounding
environment. Controlling the surface properties is critical since the incompatibility of the NPs with their
surrounding media can result in the agglomeration of the NPs. The surface properties of the NPs can be
controlled by tethering polymer chains on the surface to improve the NPs compatibility with a solvent or
a polymer matrix.[17, 273-276] The layer of tethered polymers, whether the chains are in a brush
conformation or not, forms a canopy around the core particle, and this layer of grafted chains defines the
interaction between the NPs and between the NPs and their environment.[277] In such cases, the final
behavior of the NPs is influenced by the chemical composition of the grafted chains, but also by their
degree of polymerization (N) and their grafting density, the number of grafted chains per unit of area (o).
Variations in N and o in systems where the polymer chains are tethered to hard and rigid nanoparticle
core, such as silica or gold, influence the dynamics of the grafted polymer chains. And the architecture of
the canopy of grafted polymer chains defines the interfacial properties of the NPs, such as particle/particles
interaction or NPs/solvent interaction.[196, 277-281] However, the behavior of systems where the core is
itself soft and deformable like a nanogel has not been addressed, and the dynamics of polymer chains
grafted on the surface of soft NPs need to be thoroughly understood to improve the design of such

systems.[263]

The architecture of the grafted polymer system, defined by the ¢ and N of the canopy, affects the
conformation [96-98] and the dynamics of the grafted chains.[31] Both of which, in turns, largely affect
the macroscopic behavior of systems based on polymer-functionalized NPs, such as the mechanical
properties of nanocomposites [31 , 195] or the rheology of colloidal suspensions.[31, 237, 281] In a

polymer-grafted NPs system, usually, the polymer chains experience a deceleration of the relaxation in
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comparison to free chains as a consequence of the stretched chain conformation near the surface of
nanoparticles and increased confinement generated by the proximity of adjacent chains [32] at least at the
scale of the local segmental motion. On a larger scale, the increased confinement experienced by densely
grafting chains usually resulted in an increase of glass transition temperature of tethered chains in
comparison to the free chains ascribed to the presence of a reduced number of chain ends and smaller free
volume in the grafted system. [213, 282, 283]

The investigations of the behavior of polymer grafted nanoparticular systems have mostly dealt with rigid
core NPs like silica or gold. However, when soft and swollen polymer NPs are used as the substrate, the
intrinsic dynamics of the polymer chains in the core also needs to be taken into account. In such swollen
polymer nanoparticles, the dynamics of the chains is typically constrained and sparsely crosslinked
nanogel displayed a soft interface with polymer chains having a rapid relaxation, while densely
crosslinked nanogels exhibited glassy surface with constrained local mobility.[284-286] In nanocolloids
resulting from the self-assembly of block copolymers, this arrested core is surrounded by a canopy of
swollen and mobile polymer chains. In such a case, the polymer chains within the core experienced soft
confinement, where the dynamics is influenced by the fluctuation of the interface where the two polymer
components are connected.[33] Such phenomena affect the design of soft particles for different
applications, for example, theranostic systems.[284, 286, 287] While the block copolymer micelles are an
interesting point of comparison to the polymer-functionalized nanoparticles, in such systems the effect of
the density of the surface functionalization on the local dynamics cannot be addressed, since it is difficult

to control the packing density.

Here, the combined effects of the N and the o of the grafted canopy on the dynamics of both the core and
the canopy of polymer-functionalized polymer nanoparticles were investigated using NMR relaxometry.
Polystyrene (PS) NPs functionalized with a canopy of end-grafted poly(methyl acrylate) (PMA) were
prepared by a combination of miniemulsion polymerization and surface-initiated polymerization, and
dispersed in a common good solvent for both the core and the canopy. The ¢ was controlled and resulted
in different canopies composed of either stretched polymer chains or collapsed chains (Figure 5.4.1a).
The N of the grafted chains was also modified, so the contour length of the grafted PMA chains was
increased from ca. 7 to 150 nm, while the radius of the swollen PS core was kept constant at ca. 100 nm.

NMR relaxometry gave access to the correlation time (zc) associated with the subsegmental dynamics of
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the polymers.[244, 288] The activation energy associated with the subsegmental dynamics of the polymer

NPs in suspensions was analyzed and compared to the thermal behavior of the dried NPs.
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Figure 5.4.1. () Synthesis of poly(styrene) (PS)-poly(methyl acrylate) (PMA) core-canopy nanoparticles
(NPs); (b) Solvodynamic radii (Rs) and (c) hydrodynamic radii (Rn) of PS-PMA NPs in DCM and H-0,
respectively. For NPs functionalized with PMA chains with a degree of polymerization (N) ranging from
0 to 639 units with low (0.17 chains nm™, black square), medium (0.8 chains nm?, orange triangle) and
high (2.5 chains nm?, blue circle) grafting density, measured by dynamic light scattering at 25 °C. The
inset photo in (b) displays the suspensions of PS-PMAu4ok-Giow, PS-PMAS51k-Gmedium, and PS-PMAssy-

Ghigh in DCM at a concentration of 16.67 mg mL ™.

