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Abstract

Janus particles are named after the two-faced ancient Roman god Janus, based on the
chemical and physical anisotropy that these particles exhibit. Soft Janus particles represent a
fascinating group of polymeric materials, which open new ways in academia and industry.

In this study we present the characterization of silica nanoparticles with asymmetric
grafting of polymer chains from their surface. Hybrid Janus nanoparticles consist of an
inorganic silica core and grafted polymer chains. The multistep reaction commenced with the
stabilization of a styrene/methanol Pickering emulsion using amine-functionalized silica
nanoparticles (D = 100 nm) as stabilizers. The solvent exposed surface of the silica
nanoparticles was modified with an atom transfer radical polymerization (ATRP) initiator.
After the functionalization, polystyrene was dissolved yielding Janus nanoparticles bearing
ATRP initiating sites. Next, surface-initiated ATRP of t-BuA was carried out from the
initiator-functionalized hemisphere of the silica nanoparticles followed by the removal of the
bromide end groups to obtain halogen free P(t-BuA) polymer chains. Subsequently,
functionalization of the second hemisphere with the ATRP initiator was performed. Acid
hydrolysis of P(t-BuA) led to oppositely charged Janus particles decorated with PAA polymer
chains on the one hemisphere and an amine-functionalized hemisphere.

The amount of grafted polymer chains from the surface of the particles was determined
by Thermogravimetric Analysis (TGA), while the molecular weights and molecular weight
distributions of the polymers formed in solution were determined by Gel Permeation
Chromatography (GPC). The morphology of the polymer-silica Janus particles was studied
with Scanning Electron Microscopy (SEM).

The successful hydrolysis of the P(t-BuA) chains was investigated with Fourier
Transform Infrared (FT-IR) Spectroscopy. The pH-responsive behaviour of the particles in an
aqueous solution was studied using potentiometric titration and dynamic light scattering.
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CHAPTER 1. Introduction

1.1 Anisotropic particles with multicompartment and Janus
architecture

Living organisms serve as a source of inspiration for the technological development of
materials. Natural materials are characterized by hierarchical structures at scales ranging from
nanometre to millimetres. The demand for advanced functions and novel properties has led to
the most promising research area called nanotechnology that governs material science. In the
last twenty years, nanotechnology is without any doubt one of the most important
technologies of the 21st century. Scientific research has led to a much more sophisticated set
of tools to control the size, shape, dispersity and surface chemistry of nanoparticles. Hence,
the complexity of possible structures offers completely new ways to use particles for specific
applications.

One of the most promising research topics is the design of materials that desired
constitute the building blocks to create new structures by their spontaneous self-assembly.
Today, the production of nanoparticles consisting of both an inorganic and an organic
(polymeric) part employs a wide variety of techniques and such nanoparticles are proposed
for applications in almost all industrial fields. However, most techniques create particles with
isotropic surface properties, and for this reason new strategies to synthesize nanoparticles
with asymmetric properties, constitute a challenge for scientific research.

The past few years we have seen an unbelievable revolution in materials science,
especially in the preparation and design of nano- or micro-sized anisotropic particles such as
patchy, multicompartment and Janus particles. These particles have attracted great attention
since they can be used for the creation of new structures with new specific properties and can
find unique applications due to their non-centrosymmetric features.

O Reilly et al. classified the key features of all types of anisotropic particles such as
Janus particles, multi-compartment particles, patchy particles, patchy Janus particles and
patchy multi-compartment particles in a number of excellent reviews, [1, 2] and compared
their structural properties with respect to their preparation techniques. [3]
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1.2 Janus Particles

In his Nobel lecture, in 1991, De Gennes highlighted the term “Janus Particles”, which is
named after the double-faced Roman god. The Janus Particles are a particular type of
nanoparticles whose surfaces have two or more distinct physical properties. [4] After their
introduction, Janus particles turned out to be a very promising group of nanoparticles for a lot
of scientists. Originally the term Janus particle was coined by C. Casagrande in 1988 to
describe spherical glass particles with one of the hemispheres hydrophilic and the other
hydrophobic. This feature of the Janus nanoparticles allows two different types of chemistry to
occur on the same particle. The simplest case of a Janus nanoparticle is achieved by dividing
the nanoparticle into two distinct parts, each of them is either made of a different material, or
bear different functional groups. [5] For example, a Janus nanoparticle may have one-half of
its surface composed of hydrophilic groups and the other half of hydrophobic groups. [6]

1.2.1 Classification

Janus particles turned out to be a very promising group of nanoparticles for a lot of
scientists and lead to a new class of colloidal structures among the micro- or nano-sized
particles. The terminology is based on the special architectural feature of having two sides or
at least two surfaces with different chemistry or polarity. In general, Janus particles can be
divided into three super ordinate classes according to their architecture and dimensionality
(Figure 1.1). Most commonly, spherical (3D) Janus particles as depicted below, in addition,
two types of cylinders (1D) and two types of disc-like particles (2D) are shown. [7, 8]

S

(a)

Figure 1.1: Overview of possible Janus particle architectures: (a) spherical, (b,c) cylindrical,
(d,e) disc-shaped.
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1.2.2 Properties and Applications
1.2.2.1 Properties

Janus particles and in particular their applications are the subject of research for many
scientists. There are several examples which demonstrate the use of Janus particles in new
structures with advanced properties. A few of these examples include their use as stabilizers in
emulsions, catalysts in reactions, drug delivery systems, surfactants, as well as in biological,
electronic and textile applications. The number of publications on Janus particles increased
rapidly in the last few years with focus on the synthesis and applications of Janus particles. [8]

Due to this special non-centrosymmetric structure, the synthesis of Janus particles is
very difficult. On the other side, the lack of centrosymmetry in Janus systems has led to the
discovery of new properties as well as unusual aggregation behaviour into superstructures.

The ability of a material to self-assemble into complex hierarchical superstructures is
encoded into its architecture. The understanding of self-assembly processes is of profound
interest, for the fabrication of complex structures. Janus particles possess the unique feature of
being non-centrosymmetric and thus many investigations have been concerned with the
solution properties and self-assembly behaviour of these particles. [9-14] Janus particles with
two distinct faces exhibit unique properties in solutions.

In an aqueous solution, amphiphilic Janus particles form two kind of aggregates. The
first type of aggregates is small clusters whereas the second kind of aggregates is larger than
the first and has been termed ‘super micelles’. On the other hand, Janus particles in aqueous
solution with polymer chains of the same charge were well dispersed in the solvent, while
these with polymers of opposite charge formed finite sized clusters due to the strong dipolar
interactions between the Janus nanoparticles.

The experimental studies are complemented by a range of computer simulation
approaches discussing self-assembled structures and phase diagrams of JPs of different
architectures. Due to the difference in nature of their interactions, the self-assembly of dipolar
Janus particles [13] and amphiphilic Janus particles [14] are completely different.

Predictions by computer simulations describe a rich phase diagram for simple bipolar
Janus particles (in Figure 1.3) with a variety of self-assembled structures. Molecular dynamic
simulations by Goyal et. al. identified FCC, HCP, and BCC lattices at high packing fractions
and fluid, string-fluid, and gel phases at lower packing fractions. [15]
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Figure 1.3: Self-assembly and phase behavior of dipolar Janus particles.

The self-assembly behaviour of solid beads, in which the hemispheres were amphiphilic,
[14, 16] hydrophobic hemisphere on one face and charged on the other, was investigated both
experimentally and by computer simulations. In water, the interactions can range from an
extreme of hydrophobic attraction, when the hydrophobic sides face each other, to the limit of
electrostatic repulsion when the two charged sides face one another. Although the interactions
between these particles have an anisotropy that is similar to that of dipolar particles the
resulting aggregates have structures that differ greatly from those of dipolar particles. The
hydrophobic attraction and electrostatic repulsion are modulated further according to particle
orientation due to their Janus character.

Similarly, to analyse the interactions between charged Janus particles it is useful to
consider a polar axis pointing north—south through the hemispheres. For this case spheres
which had a positive charge on one hemisphere and negative charge on other hemisphere was
used. If we define that the Janus particles lie in the same plane (Figure 1.2A) the interaction
changes smoothly from repulsive to attractive depending on how the particles face one another
and it’s illustrated in Figure 1.2B over a narrow range of rotation angle. In the general case
where the polar axes passing through the hemispheres do not lie in the same plane (Figure
1.2C) the interaction potential depends on the relative orientation as well as on separation.
This multidimensional parameter space illustrates the rapid increase of complexity as one goes
beyond the classical concept of isotropic potentials.
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Figure 1.2: Interaction potential between two particles with bipolar charge. The right object is
fixed; the angles (6, ¢) indicate the orientation of the left object.

In attractive systems, the number of charged particles in an aggregate is dependent on
the size of the aggregates. It has been shown [13] that with increasing number of particles the
size of the aggregates increases. In principle, there appears to be no limit to the size of clusters
that can form from these electrostatic interactions. Each cluster of larger size is energetically
more stable than all of the smaller ones and therefore the clusters might merge into larger
ones, therefore a large concentration of clusters is needed. Due to the charge anisotropy of
particles it is logical to conclude that energetically the positive side of one cluster will attract
the negative side of another cluster, resulting in facile assembly into even larger aggregates.

The surface activities of nanoparticles with amphiphilic properties have been
investigated by many research groups. The main characteristic of Janus nanoparticles is the
capability of possessing both hydrophilic and hydrophobic parts. In daily life, Janus
nanoparticles are used to stabilize emulsions and dispersions such as milk or cosmetics. [17]

1.2.2.2 Applications

One example that shows the numerous applications of Janus particles was shown by
Nisisako et al. who made use of the electrical anisotropy of Janus particles, filled with white
and black pigments in both hemispheres, in electronics. [18] These particles were used to
make switchable screens by placing a thin layer of these spheres between two electrodes.
Upon changing the applied electric field, the particle orientation is changed, their black sides
goes to the anode and their white sides to the cathode. The orientation and the colour of the
display can be changed by simply reversing the electric field. With this method, it may be
possible to make very thin, robust and environmentally stable displays.
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Figure 1.4: E-paper panel displays based on (a) AC-field-based switching of Janus microspheres with black
and white sides and (b) magnetic actuation of JPs with one super-paramagnetic and one fluorescent side.

Janus particles can also be used as efficient and unique optical probes for biological
interactions or rheological measurements in confined space. In recent years, this concept has
been brought forward by Behrend and co-works, [19-21] who used Janus beads coated on one
side with metal. Being placed into a specific environment, these particles blink on and off
depending on the surrounding conditions.

Another interesting effect which potentially finds applications in nanoscience is the self-
propulsion induced by catalytically active Janus beads with a spatially asymmetric distribution
of the reaction site. [22, 23] These particles are used in nanomedicine, as they exhibit an
increased diffusion coefficient. This makes drug-delivery vehicles more efficient because in
less time it allows them to screen a larger volume for docking sites.

Ryan et al. used polystyrene particles coated on one side with a thin platinum layer and
studied their diffusion in dependence of the concentration of hydrogen peroxide. Hydrogen
peroxide was degraded by platinum into two reaction products (O,(g) and H,0). This induces
a non-equilibrium distribution and local gradients of partly gaseous products propelling the
particle forward due to osmotic pressure.
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Figure 1.5: Self-propulsion of a Janus particle via the asymmetric distribution of reaction products.
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1.3 Preparation Methods

In the past decade, the synthesis of Janus particles has achieved great progress due to the
development of appropriate synthesis methods. The synthesis methods can be classified into
the main following techniques based on (a) toposelective surface modification, (b) template-
directed self-assembly, (c) controlled phase separation phenomena (d) controlled surface
nucleation and e) microfluidic flow. Depending on the synthesis method used, several
different morphologies of anisotropic particles could be generated such as snowman, acorn,
dumbbells and half raspberry.

a. Toposelective surface modification

One of the most simple and intuitive methods to fabricate Janus particles involves the
partial surface modification of one hemisphere of a spherical colloid, without altering the
other. Different approaches have been applied to chemically modify the unprotected side of
these monolayer surfaces (Figure 1.6). Surface modification of partially-masked particles
(Figure 1.6a) involve particles been deposited into a removable material, such as a photoresist.
Subsequently, thin non-continuous layers of metal or metal oxide were deposited using
sputtering, before removing the photoresist layer. The anisotropic behaviour appeared after
removal of the masking material of the particles. In the second method, the surface
modification of one hemisphere of the particles is performed in reactive directional fluxes
(Figure 1.6b). The second hemisphere will not be altered because it is protected by the particle
itself so there is no need for masking steps. The particles need to be immobile during surface
modification and are therefore arranged in a flat monolayer. The third method is derived from
the microcontact printing technique (Figure 1.6c), which modifies only the surface of the
contact area of the particles with the elastomeric stamp. After the preparation of the particle
monolayer on a glass substrate, a surfactant film is deposited on a hydrophilic elastomeric
stamp. Then the particle monolayer is stamped with the surfactant film and the polarized
particles are re-dispersed in water. At high salt concentrations, the repulsion due to the net
surface charge leads to the formation of primarily linear aggregates due to dipole interactions.
The resulting Janus particles bare the stamped entities on one hemisphere establishing half-
raspberry or snowman-like formations. The last method of surface modification of particles is
through partial contact with reactive media (Figure 1.6d). In the first media the reacting
molecules or particles are dissolved while the second is inert. As a result, the hemisphere
facing the inert media remains intact while the other is modified.

pH-responsive hybrid Janus nanoparticles YeAlSa 10
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Figure 1.6: Schematic representation of the four strategies allowing to toposelectively modify the surface of
particles. (a) masking/unmasking techniques, (b) techniques using reactive directional fluxes or fields, (c)
microcontact printing techniques and (d) techniques based on interfaces and partial contact with a reactive

medium.

b. Template directed self-assembly of particles

Template directed self-assembly of particles to produce Janus particles takes advantage
of a patterned surface onto which a particle dispersion is allowed to dewet. Due to capillary
forces the particles are trapped into a parallel cell, composed of two glass substrates (Figure
1.7) that confines spherical particles. The surface of the bottom substrate has been patterned
with a array of cylindrical holes. When this dispersion was allowed to dewet slowly across the
cell, the capillary force exerted on the rear edge of this liquid would drag the spherical
particles across the surface of the bottom substrate until they were physically trapped in the
hole arrays. The maximum number of particles that could be retained in each hole was
determined by the ratio between the dimensions of the holes and the diameter of the particles.
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Figure 1.7: Schematic representation of the experimental cell and procedure for the dewetting on the second
particle dispersion.
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c. Controlled phase separation phenomena.