5.4.2 Results and discussion

Using SI-ATRP, the PMA chains were successfully grafted from the surface of initiator immobilized PS
NPs prepared by miniemulsion, and resulted in the formation of PS NPs having PMA canopies with
different o and varying N (Table 5.4.1). The increase in size created by the grafting of the PMA canopy
resulted in a larger solvodynamic radius (Rs) for the samples with longer PMA chains or higher o (Figure
5.4.1b); similar results were also observed in the dry state by TEM measurements (Figure 5.4.2).
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Table 5.4.1 Library of PS and PS-PMA NPs

Sample Initiator/MA/Cu(Il)/P  Time N M, NMR M, sec b Rsin DCM
MDETA/Ascorbic acid (h) (kDa) (kDa) (nm)
PS NPs low grafting density (0.17+0.02 chains - nm?) 81420
PSL- PMAsk 1/266/0.1/1.0/0.5 0.5 35 3 4 1.8 86120
PSL- PMAgk 1/533/0.1/1.0/0.5 1 70 6 8 2.1 85+30
PSL- PMA 5« 1/533/0.1/1.0/0.5 2 209 18 19 2.3 90+20
PSL- PMAosk 1/1066/0.1/1.0/0.5 1.5 325 28 15 2.2 100£30
PSL- PMA4ik 1/1066/0.1/1.0/0.5 2 476 41 18 2.7 100£20
PSL- PM Ay 1/1066/0.1/1.0/0.5 2.5 569 49 34 2.2 110+20
PS NPs medium grafting density (0.80+0.03 chains- nm-?) 70+20
PSi- PM A3, 1/133/0.1/1.0/0.5 0.5 30 3 4 1.9 90+30
PSi- PMA7 1/266/0.1/1.0/0.5 0.5 81 7 9 2.6 90+30
PSi- PMA 1/533/0.1/1.0/0.5 3 232 20 20 2.2 120+40
PSi- PMA30k 1/1066/0.1/1.0/0.5 2 348 30 27 2.1 170£30
PSi- PM Ak 1/1066/0.1/1.0/0.5 3 488 42 29 2.1 160£30
PSi- PMAs5k 1/1066/0.1/1.0/0.5 4.5 592 51 35 2.4 18040
PS NPs high grafting density (2.5+0.3 chains- nm) 90420
PSu- PMA3 1/266/0.1/1.0/0.5 0.5 35 3 4 1.7 110£50
PSu- PMA ok 1/533/0.1/1.0/0.5 2 116 10 12 2.1 130+30
PSu- PMA 0k 1/533/0.1/1.0/0.5 3 232 20 21 2.1 160+70
PSu- PMA ;3¢ 1/1066/0.1/1.0/0.5 1 383 33 27 2.4 190+30
PSu- PM A4k 1/1066/0.1/1.0/0.5 3 488 42 40 2.5 200+60
PSy- PMAssi 1/1066/0.1/1.0/0.5 6 639 55 44 2.0 240+60

The comparison of the size of the NPs in DCM and in H>O by DLS (Figure 5.4.1b,c), made it possible to
study the swelling of the NPs and the evolution of thickness of the layer of end-grafted polymer chains.
The size of the NPs in both DCM and water increased with increasing N and o. In addition, DCM is a
good solvent for both the PS core and the PMA canopy and both components were swollen in suspension,
while water is a poor solvent for both the PS and PMA, and the NPs were in a collapsed state. This variable
swelling of the core had a consequence on the apparent ¢ of the system. In water, because the NP cores
were collapsed, the number of chains per unit of surface area was larger than for the same NP in DCM
(Table 5.4.2).
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Figure 5.4.2 (a) Solvodynamic size distribution of PS NPs (black line), PS-PMA;3k NPs ( )

and PS-PM A1k NPs (blue line) with medium grafting density in DCM measured by DLS and transmission
electron microscopy image (TEM) of (b) PS-PMAsk and (¢) PS-PMAsix NPs with medium grafting
density. TEM was analyzed by using an FEI Tecnai F20 operated with an accelerating voltage of 200 kV.

Table 5.4.2. Grafting density and scaling exponent of PS-PMA core-canopy NPs in DCM and H>O.