Controlled phase separation phenomena, such as the phase separation of polymer blends
in emulsion droplets, is envisioned fairly facile and is especially useful for massive production
of Janus particles. After evaporation of the solvent, phase separation leaves behind two
incompatible polymer domains— Janus structures — in the resulting particles. The resulting
snowman-like Janus particles are due to corruption of the silica and eruption of the silver core,
which forms a silver iodine particle adjacent to the silica one. It also, allows the massive
production of colloidal particles not only with Janus structural and chemical characteristics but
also with Janus surface hydrophobicity.

d. Controlled surface nucleation.

The controlled surface nucleation technique to fabricate Janus particles is based on the
controlled growth of a particle nucleated from the surface of a particle. This has been achieved
using inorganic and metallic particles. The formations produced are usually ‘snowman’,
‘acorn’ and ‘dumbbell’. The number and shape of the lobes nucleated of one particle can be
controlled by varying the diameter and concentration of silica seeds and by varying the surface
modification density. A major advantage of such synthetic pathways is the large-scale
production of dissymmetric particles.

e. Microfluidics.

Microfluidic devices provide a powerful technique to manufacture Janus particles on the
micrometric scale. Spherical chemically anisotropic Janus particles can be made through
outflow of two monomers into a co-flow device before polymerization. Using a co-flow
technique, many variations of Janus particles have been created. [9] , [24] , [25] Although
generally confined to the micrometric scale, biphasic electrified outflow has also been used to
obtain Janus droplets of nanoscale dimensions. Doyle et al. demonstrated by using a quadruple
co-flow device, mask and UV source, that highly chemical and morphological anisotropic
particles could be generated with very high precision.

1.4 Stimuli-responsive polymers

Synthetic polymers, which are designed to mimic the biopolymers, such as proteins,
polysaccharides, and nucleic acids present as basic components in living organic systems,
have been developed into a very active field due to their industrial and scientific value. They
have been progressively developed to mimic the unique properties of biopolymers which are
based on specific interactions, and exhibit abrupt physicochemical changes driven by small
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environment changes. In the past decades, synthetic polymer systems that are responsive to
external stimuli have been synthesized. Stimuli-responsive polymers are defined as polymers
that change their physical or chemical properties such as their chain conformation,
hydrophilicity, etc. in response to changes in the environmental conditions.

Physical stimuli such as temperature as well as chemical stimuli such as solution pH can
alter the interactions between the polymer chains or between the polymer chains and the
solvent. Responsive polymer systems are proposed for use in drug delivery, selective
separation membranes and bioactive carriers. [26]

1.4.1 pH-responsive polymers

pH-responsive polymers consist of ionizable pendants groups that can accept or donate
protons in response to changes of the pH. As the pH changes, the degree of ionization in a
polymer bearing weakly ionizable groups is dramatically altered around a specific pH that is
known as pK,.

This rapid change in the net charge of the pendant groups causes an alternation of the
hydrodynamic volume of the polymer chains. The transition from the collapsed state to the
expanded state is explained by the osmotic pressure exerted by the mobile counterions
neutralizing the polymer groups. Polymers that respond to pH changes normally consist of a
hydrophobic backbone onto which ionizable weak acidic or basic groups are attached. Weak
polyacids (Figure 1.8) accept protons at low pH and release protons at neutral and high pH.
[27] On the other hand, polybases are neutral at high pH and become positively charged when
protonated at neutral and low pH. [28]

Hydrophobically modified pH-responsive polymers have a sensitive balance between
charged repulsion and hydrophobic interactions. When their ionizable pendants groups are
protonated then hydrophobic properties dominate, which results to hydrophobic effects that
causes aggregation of the polymer chains in an aqueous environment. Also another collapse
mechanism of pH-responsive polymer systems is based on hydrogen bond formation between
the hydrogen in the protonated group and an electron donating atom in other functional
groups. This phenomenon occurs when the ionizable pendants groups are uncharged. [29]

1.4.1.1 Polyacids

Polyacids bear carboxylic acid side groups (Figure 1.8). In our case, poly(acrylic acid)
(Figure 1.8 (a)) was used as a weak polyacid which exhibits an ionization/deionization
transition from pH 4 to 8. Poly(acrylic acid) bearing carboxylic acid groups, is the most
representative weak polyacid. Its carboxylic acid pendant groups accept protons at low pH,
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while releasing them at high pH. Accordingly, at high pH values, electrostatic repulsion forces
are present between the polymer chains. This gives a momentum to the hydrophobic
interactions to govern the precipitation/solubilization of the polymer chains, the

deswelling/swelling of hydrogels, or the hydrophobic/hydrophilic characteristics of polymer
modified surfaces.

CHs
T (|3H3 (|:H2

+CH2_(|:%T] ‘(‘CHZ_?H‘ +CH2_(:3
Cc=0 Cc=0 Cc=0
oH o oH

Figure 1.8: pH-responsive polyacids: (a) poly(acrylic acid) (PAA), (b) poly(methacrylic acid) (PMAA), (c)
poly(2-ethyl acrylic acid) (PEAA).

1.4.1.2 Polybases

Polybases (Figure 1.9) have amine groups in their side chains which gain protons under
acidic conditions and release them under basic conditions. One known polybase is PDEAEMA
which has strong hydrophobic interactions at high pH values, also leading to “hypercoiled”
conformations. PDEAEMA homopolymer undergoes an abrupt precipitation when the amino
groups become deprotonated, due to hydrophobic interactions.
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Figure 1.9: pH-responsive polybases: (a) Poly((N,N’-dimethylamino)ethyl methacrylate) (PDMAEMA), (b)
poly((N,N-diethylamino)ethyl methacrylate) (PDEAEMA), (c) poly(4 or 2-vinylpyridine) (PVP).

1.5 Polymer-grafted particles

In nanotechnology, a particle is defined as a small object that behaves as a whole unit
due to its transport and diffusion properties. Particles are further classified according to their
diameter and shape. Nanoparticles are between 1 and 1000 nm in size and can have a wide
variety of different shapes (rods, discs, spheres). A wide range of nanoparticles have been
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reported (clay, silica, gold, C¢,, carbon nanotubes). The surface coating of nanoparticles is
crucial for determining their properties. Among the many inorganic/organic hybrid materials,
silica-polymer hybrid materials are one of the most commonly reported in the literature.
Surface functionalization of silica nanoparticles with polymer brushes is very important as the
polymer coating alters the interfacial properties of the particles.

In general, the surface of inorganic materials is functionalized with polymer chains
either chemically through covalent bonding or physically by physisorption (Figure 1.10). A
disadvantage of physisorbed polymers is that they are unstable due to the relatively weak van
der Waals forces or hydrogen bonding that anchors them to the surface. The grafting
techniques such as “grafting to” or “grafting from” are preferred to maximize a stable
interfacial compatibility between the two phases.

In the “grafting to” method, pre-formed, end-functionalized polymer chains are reacted
with a chemically activated substrate to form a tethered polymer layer. This technique
provides control of the polydispersity and the architecture of the polymer brushes at the
surface, but the grafting densities are low because of steric crowding around the reactive sites
by previously attached polymers. [30] In addition to that, the grafting reactions often require
harsh conditions, e.g. high temperature and long reaction times which can induce the
deterioration of the polymeric component.

Instead in the “grafting from” method a surface immobilized initiator is used to grow
polymer chains in situ to generate a polymer brush. This technique results in significantly
higher grafting densities. The active group is covalently attached onto the surface and
therefore “grafting from” is non-reversible.

Using the right system and technique, one can control the functionality, density and
thickness of the polymer brushes. Preparation of polymer brushes on silica can be
accomplished by conventional free radical, controlled free radical, cationic, anionic and ring-
opening metathesis polymerization techniques. [31]

H M M

M »

(a) (b) ()

Figure 1.10: Schematic diagram of (a) physisorption, (b) “grafting to”, (c) “grafting from”.
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1.6 Scope of this work

The present study focuses on the characterization of polyampholytic hybrid Janus
nanoparticles comprising an inorganic silica core and a shell consisting of compartmentalized
poly(tert-butyl acrylate) P(t-BuA) grafted polymer chains. The Janus particles comprise an
amine-functionalized hemisphere and a grafted polymer on the other hemisphere. The
hydrophobic polymer, Pt-BuA, was grown using surface Atom Transfer Radial Polymerization
(ATRP) from the one hemisphere of Janus initiator nanoparticles bearing contained ATRP
initiating groups. The asymmetric decoration of the silica nanoparticles was revealed using
scanning electron microscopy (SEM).

Acidic hydrolysis of P(t-BuA) resulted an oppositively charged polyampholitic Janus
particles, with poly(acrylic acid) (PAA) chains on one hemisphere and an amine-
functionalized hemisphere on the other side. The successful hydrolysis of P(t-BuA) was
investigated by Fourier Transform Infrared (FT-IR) Spectroscopy and potentiometric
titrations.

The amount of the grafting polymer chains from the surface was determined by
Thermogravimetric Analysis (TGA) while the molecular weights and the molecular weight
distributions of the polymers formed in solution were determined by Gel Permeation
Chromatography (GPC). The pH-responsive behaviour of the particles with the hydrolysed
polymer chains was investigated by potentiometric titrations and Dynamic Light Scattering
(DLS).

pH-responsive hybrid Janus nanoparticles YeAlSa 16



CHAPTER 2.  Experimental

2.1 Methods
2.1.1 Synthesis of hybrid Janus particles

The synthesis of the hybrid Janus nanoparticles with pH-responsive polymer chains is
describes below. The Janus silica particles synthesized by Falireas Panagiotis. Polymer chains
of hydrophobic poly(tert-butyl acrylate) P(t-BuA) were surface-initiated ATRP from the
surface of ~100 nm silica nanoparticles. The synthetic route is depicted in Figure 2.1.

4
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Be  Br

Br B

Dissolution
NH; (—
of PS

Br Br ®r

Figure 2.1: Schematic representation of the multistep reaction synthesis of Janus nanoparticles.

Initially, the modification of the SiO, particle surface with aminopropylsilane was
carried out. Next, the synthesized amino-functionalized silica nanoparticles were used as
stabilizers for the synthesis of a Pickering emulsion. The hybrid colloidosomes were prepared
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using emulsion polymerization of styrene in the presence of the silica particles in methanol in
order to form PS colloids stabilized by the silica particles.

Following the immobilization of the silica particles on the surface of the PS colloids, the
ATREP initiator was reacted onto the exposed surface of the silica particles. The initiator was
added in a dispersion of the PS — SiO, hybrid colloidosomes prepared above and the exposed
amine groups on the surface of the silica particles were allowed to react with the
isothiocyanate groups of the initiator. After the reaction, polystyrene was dissolved using
toluene to yield after purification Janus nanoparticles bearing ATRP initiating sites.

Next, surface-initiated ATRP of t-BuA was carried out from the initiator-functionalized
hemisphere of the silica nanoparticles followed by removal of the bromide end groups to
obtain halogen free P(t-BuA) polymer chains. After synthesis amphiphilic hybrid Janus
nanoparticles are obtained.

In the same solution mixture the free initiator Pentyl 2-bromo-2-methylpropanoate
(PBMP) was added which led to the growth of free polymer chains. The free polymer formed
during the polymerization is assumed to have the same molecular weight as that formed on the
surface provided a fast exchange between the two polymer populations takes place.

2.1.2 Hydrolysis of P(t-BuA)

After synthesis the t-butyl groups of the P(t-BuA) polymer were hydrolysed (Figure 2.2)
by acidic hydrolysis to yield SiO,-PAA Janus nanoparticles. For this, in a 50 ml flask 1,4
dioxane was added followed by the addition of 0,1 gr of SiO,-P(t-BuA) nanoparticles. The
mixture was sonicated for 30 min and was left under continuous stirring for 1 hour. Then 1 ml
of HCI (12 M) was added and the reaction mixture was degassed with dry nitrogen for 15 min.
After 4 hours, the mixture was dried using a rotary evaporation and the nanoparticles were
purified and dried for further use.

H H
|

—(—CHZ—?—%] +CH2—(::—)—n
C=0 1.4 dioxane / HCI S (|3=0

9 T=50 °C OH
3HC -(I:_ CH3

CHa

Figure 2.2: Hydrolysis reaction of P(t-BuA).
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2.2 Experimental Techniques
2.2.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) [32, 33] is a microscopy technique that uses
electrons instead of light to form an image. Since their development in the early 1950’s,
scanning electron microscopes have developed new areas of study in the medical and physical
science communities. SEM has allowed researchers to examine a much bigger variety of
specimens. The scanning electron microscope has many advantages over traditional
microscopes. The SEM has a large depth of field, which allows more of a specimen to be in
focus at one time. The SEM also has much higher resolution, so closely spaced specimens can
be magnified at much higher levels. Because the SEM uses electromagnets rather than lenses,
the researcher has much more control in the degree of magnification. All of these advantages,
as well as the actual strikingly clear images, make the scanning electron microscope one of the
most useful instruments in research today.