Grafting Grafting Grafting Scaling Scaling
density in H2O density in DCM exponent exponent
density (0)
(chains nm?)  (chains nm) in H20 in DCM
Low 0.17 0.07 0.27 0.63
Medium 0.80 0.46 0.50 0.88
High 2.50 1.00 0.55 0.91

In DCM, Rs of bare PS NPs with oiow Was 81 nm and the size increased up to 110 nm for NPs functionalized
with PMA chains with N=569 units. For NPs with onigh , Rs of bare PS NPs was 90 nm and increased up
to 240 nm when PMA chains with N=639 units were grafted. The variation of the size of the swollen NPs

with the increase of N (Figure 5.4.1b,c) follows the scaling relation:

Ry — Ry o NV (5.4.1)

where Rs is the thickness of grafted chains, N is the degree of polymerization, v is scaling exponent, and
Rso is the size of the PS core. The scaling factor was shown to change for different grafting regime. [27,
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97, 98, 225] Here, at ciow in DCM the scaling factor (v=0.63) was typical of grafted chains in the semi-
collapsed chain regime in a good solvent. For the NPs with omedium and cnigh the scaling exponent of 0.88
and 0.91 were observed, respectively (Table 5.4.2), typical of grafted chains in the stretched regime.[97,
98] In water, a poor solvent for the PMA canopy, the stretching factor of the canopy with a ciow Was 0.27
typical of collapsed chains. The particles prepared at higher omedium and onigh dispersed in water showed a
stretching parameter corresponding to the semi-collapsed regime. The result obtained for the stretching
parameter of the grafted chains the PS-PMA NPs was in keeping with the decrease in solvent quality going
from DCM to water. In a good solvent, as a consequence of the polymer-solvent enthalpic attraction and
the polymer-polymer entropic repulsion, the grafted polymer chains adopt a stretched and extended
conformation [161, 165] resulting in a large v. Conversely, in a poor solvent, the favorable polymer-
polymer attraction results in the adoption of a collapsed conformation. If the NPs were dispersed in a good
solvent at a high enough concentration, the formation of colloidal gels was observed.[237] However, the
NMR experiments were performed below the solution-to-gel transition to study the dynamics of single

particles rather than the dynamics of the NPs network.

The NMR relaxation of the NPs suspension was measured at different magnetic fields and different
temperatures to understand the local subsegmental chain dynamics in both the PS core and the PMA
canopy. Both the spin-lattice relaxation (T1) and spin-spin relaxation (T2) were measured. The relaxation
times obtained by NMR spectroscopy are influence by z of the relaxation process and the interactions
between the spin under study and their environment. Typically, T2 is not largely influenced by the
magnetic field used and the values of T2 can be directly correlated to the subsegmental relaxation.[144]
As the local mobility of the molecules under investigation decreases, the value of the T time decreases,
and for very slow systems, it can be difficult to quantify the T, relaxation precisely without using
alternative pulse sequences. Consequently, the measurement of the T, of the crosslinked PS core was
challenging. Thus, T: relaxation time, although providing less precise measurement of the local

subsegmental chain relaxation, was also use to probe the PS-PMA NPs.

The T, of PMA was used to probe the relaxation dynamics of the tethered chains (Figure 5.4.3a). The T2 of
free PMA chains depicted ca. 0.77 s at N = 46 and slightly decreased with an increase of N. The short
tethered PMA chains (N = 35) at oi1ow Showed of T» of 0.42 s and as chain length increased, the T value
also moderately increased. The increase in the T> value indicates an enhanced subsegmental mobility of

the chains. Thus, it can be concluded that the local mobility of the tethered PMA chains with oiow increased
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when the N of the chain increased. Even though the PMA chains on the PS-PMA NPs at oiow displayed a
collapsed brush conformation, given their chain stretching factor (Table 5.4.2), their local subsegmental
mobility was reduced in comparison to untethered PMA chains of the same length, likely because the
presence of the PS substrate restricted the subsegmental motion of the chains. As o increased from low to
high, the T of the short tethered PMA decreased due to the transition from a collapsed conformation to a
stretched brush regime (Table 5.4.2) generated by the crowding produced by the adjacent chains. The
relaxation of the free and untethered PMA chains was not influenced by the N in the range of molecular
weights studied. However, for the grafted chains, as the chain length increased, the T> of the grafted PMA
chains systematically increased for all . The increase in the local mobility of the grafted PMA chains
as N increased was attributed to the reduction in the spatial crowding observed as the distance from the
core increased with increasing N.[96] These observations are in keeping with what has been observed for
the local subsegmental dynamics of polymer chains grafted to the rigid nanoparticles.[32, 241]

In the PS-PMA NPs system, both the PMA and the PS were undergoing relaxation. Addressing the effect
of the grafting of polymer chains on the dynamics of the soft core can be the key to explain the divergences
observed when comparing the macroscopic properties of soft and hard polymer-functionalized
particles.[237] However, the local dynamics of the crosslinked PS core was too slow to be probed
efficiently by the measurement of the T, (Figure 5.4.4). In the slow regime, the Ty of a proton will increase
as the local chain zc decreases. Furthermore, the Ty values are significantly influenced by the local
magnetic field. Consequently, to get a clear picture of the chain relaxation in the PS cores T: relaxation

times were measured at different magnetic fields (Figure 5.4.5).

The relaxation of all the unfunctionalized PS cores exhibited similar Ty relaxation times. The grafting of
PMA chains of different N at oiow resulted in no significant changes in the T1 value observed. However,
when PS cores were functionalized with PMA chains at Gmedium and chigh, the T1 of the PS core decreased
with the increase of Npma (Figure 5.4.3b). Consequently, at omedium and onigh the grafting of the PMA

chains increased the mobility of the PS core, and this effect was more pronounced with longer chains.
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Figure 5.4.3. a) 1H spin—spin relaxation time of methoxy group of the PMA canopy and b) *H spin-lattice
relaxation time of aromatic ring of the PS core in the PS-PMA NPs with different degrees of
polymerization of the PMA chains (N) grafted on PS cores with different grafting density, measured at
298K by using an NMR spectrometer at a Larmor frequency of 700.02MHz; c) Correlation time of *H of
methoxy group of PMA canopy obtained from T, relaxation and d) correlation time of *H of the aromatic
ring of PS core obtained from T relaxation, calculated from BPP theory. For PS-PMA NPs with low-
(0.17 chains nm, black square), medium- (0.8 chains nm, ), high-grafting density (2.5
chains nm2, blue circle) and free PMA chain (green diamond).

The relaxation time Tz and T obtained by NMR spectroscopy are measures of the relaxation of the spins
system, an indirect measurement of the local dynamics, those values can be used to calculate the z of
subsegmental motions of the chains.[144] The average z. of the PMA chains and of the PS core were
independently measured from the T for the PMA and T for the PS. The 7. of free PMA chains was not
significantly affected by N (Figure 5.4.3¢) in the range of molecular weight studied. The grafting of the
PMA chains to the PS core resulted in a decrease of in the local subsegmental mobility of the PMA chains
resulting in larger zc values for the grafted PMA chains in comparison to the free PMA chains. As the o

increased, the constrain on each chain created by the neighboring chains increased and led to the increase
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in zc observed especially at low N. At every o as N increased, the difference in z. of the free and grafted
PMA chains decreased. The zc measured by NMR relaxation is the average z for the chains, and the
decrease in the average zc of the PMA chain with increasing N suggested that the reduced dynamics
experienced by the PMA segments was more important close to the interface with the PS core, in keeping
with the decrease of monomer concentration as the distance from the surface increases, which reduced the
crowding generated by neighboring chains.[96] Furthermore, as the length of the chains increased the
difference observed for the nanoparticles with different ¢ decreased, because the segments of the grafted
chains farther away from the core are less constrained at every o, in keeping with observation of polymer
chains grafted to hard nanoparticle cores.[31]
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Figure 5.4.4. Temperature dependence of 'H spin—spin relaxation time of (a), (b), (c) aromatic ring of the
PS core and (d), (e), (f) methoxy group of PMA canopy in the PS-PMA NPs with different degrees of
polymerization of the PMA chains (V) grafted on PS cores with different grafting density, measured at
278K, 288K, 298K and 308K by using NMR spectrometer at a Larmor frequency of 700.02MHz. For PS-
PMA NPs with low- (0.17 chains nm™, black square), medium- (0.8 chains nm?, ) and

high-grafting density (2.5 chains nm™, blue circle).
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Figure 5.4.5. Temperature and magnetic field strength dependence of 'H spin-lattice relaxation time of
(a), (b), (c) PS core and (d), (e), (f) of PMA canopies in the PS-PMA NPs with low- (0.17 chains nm?,
black square), medium- (0.8 chains nm?, ) and high-grafting density (2.5 chains nm?,
blue circle) at Larmor frequencies of 500.13 MHz, 700.02 MHz and 850.27 MHz NMR at 278 K, 288 K,
298 K and 308 K. The magnetic field strength increases from the bottom set of 77 to the above set. The
temperature rises from the left (278 K) to the right (308 K) within one column.