A typical scanning electron microscope (SEM) (Figure 2.3) uses a focused beam of
high-energy electrons to generate a variety of signals at the surface of solid specimens. The
signals that are derived from electron-sample interactions reveal information about the sample
including its external morphology (texture), chemical composition, and crystalline structure. In
most applications, data are collected over a selected area of the surface of the sample, and a 2-
dimensional image is generated that displays spatial variations in these properties. Areas
ranging from approximately 1 cm to 5 microns in width can be imaged in a scanning mode
using conventional SEM techniques (magnification ranging from 20X to approximately
30,000X, spatial resolution of 50 to 100 nm).

All samples must be of an appropriate size to fit in the specimen chamber and are
generally mounted rigidly on a specimen holder called a specimen stub. For conventional
imaging in the SEM, specimens must be electrically conductive, at least at the surface, and
electrically grounded to prevent the accumulation of electrostatic charge at the surface.
Conductive materials in current use for specimen coating include gold, gold/palladium alloy,
platinum, and graphite. For a typical observation a solution of the sample in a good solvent is
prepared and drop casted on a glass substrate. The dried sample is sputtered with gold to
obtain a uniform 10 nm film and avoid charging. The measurements were carried out utilizing
a scanning electron microscopy (FESEM; JEOL JSM 7000F) at an accelerating voltage of 10-
30 kV.
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Figure 2.3: Schematic representation of a SEM.

2.2.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a method of thermal analysis in which changes in
the mass of materials are measured as a function of increasing temperature (with constant
heating rate), or as a function of time (with constant temperature). [34]. TGA can provide
information about physical and chemical phenomena, physical, such as vaporization,
sublimation, absorption, and chemical, such as desolvation (especially dehydration), and
decomposition. TGA is commonly used to determine selected characteristics of materials that
exhibit either mass loss or gain due to decomposition, oxidation, or loss of volatiles (such as
moisture). Common applications of TGA are the material characterization through analysis of
characteristic decomposition patterns, determination of organic and inorganic content in a
sample, which may be useful for chemical analysis. It is an especially useful technique for the
study of polymeric materials, including thermoplastics, thermosets, elastomers and
composites.

Thermogravimetric analysis relies on a high degree of precision in three measurements:
mass change, temperature, and temperature change at constant heating rate. Therefore, the
basic instrumental requirements for TGA are a precision balance with the sample, and a
programmable furnace which can be programmed for a constant heating rate. The TGA
instrument continuously weighs a sample as it is heated to temperatures of up to 2000 °C. As
the temperature increases, various components of the sample are decomposed and the weight
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percentage of each resulting mass change can be measured. Results are plotted with
temperature on the X-axis and mass loss on the Y-axis. The data can be adjusted using curve
smoothing and first derivatives are often also plotted to determine points of inflection for more
in-depth interpretations.

The thermogravimetric analysis of the hybrid nanoparticles in this study was assessed
with a Perkin Elmer Pyris Diamond TG/DTA (Figure 2.4) instrument under a nitrogen
atmosphere. For a typical measurement ~10 mg of solid sample were placed in the furnace
under a constant nitrogen flow ~150 bar and the temperature ramp was 10 °C/min up to 800 °C.
The data was analyzed using the Diamond Pyris software.

Figure 2.4: Perkin Elmer Pyris Diamond TG/DTA.

2.2.3 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) [35] is one of the most powerful and versatile
analytical techniques available for understanding and predicting polymer performance. It is the
most convenient technique for characterizing several important parameters. These include
number average molecular weight, weight average molecular weight, Z weight average
molecular weight, and the most fundamental characteristic of a polymer its molecular weight
distribution. GPC separates the chains based on the size or hydrodynamic volume (radius of
gyration) of the molecules. Separation occurs via the use of porous beads packed in a column
(Figure 2.5). The smaller molecules can enter the pores more easily and therefore spend more
time in these pores, increasing their retention time. Conversely, larger molecules spend little if
any time in the pores and are eluted quickly. All columns have a range of molecular weights
that can be separated. If a molecule is either too large or too small it will be either not retained
or completely retained, respectively.
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As can be inferred, there is a limited range of molecular weights that can be separated by
each column and therefore the size of the pores for the packing should be chosen according to
the range of molecular weight of analytes to be separated.

Porous Z— P

particles S

colloction by size

Small Large
molecule molecule

Figure 2.5: Schematic of a size-exclusion chromatography column.

In designing instrumentation for GPC, a variety of requirements must be satisfied. These
are shown in the schematic representation of a basic gel permeation chromatograph (Figure
2.6) and are: injectors are needed to introduce the polymer solution into the flowing system,
pumps deliver the sample and solvent through the columns and system, detectors monitor and
record the separation, and data acquisition accessories control the test automatically, record
the results, and calculate the molecular weight averages. The gel permeation chromatograph
contains a number of different components that work together to provide optimum system

performance with minimum effort.
data
system

+

sample

L
|-

solvent

solvent delivery injector * column(s) H detector(s)
supply system

mobile phase

Figure 2.6: Schematic of a basic gel permeation chromatograph.
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The molecular weights and the molecular weight distributions of the polymers formed in
solution in this study were determined by gel permeation chromatography (GPC) utilizing a
Thermo Finnigan chromatographer which included a TSP P1000 pump, two columns, Mixed-
D and Mixed-E (Polymer Labs) and a refractive index (RI) detector (model ERC-RI 101). The
software used for the analysis of the chromatograms was the Atlas Workstation and Cirrus
GPC Reanalysis Software. The eluent used was a THF:TEA (50:1) mixture at a 1 mL/min
flow rate. The calibration curve was based on eight narrow molecular weight linear PMMA
standards ranging from 850 to 342,900 g/mol. In a typical measurement a 2 wt% solution of
the sample was prepared in THF/TEA (50:1) and was injected to the system (20ulL) at a
column temperature set to 40°C .

2.2.4 Fourier Transform Infared (FT-IR) Spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy [36] is a technique which is used to
obtain an infrared spectrum of absorption, emission, photoconductivity of a solid, liquid or
gas. An FTIR spectrometer simultaneously collects spectral data in a wide spectral range. This
confers a significant advantage over a dispersive spectrometer which measures intensity over a
narrow range of wavelengths at a time.

The goal of any absorption spectroscopy technique is to measure how a sample absorbs
light at each wavelength. The most straightforward way to do this, the "dispersive
spectroscopy" technique, is to shine a monochromatic light beam at a sample, measure how
much of the light is absorbed, and repeat for each different wavelength. Nevertheless, Fourier
transform spectroscopy is a less intuitive way to obtain the same information. Rather than
shining a monochromatic beam of light at the sample, this technique shines a beam containing
many frequencies of light at once, and measures how much of that beam is absorbed by the
sample. Next, the beam is modified to contain a different combination of frequencies, giving a
second data point. This process is repeated many times. Afterwards, a computer takes all these
data and works backwards to infer what the absorption is at each wavelength.