Furthermore, the grafting of the PMA chains to the PS core influenced the local dynamics of the PS cores.
After the grafting of the PMA chain at the interface of the PS NPs, a limited decrease in the z of the PS
core was observed, and this effect was stronger when the surface of the PS NPs was functionalized with
long PMA chains (Figure 5.4.3d). Furthermore, as o increased, the impact of the PMA chains on the
dynamics of the PS core increased. This result can be attributed to an interplay between the slow dynamics
of PS core and faster dynamics of PMA canopy. A similar behavior can be observed for block copolymer
when a component with a high relaxation rate, increases the local dynamics of a slower block, because of
the increased local fluctuations of the junction between the two segments initiated by the faster

component.[271, 272] Additionally, the effect of 6 suggests that the number of grafted chains, rather than
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the dynamics of the grafted chains themselves, was the driving force for the faster dynamics observed
with the PS core functionalized with a high number of long PMA chains.

The variation of the zc of a solvated polymer at different temperatures (Figure 5.4.6) can be described as
an Arrhenius relation, where the activation energy associated with the subsegmental relaxation of the
chains (Figure 5.4.7a,b) is a measure of the cooperativity of the segmental movement.[289-291] As the
temperature increased, the zc of the PMA chains decreased as expected (Figure 5.4.6a,b), since higher
temperatures increase the local subsegmental mobility of the polymer. However, in the case of the PS
core, the zc increased with an increase in the temperature (Figure 5.4.6c,d). This unexpected result is

related to the deswelling of crosslinked PS observed at high temperatures in specific solvent systems
(Figure 5.4.8).[227, 263]
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Figure 5.4.6. Temperature dependence of correlation time of PMA canopy with a) short chains (N<50),
b) long chains (N>500), PS core with c) short PMA chains and d) long PMA chains. For PS-PMA NPs
with low- (0.17 chains nm, black square), medium- (0.8 chains nm?,

density (2.5 chains nm, blue circle) and free PMA chain (green diamond).
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Figure 5.4.7. Energy of activation of local segmental motion of a) PMA canopy and b) PS core in PS-
PMA NPs; Glass transition temperature (Tg) difference between c) free PMA and tethered PMA in PS-
PMA with different degrees of polymerization of the PMA chains (ATy pya = Ty pma in ps—pma —
Ty free pma) and d) bare PS NPs and PS core of PS-PMA NPs (AT, ps = Ty ps in ps—pma — Tgbare ps)-

For PS-PMA NPs with low (0.17 chains nm, black square), medium (0.8 chains nm, ),
high (2.5 chains nm2, blue circle) grafting density and free PMA chain (green diamond).

The energy of activation of the PMA chains of PS-PMA core-canopy NPs was calculated using
the zc measured at different temperatures (Figure 5.4.7a). As expected, the activation energy associated
with the subsegmental dynamics of the untethered PMA chains did not change significantly with N.
However, short grafted chains displayed lower activation energy than the free chains, indicative of a
decrease in the degree of cooperativity associated with the relaxation process, in keeping with the
conformational changes of the PMA chains upon grafting when the chains adopted a partially stretched
conformation. As the N increases, the difference in the extent of cooperativity of the relaxation process
between the grafted chain and the free chains decreased. As a result of the limited weight fraction of PMA

in the PS-PMA samples prepared at a low o, the measurements were not as precise, and no clear conclusion
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to the effect of the o can be drawn. In the case of the PS core, the results are more complex; the deswelling
of the PS core led to the reduction in the local subsegmental mobility of the PS core and resulted in
apparent negative activation energy for the relaxation process (Figure 5.4.4). Nonetheless, the results
clearly show that the grafting of the PMA chains facilitated the relaxation of the PS core, and this effect

was more pronounced for long chains grafted with ohigh and omedium than with ciow.
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Figure 5.4.8. Normalized solvodynamic radius of pure PS NPs in DCM at given temperatures normalized

by solvodynamic radius of NPs at 278K.

The activation energy measured for the DCM suspensions of the PS-PMA NPs clearly demonstrated an
interaction between the dynamics of the PS core and the dynamics of the PMA canopy. Similar trends are
also observed in the solid-state. The thermal behavior of dried PS-PMA (Figure 5.4.7c,d) showed that
both the glass transition temperature of the PS core and of the PMA canopy was affected by the
architecture of the PMA canopy. The untethered PMA chains displayed a moderate increase (ca. 2 °C) of
glass transition temperature with the N as expected from the Flory-Fox equation.[292, 293] Short PMA
chains grafted to the PS core displayed a glass transition temperature systematically higher than free PMA
chains of the same molecular weight. The difference in the glass transition temperature of free and tethered
chains decreased with increasing N. The results observed for the grafted PMA chains were consistent with
what has been observed when polymer chains tethered to rigid NP cores transitioned between a highly
stretched to a more relaxed brush regime.[282, 294] In addition, it was found that the glass transition
temperature of PS core (Figure 5.4.7b and Table 5.4.3) significantly decreased by grafting PMA chains to
the PS core. The grafting of the PMA chains on the surface of the PS core softened the core, in keeping
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with the increased local subsegmental mobility observed by NMR relaxation in the swollen nanoparticles

suspensions.

Table 5.4.3 Glass transition temperature of PS and PMA, measured by DSC.

Type of samples N of PMA T; of PMA (°C) T; of PS (°C)
PS-PMA with Low o 0 107.7
35 98.4
70 99.2
209 100.9
325 99.7
569 14.4
PS-PMA with Intermediate 0 107.9
81 17.2
232 13.4
348 17.0
488 16.0
592 13.7
PS-PMA with High ¢ 0 108.3
35 99.0
116 16.2
232 18.9
383 13.0
488 13.8
639 13.8
Free PMA chain 46 11.8
116 10.3
186 10.9
279 12.2
523 13.9
616 13.8
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5.4.3 Conclusion

In conclusion, using NMR relaxation, we showed that the local segmental dynamics of PS-PMA NPs in
suspension depends on the architecture of the system. The degree of polymerization and the grafting
density influenced the dynamics of the interfacial layer of end-tethered PMA chain, as observed in other
systems where mobile chains were grafted to rigid substrates, but also influenced the dynamics of the PS
core. The results presented here also show a unique phenomenon: the grafting of a polymer canopy to a
swollen and deformable PS core also influenced the dynamics of the core. The grafting of PMA chain to
the PS core facilitated the subsegmental relaxation of the PS network. The fastest local PS dynamics were
observed when long chains were densely grafted to the PS core. The cooperative nature of the relaxation
decreased for the grafted PMA chains in comparison to the free PMA chains. However, this effect was
amplified for short chains, and this can be related to the conformational change in the polymer chains
upon grafting. The local subsegmental motion of the PS-PMA NPs in suspensions correlates with the

global thermal movement of the system in dry state measured by differential calorimetry.
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6. Summary and perspective

6.1 Summary

The focus of this doctoral dissertation was to explore the effect of the architecture of polymer-
functionalized polymer nanoparticles on their behavior for colloidal systems composed of soft and
deformable core particles functionalized with a canopy of end-tethered, but mobile, polymer chains. A
series of core-canopy architectures of cross-linked poly(styrene) core with surface-immobilized
poly(methyl acrylate) chains were successfully prepared by a combination of miniemulsion
polymerization and surface-initiated atom transfer radical polymerization. The resulting nanoparticles
yielded, when using a common good solvent, nanoparticles with a nanogel core functionalized with a
canopy of swollen end-tethered polymer chains. Using a combination of rheology, NMR spin relaxometry
and dynamic light scattering, four essential parameters governing the dynamics and the properties of
polymer canopy-grafted-soft nanoparticles have been addressed, i.e., grafting density, degree of
polymerization of end-tethered chains, stiffness of core nanoparticles, solvent quality. The results obtained
showed how the macroscopic viscoelastic properties of the colloidal suspension and the local mobility of

the polymer chains were influenced by the nanoparticle architecture and the surrounding medium.

In Section 5.1, the effect of the architecture of poly(methyl acrylate) canopy and resulting mechanical
properties and viscoelastic behavior of colloidal suspension with selective solvent have been investigated.
Different architectures of poly(methyl acrylate) chain-grafted-soft poly(styrene) core-canopy
nanoparticles were prepared by varying the chain length and the grafting density of the canopy. The
suspension of soft nanoparticles surface-functionalized with end-tethered polymer chain displayed a
transition from liquid to gel. This transition occurred at a volume fraction occupied by the nanoparticle
larger than what would be expected for hard spheres indicating that deformation, compression, or
interdigitation of the nanoparticles occurred, and the liquid to gel transition was influenced by the
architecture of the nanoparticles. The formation of colloidal gels was promoted for NPs with moderate
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grafting density, and with sufficiently long end tethered chains. Moreover, the mechanical properties of
the resulting colloidal gels were measured, and the results showed that, similarly to hard nanoparticles,
the stiffness and yield strength of the colloidal was maximized for nanoparticles with long grafted chains
at a grafting density high enough to induce some stretching of the chains, but not too high to produce an
impenetrable layer of grafted chains. Two solvent systems were used, DMSO, a good solvent only for the
PMA canopy and anisole, a good solvent for both PS and PMA, the properties of the colloidal gels
highlighted a new phenomenon, even at a similar volume fraction of nanoparticles, the gels obtained in
anisole were both stiffer and more deformable, this is the result of the softness of the core which likely
influences the interaction between adjacent nanoparticles and their canopies. The most crucial new
information from this study is that the rheological behavior and mechanical properties of suspensions of
polymer nanoparticles can be tuned by controlling the architecture of polymer canopy but also by

controlling the softness of the core.
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Figure 6.1.1 Influence of the nanoparticle architecture and swelling on the rheological properties of
colloidal gels (Section 5.1.) The architecture of nanoparticle is controlled as functions of (a) length of the

PMA canopy and (b) grafting density.