In this study Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet 6700
optical spectrometer equipped with a DTGS KBr detector. The spectra were collected in a
range 400-4000 cm™~! at 128 scans and a resolution of 4 cm™1.
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2.2.5 Potentiometric Titrations

Titration is a common laboratory method of quantitative chemical analysis that is used to
determine the unknown concentration of an identified acid or base. It makes use of the
neutralization reaction that occurs between the acid and base. A titration curve (Figure 2.7) for
an acid-base titration is a curve in the plane whose x axis is the volume of titrant added since
the beginning of the titration and y axis is the pH of the solution. In an acid-base titration, the
titration curve reflects the strength of the corresponding acid and base. The change in pH is
small until the end point where there is a sharp change. The strength of an acid or base
determines the sharpness of the change. For a strong acid and a strong base, the curve will be
relatively smooth and very steep near the equivalence point. Because of this, a small change in
titrant volume near the equivalence point results in a large pH change.

14

- gquivalence
point

Vbase

Figure 2.7: Titration curve of a strong base titrating a strong acid.

In the above curve, the beginning, the solution has a low pH and increases slowly as the
strong base is added. As the solution approaches the point where all of the protons are
neutralized, the pH rises sharply and then levels out again as the solution becomes more basic
and more ions are added. The equivalent point occurs when the slope of the titration curve
changes (see Figure 2.7) and can be calculated from the maximum of the first derivative of the
data.

The titration of a weak acid with a strong base is different from that of a strong acid/base
titration, primarily in the beginning of the titration, and with different equivalent point. There
is a lag in reaching the equivalence point, as some of the weak acid is converted to its
conjugate base. Moreover, the equivalent point itself is shifted upwards in pH. The reaction
that occurs in the solution is:

HA (aq) + OH (aq) = A~ (aq) + H,0 ()
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As base is added, a buffer solution forms and the pH does not change rapidly until all of
the weak acid reacts with the base. Analysis of the titration curve provides a mean for
determining the dissociation constant of the acid. The pK_, of the acid is equal to the pH at the
midpoint of the titration curve. This can be seen from the Henderson-Hasselbalch equation,
which describes the weak acid equilibrium:

[A7]

pH = pk, + log([H Al

)

With [A~] the concentration of the basic form of the acid and [HA] the concentration of
the acid. At the equivalent point [A~]=[HA] and the second term of the right side of the
Henderson-Hasselbalch equation becomes zero allowing to determine the pK,from the pH.

Degree of ionization is defined as the ratio between the concentration of ionized units
divided by the concentration of the total units in solution. It can be represented as a decimal
number or as a percentage. In accordance, the fraction of charged carboxylic acid groups of
the polymers used in this study is defined as the degree of ionization of the polymer. For PAA
the degree of ionization is expressed as

[PAA-]
[PAA] + [PAA-]

The effective pK, value of the protonated monomer repeat units can be calculated from
the Henderson-Hasselbalch equation at a degree of ionization a=0.5 where the concentration
of protonated monomer repeat units is the same with the concentration of the unprotonated
monomer repeat units.

In our study polyampholytic nanoparticles Janus-PAA (40 mgr) were dispersed in 40 gr
of deionized water. The pH was adjusted to high pH values with the addition of few drops of
NaOH 1M. The dispersion of the nanoparticles was titrated from pH 10 to 2 using HCI 0.01M
under continuous stirring. The pH was monitored using a Thermo Russel (RL150) pH-meter.

2.2.6 Dynamic Light Scattering (DLS)

Light scattering is a very powerful method to characterize the structure of polymers and
nanoparticles in solution [37]. Light scattering is a form of scattering in which light is the form
of propagating energy which is scattered. Light scattering can be thought of as the deflection
of a ray from a straight path, for example by irregularities in the propagation medium,
particles, or at the interface between two media. Most objects that one sees are visible due to
light scattering from their surfaces. Indeed, this is our primary mechanism of physical
observation. Scattering of light depends on the wavelength or frequency of the light being
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scattered. Since visible light has wavelength of the order of a micrometer, objects much
smaller than this cannot be seen, even with the aid of a microscope. Colloidal particles as
small as 1um have been observed directly in aqueous suspension.

In a light-scattering experiment the quantity that is measured is the total scattered
intensity | (q,t) at specific q (scattering wavevector),

—_—

Figure 2.8: Sketch of the definition of the scattering vector = k— K, .

where k and E: are the wavevectors of the incident and of the scattered light beam and 0 is the
scattering angle. The scattering vector q is simply the difference of the two wavevectors and
therefore,

. 4 T np sin(g)
ldl =q= 3

which can be used to extract information on the static and dynamic properties of the system,
where np, is the refractive index of the medium, A the wavelength of the laser and 6 the angle
between the incident beam and the scattered beam.

Correlator

Figure 2.9: Schematic representation of light scattering.

Dynamic light scattering (DLS) (Figure 2.9) is one of the most popular light scattering
techniques because it allows particle sizing down to 1 nm diameter. Typical applications are
emulsions, micelles, polymers, proteins, nanoparticles or colloids. Dynamic light scattering is
a technique that can be used to determine the size distribution profile of small particles in
suspension or polymers in solution.
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As mentioned above, if the scattering particles are moving, fluctuations in the scattered
intensity with time are directly reflecting the so-called Brownian particle motion of the
scattering particles. From a microscopic point of view the particles scatter the light and
thereby imprint information about their motion. Analysis of the fluctuation of the scattered
light thus yields information about the particles. Experimentally one characterizes intensity
fluctuations by computing the intensity correlation function g, (t), whose analysis provides the
diffusion coefficient of the particles.

_ (g, DI(q t+1)
800 = it

where g,(q, t) is the autocorrelation function at a particular wave vector, g, and delay time, 1,
and | is the intensity. The angular brackets ( ) denote the expected value operator, which in
some texts is denoted by a capital E. At short time delays, the correlation is high because the
particles do not have a chance to move to a great extent from the initial state that they were in.
As the time delays become longer, the correlation decays exponentially, meaning that, after a
long time period has elapsed, there is no correlation between the scattered intensity of the
initial and final states. This exponential decay is related to the motion of the particles,
specifically to the diffusion coefficient.