In Section 5.2, the effect of the rigidity of the core nanoparticles and thickness of the canopy on the local
dynamics of polymer nanoparticles functionalized with end-tethered polymer chains was highlighted
using NMR relaxation. Poly(styrene) nanoparticles cross-linked with different amounts of divinylbenzene
were functionalized by grafting different lengths of poly(methyl acrylate) chains from the surface. Highly
cross-linked poly(styrene) cores only marginally swelled in a good solvent and yield rigid substrate for

the PMA canopy. As the rigidity of the substrate increased, the subsegmental dynamics of the polystyrene

135



obviously decreased, but more interestingly, the dynamics of the poly(methyl acrylate) canopy slowed
down due to the interplay between the rigid core and the soft canopy. Additionally, grafting polymer
chains on the polystyrene core resulted in a faster subsegmental relaxation dynamics for the polystyrene
core. The increased mobility of the PS core was more important when the length of the grafted chains
increased, and, remarkably, more important for highly cross-linked nanoparticles core. The substrate
effect on the local mobility of the grafted chains can be observed only in close proximity to rigid cores,
with soft core and long polymer chains, the local dynamics of the grafted chains was only marginally
different than free polymer chains. Consequently, the softness of the nanoparticles core influence the
mobility of the polymer canopy, and the mobility of the polymer canopy influence the behavior of the

core; there is a clear interplay between the local mobility of the core and the mobility of the canopy.
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Figure 6.1.2 Interplay between the local dynamics of the polystyrene core and the poly(methyl acrylate)
canopy (Section 5.2).

In Section 5.3, the interplay between the local dynamics of the canopy and of the core for deformable soft
poly(styrene) nanoparticles functionalized with surface-grafted poly(methyl acrylate) chains was studied
by NMR and investigated using different solvent quality. Based on the Flory-Huggins solvent-polymer
interaction parameter, the solvent quality was tuned to selectively favored either the swelling of the
poly(styrene) core or the swelling of the poly(methyl acrylate) canopy. While local mobility of
unfunctionalized poly(styrene) nanoparticles and untethered poly(methyl acrylate) chains were
independently influenced by the set of solvent quality used, there was a strong correlation between the
local mobility of the PS core and the local mobility of the PMA canopy when different selective solvents
were used with the PS-PMA NPs. The local subsegmental dynamics of each component of the NP was
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highly influenced by the dynamics of the other component. When the solvent quality changed either in
favor of the core or the canopy, the local subsegmental dynamics of both the core and the canopy
significantly decreased compared to the dynamics observed in a common good solvent. This is attributed
to the interplay between core and canopy under controlled solvent quality due to the interconnected
architecture.

Segmental mobility
of the PMA canopy

Segmental mobility of the PS core

Figure 6.1.3 The effect of solvent quality on the local mobility of core and canopy and their interplay.
(Section 5.3)

In Section 5.4, the architecture of the PS-PMA core-canopy NPs was controlled by tuning the grafting
density and the degree of polymerization of the PMA chain to understand the effect of structural factors
on the local dynamics of polymer chains in confinement. The swelling behavior in good solvent showed
that when the grafting density increases from sparsely grafted to the densely grafted, the chain
conformation changed from random coil to stretched polymer brushes. The NMR spin relaxometry
revealed that the local mobility of densely grafted chains is highly constrained near the core. However,
the confinement of the stretched brush created by the presence of a stiff substrate was negligible when the
chain length was long enough. The constrained local dynamics of the stretched brush was reflected in the

increased glass transition of PMA canopy.
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Figure 6.1.4 The effect of grafting density of PMA canopy on the dynamics of PMA canopy and the

dynamics of PS core. (Section 5.4.)