To obtain the diffusion coefficient the intensity correlation function must be analyzed.
The standard procedure for this is by fitting a polynomial of third degree to the logarithm of
the intensity correlation function. The decay rate I is calculated from the equation:

1
r=-
T
where t is calculated from the Gaussian fit of the inverse Laplace. The decay rate is directly
related to the diffusion coefficient D:

['=q% D, ,withq= 4“;" sin(g) :
The Stokes-Einstein equation,

kgT  kgT kgT

D¢ = = = Ry =
ST f 7 6mnRy ™ 6mmDg

allows one to determine the hydrodynamic radius Ry of the scattering particle, if sample
temperature, T, and solvent viscosity, n, are known and the self-diffusion coefficient, Dg, is
measured by dynamic light scattering . Note here that R is the radius of an equivalent sphere,
experiencing during its Brownian motion in solution a friction f identical in magnitude to that
of our scattering particle which itself is not necessarily a sphere.
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The hydrodynamic radius Ry of the hybrid nanoparticles in the present study was measured
using dynamic light scattering. The light source was an Oxxius solid state laser (SLIM 532) at
a wavelength of 532 nm. The photo correlation was performed by an ALV-5000/E photon
correlator. Scattering was collected at 30°,40°,50°,60°,90°,120°,150° scattering angles
and the obtained time correlation functions were analyzed using KWW analysis. The
concentration of the hybrid nanoparticles was all measurements was 0.005 w/w %.
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CHAPTER 3. | Results and Discussion

3.1 Characterization of bare silica nanoparticles

3.1.1 Dynamic Light Scattering (DLYS)

The pure silica nanoparticles were first characterized by DLS in order to determine their
hydrodynamic size. DLS measurements were conducted at five different scattering angles. A
single exponential decay of the intensity autocorrelation functions was observed, while the
autocorrelation decay rate increased in a linear fashion over g?, indicating uniform size
particles and the absence of aggregates (Figure 3.1). The diffusion coefficient of the particles
in THF calculated from the linear fit of the intensity autocorrelation decay rates was found to
be 4,99 « 10712 m?/sec which according to Stokes-Einstein equation corresponds to a
hydrodynamic radius of 89 nm. This measurement will be used as a reference for further
results on the polymer-coated particles since THF was the solvent for all measurements.
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Figure 3.1: Intensity autocorrelation functions of the bare silica particles in THF at different
scattering angles. Inset: Decay rates of the autocorrelation functions (I') as a function of the
square wavevector (q?).
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3.1.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was used to obtain information concerning the
size, shape, morphology and size distribution of the particles. The following figures shows
scanning electron microscopy micrographs of bare silica nanoparticles from a THF solution
c= 0.005 %. The bare silica particles were spherical in shape and monodisperse with a smooth,
featureless surface morphology. These SEM images will be compared with SEM images of the
Janus SiO,-P(t-BuA) in order to identify the polymer coating. From the SEM images, the bare
silica nanoparticles were found to have a size distribution in the range of 60-70 nm with
average size 67 nm.

A,
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Figure 3.2: SEM images of bare silica particles.

3.2 Characterization of the hybrid Janus nanoparticles in organic
solvents

3.2.1 Thermogravimetric Analysis (TGA)

In order to determine whether the hybrid Janus nanoparticles were successfully
synthesized using the procedure described in the experimental section, TGA was performed.
Typical TGA curves for the bare silica particles (green line), the Janus SiO,-P(t-BuA)
nanoparticles (black line) and P(t-BuA) homopolymer (red line) are depicted in Figure 3.3.
The TGA curves show the % weight loss of the samples as a function of temperature. The %
weight loss for the bare silica nanoparticles (green line) was found 8.85 %. This loss is mainly
due to moisture which is physically absorbed on the surface of the particles possible
contamination of the particle surface with organic matter and/or condensation of the surface
silanol groups. In principle, the polymer loading can be determined from the difference in

pH-responsive hybrid Janus nanoparticles YeAiSa 30



weight loss between the bare silica nanoparticles and the Janus SiO,-P(t-BuA) nanoparticles.
A total 20.47 % weight loss was observed which was attributed to the decomposition of the
organic content of the hybrids Janus nanoparticles. Moreover, Janus SiO,-P(t-BuA) TGA
curve exhibits a similar decomposition pattern to that for the P(t-BuA) homopolymer (red
line).
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Figure 3.3: TGA thermograms of the bare silica nanoparticles, the Janus P(t-BuA) particles, and
P(t-BuA) homopolymer.

3.2.2 Gel Permeation Chromatography (GPC)

The first step for the synthesis of the hybrid Janus nanoparticles was the ATRP
initiation of t-BuA from Janus initiator nanoparticles in a solvent free polymerization in the
presence of free initiator. The role of the free initiator was dual, first because of the small
concentration of the surface initiator, it is necessary to generate enough copper Il (deactivator
of the reaction) to induce control of the polymerization. Second, the free polymer formed
during the polymerization has been shown in the literature to have the same molecular weight
with those formed on the particle surface. [38-40] This allows us to determine the molecular
weight of the grafted polymer chains without etching the silica core using GPC.

Figure 3.4 shows the GPC chromatogram of the free P(t-BuA) polymer formed in
solution in which a narrow peak is observed, indicative of a controlled polymerization. The
molecular weight of the P(t-BuA) chains formed by the free initiator was found 265.800
g/mol and the polydispersity index is approximately 1.11. Thus, relatively monodisperse
chains with an average molecular weight of 265.800 g/mol are grafted on the surface of the
particles.
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Figure 3.4: Chromatogram of the free polymer synthesized in solution during the synthesis of the Janus
P(t-BuA) particles.

3.2.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to investigate the shape and size of the
Janus SiO,-P(t-BuA) particles. The sample preparation procedure for the SEM experiments
involves first the dispersion of the Janus P(t-BuA) particles in a THF solution ¢=0,005 w/w %.
Then a drop of this solution was placed on a silicon substrate, dried overnight at room
temperature and next measured by SEM.

P

FORTH-IESL 15.0kv  X70000 WD9.0mm 100nm FORTH-IESL SEI 15.0kv  X70,000 WD 9.0mm 100nm

Figure 3.5: SEM images of the Janus P(t-BuA) from a dispersion in THF.
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The SEM images above show particles which have a uniform size and a spherical shape.
As we can see the particles are held together by a “sticky” material which is attributed to the
polymer. However, no specific Janus morphology is observed in these SEM images. In order
to demonstrate the anisotropic character of the hybrid nanoparticles, the particles were
dispersed in a mixture of THF/water (1:9) solution. Afterwards a drop of this solution was
placed on a silicon substrate and dried at room temperature. The SEM images following the
above process are presented in Figure 3.6. Due to the hydrophobic interactions between the
polymer chains in water the polymer is collapsed and phase separates from the silica particles.
These SEM images reveal the characteristic dumbbell morphology of Janus particles.

The left image in Figure 3.6 shows a single Janus SiO,-P(t-BuA) nanoparticle which
consists of two parts. The part on the left is attributed to the silica sphere and is verified by the
shape and size of the silica core. Whereas, the part on the right is attributed to the amorphous
polymer grafted on the particle surface.

The image on the right in Figure 3.6 show doublets formed due to the hydrophobic
attractions between the polymer modified surfaces in THF/water (1:9).