The colloidal behavior of suspensions of deformable soft polymer nanoparticles functionalized with a
surface-immobilized canopy of end-tethered polymer chains was studied. By controlling the grafting
density (Section 5.1 and 5.4), length of grafted chain (Section 5.1, 4.2 and 5.4), the stiffness and swelling
of the soft core (Section 5.2 and 5.3) and solvent quality (Section 5.3), the impact of the architecture of
the surface-functionalized nanoparticles on the rheological properties and local dynamics of suspensions
of those soft polymer nanoparticles functionalized with polymer chains was successfully investigated. The
suspensions of polymer chain grafted nanoparticles showed liquid-gel transition with intermediate and
high grafting density due to the potential interdigitation of the tethered chains, or the deformation of the
canopy, occurring between adjacent nanoparticles. The strongest nanoparticle-nanoparticle interaction
was found for canopies having a high degree of polymerization with intermediate grafting density and
caused high modulus of the suspensions. (Section 5.1) The change in viscoelastic behavior can be linked
to the local subsegmental dynamics of the tethered chains; the fastest local mobility was obtained when
the length of the grafted chain was sufficiently long (Section 5.2 and 5.4) and the concentrated
suspensions of those particles yielded the strongest and less brittle gels. This would suggest that the
improved stiffness and deformability of the colloidal gels were obtained when the grafted chains were
sufficiently mobile. These results would be in keeping with a nanoparticle-nanoparticle interaction
occurring through interdigitation of the canopy. Furthermore, when the core of the nanoparticle became
more rigid due to a decrease of the solvent quality for only the polystyrene core, softer and more brittle
gels were obtained. This could be the result of the interplay between the mobility of the core and of the

canopy, the deswelling of the core influenced the dynamics of the canopy as observed in local dynamics
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in NMR relaxation and could be responsible for a less efficient canopy-canopy interaction. (Section 5.2
and 5.3)

6.2 Perspective

The Deborah number is defined as the relaxation time divided by the time of observation. At unlimited
time of observation, even a mountain flows. With one phenomenon, different time scales may be observed
and vyield different behaviors. In fact, this is frequently a challenge in the study of the dynamics of
materials. From long-range movement by mechanical analysis to the subsegmental dynamics by relaxation
measurement, all results look at the same phenomenon, but at different time scale. One single fragment of
the relaxation spectrum in a narrow time scale can only explain the dynamics occurring within that time
scale and cannot directly be translated to another time-scale. In order to fully understand the properties of
core-canopy system from the atomic level to the bulk behavior, the dynamics of the system at different
time scales should be conducted to get a better insight into the NPs interactions. Furthermore, such studies
performed in colloidal gels rather than in dilute colloidal suspensions would also be helpful to get a better
understanding between the dynamics and macroscopic properties like viscosity. The measure of the
relaxation of core-canopy nanoparticles in suspension by neutron spin echo would provide information on
relaxation phenomenon at different time scales and elucidate the change in conformation and definitely
answer the question whether the interdigitation of the canopies is influenced by the architecture of the
nanoparticles. Additionally, field-cycling NMR relaxometry could be used to probe relaxation
mechanisms occurring in a time range of milliseconds to picoseconds and would be useful to explore the
slower dynamics of core-canopy nanoparticles in suspension and transition of polymer chains from rouse

motion to constrained reptation.

Moreover, even if NMR relaxation offers information on subsegmental dynamics of the grafted chains
and of the chains in the core, it is an average over the entire polymer chains. To fully understand the effect
of the nanoparticle architecture on the dynamics, specific segments of the polymer chain could be labeled

with isotopes such as *3C or ?H. Since SI-ATRP was used successfully to grow the PMA chains from the
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surface, it could be relatively simple to prepare chains that are multi-block copolymers containing specific
and precisely localized polymer blocks labeled with the same monomer containing an isotope. The
controlled labeling of the polymer chains and subsequent NMR relaxometry will provide a more precise
picture of the effect of the architecture of the core-canopy NPs on the local subsegmental dynamics.

In this dissertation, the model system of soft polymer core- grafted polymer canopy used was designed to
minimize the interactions between the core and the canopy by using two immiscible polymers. However,
this model system is far removed from polymer nanoparticles functionalized with a polymer canopy that
is finding applications. The study of dynamics and viscoelastic properties should be expanded to systems
closer to those used for drug delivery or coating applications. For example, nanocarriers made of
biopolymers, have been used as drug delivery system. And to avoid the unfavorable interaction with
protein and white blood cells, the particles can be functionalized with hydrophilic polymer chains, such
as poly(ethylene glycol) chains (PEG). Changing the length and the surface density of the PEG chains
have shown to influence the fate of the nanoparticles in biological media. Based on the results from this
dissertation and on the stealth ability of the PEG-functionalized nanoparticles, it would be interesting to
understand what is happening in such systems. Currently, the are indications that the canopy of PEG
chains need to be sufficiently mobile to efficiently prevent protein absorption and extend the circulation
time of the nanoparticles in vivo. But the role of chain mobility and conformation in such phenomena

remains unclear.

More generally, the techniques used in this dissertation can be used to address specific challenges faced
by the applications involving polymer-functionalized nanoparticles. Based on the versatility of the
synthetic method developed and the universality of the characterization method, there are no limits on

how and where the results of such studies could potentially be applied.
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