FORTH-IESL SEI 15.0kV  X230,000 WD 92mm  100nm FORTH-IESI SEI 15.0kV  X70,000 WD87mm 100nm

Figure 3.6: SEM images of the Janus P(t-BuA) from a dispersion in THF/water (1:9).
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3.2.4 Dynamic Light Scattering (DLS)

The Janus Si0,-P(t-BuA) particles were also characterized by DLS in order to determine
their hydrodynamic radius. DLS measurements were conducted at five different scattering
angles. Figure 3.7 shows a single exponential decay of the intensity autocorrelation functions,
while the autocorrelation decay rate increased in a linear fashion as a function of g2. This is
indicated uniform size particles and the absence of aggregates. The diffusion coefficient of the
Janus SiO,-P(t-BuA) particles in THF calculated from the linear fit of the intensity
autocorrelation decay rates was found to be 2.87 * 1072 m?2/sec which according to Stokes-
Einstein equation corresponds to a hydrodynamic radius of 155 nm.

DLS measurement were carried out at Janus nanoparticles concentration ¢=0,005 w/w
%. The hydrodynamic radius of the pure silica nanoparticles in THF was calculated 89 nm by
DLS. For comparison, the corresponding hydrodynamic radius of the Janus SiO,-P(t-BuA)
nanoparticles in THF was found to increase to 155 nm by DLS, suggesting the successful
grafting of P-t(BuA) on the surface of the silica nanoparticles.
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Figure 3.7: Intensity autocorrelation functions of the Janus P-t(BuA) nanoparticles in THF at different
scattering angles. Inset: Decay rates of the autocorrelation functions (T") as a function of the square wavevector

(9%).
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3.3 Characterization of the hybrid Janus nanoparticles in aqueous
media

3.3.1 Hydrolysis of Janus Si0,-P(t-BuA) nanoparticles

The Janus SiO,-P(t-BuA) nanoparticles can be hydrolysed in acidic conditions to
produce the anionic Janus SiO,-PAA particles. The hydrolysis reaction is shown in Figure 3.8.
Hydrolysis will give a polyampholytic character to the Janus SiO,-PAA particles because the
free hemisphere of the particles is functionalized with amine groups. Moreover, these particles
present an interesting pH-responsive behaviour, as discussed below.
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Figure 3.8: Hydrolysis of P(t-BuA) in acidic media.

The successful hydrolysis of the polymer was verified by FT-IR. Figure 3.9 shows
FT-IR spectra for the Janus SiO,-P(t-BuA) and the Janus SiO,-PAA nanoparticles. The spectra
was collected in the range 400-4000 cm™! at 128 scans and a spectral resolution of 4 cm™1.
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Figure 3.9: FT-IR spectra of the Janus SiO,-P(t-BuA) and Janus SiO,-PAA nanoparticles.
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The t-butyl groups of P(t-BuA) were hydrolysed to form PAA residues. Previous studies
have shown that the amine functionalized hemisphere is stable and intact under the acidic
conditions used for the hydrolysis reaction.

As seen in Figure 3.9 both spectra exhibit an absorption band at 1115 cm™1 attributed to
the Si-O-Si bond stretching of the silica particles. Moreover, for the Janus SiO,-P(t-BuA)
sample the absorption bands at 1368/1393 cm™1, is due to the symmetric methyl deformation
mode, whereas the absorption band at 1735 cm™! corresponds to the strong C=O ester
vibration. Finally, stretching vibration of the C-H bonds appears between 2847 cm™! and 2940
cm™! . On the other hand, in the FT-IR spectrum of the Janus SiO,-PAA nanoparticles the
doublet at 1368/1393 cm™! disappears due to the loss of the asymmetric CH; stretching.
Moreover, the carbonyl stretching vibration shifts slightly to 1710 cm™1 , corresponding to the
acid carbonyl bond, and a shoulder at lower wavenumbers (1642 cm™1) is observed, which is
due to hydrogen bonded carbonyl groups. Finally, after hydrolysis the presence of a broad OH
stretching vibration from 2900 to 3400 cm™? is observed. These results verify the successful
hydrolysis of the polymer ester bonds.

3.3.2 Aqueous solution properties of hybrid Janus Si0,-PAA
nanoparticles

The conformation of polyelectrolytes is very sensitive towards changes in ionic strength,
pH and other external factors. It has to be emphasized that the ionic strength of the buffers
used for these experiments was carefully kept constant at 0.1 M by addition of sodium
chloride. The measurement of the Janus SiO,-PAA nanoparticles in a solution of sodium
chloride (NaCl) helps us to determine the size at ideal conditions due to the shielding effect on
the carboxylic acid groups of PAA. The Na*cations shield the carboxylate anions due to
electrostatic interactions, and prevent the formation of aggregates.

The Janus SiO,-PAA particles were first characterized by DLS in order to determine
their hydrodynamic size in water and in the presence of NaCl. Figure 3.10 shows a single
exponential decay of the intensity autocorrelation functions, while the autocorrelation decay
rate increases in a linear fashion with g% . The diffusion coefficient of the Janus SiO,-PAA
nanoparticles in NaCl 0,1 M is calculated from the linear fit of the intensity autocorrelation
decay rates and is found to be 1.73 * 10712 m?/sec which according to Stokes-Einstein
equation corresponds to a hydrodynamic radius of 126 nm.
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Figure 3.10: Intensity autocorrelation functions of the Janus SiO,-PAA nanoparticles in 0,1 M NaCl at
different scattering angles. Inset: Decay rates of the autocorrelation functions (I') as a function of the square
wavevector (g2).

The effect of solution pH on the Janus SiO,-PAA nanoparticles behaviour was studied
by potentiometric titration.[41] This process is fully reversible and can be retrieved upon
addition of base or acid in the system. Titration curves were constructed in order to examine
the response of the poly(acrylic acid) chains to pH changes and so to investigate their
behaviour in aqueous solution.
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Figure 3.11: Titration curve for the Janus SiO,-PAA nanoparticles at c=0,1 % w/w. (—) first derivative of the
titration data.
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Over all, the acid added at the beginning of the titration (pH > 9) neutralizes the excess
base in the solution. However, at pH around 9, the addition of acid causes a rapid decrease of
the pH to a value of ~ 8. At this point further addition of acid results in the protonation of the
carboxylate groups of the polymer and the slight decrease of the pH (plateau region, see
below). Finally, when the PAA units have become fully protonated an abrupt decrease of the
solution pH is observed due to the excess acid added in the solution.

In the high pH regime (pH 8-9) the polymeric chains are fully ionized, while upon
decreasing the solution pH the negative carboxylate groups of PAA become protonated. This
reversible ionization process results in the appearance of a plateau in the titration curve of the
PAA modified particles at a pH range between 5.5 and 8, as seen clearly in Figure 3.11.

As discussed in Chapter 2 the degree of ionization is defined as the ratio of the
concentration of the ionized monomer repeat units divided by the concentration of the total
monomer repeat units in the solution. For PAA the degree of ionization/protonation is
expressed as:

[PAA™]
[PAA] + [PAA-]

Where [PAA~] is the concentration of protonated PAA repeat units and [PAA] is the
concentration of deprotonated PAA repeat units. The effective pK, value of the protonated
carboxylic acid groups is defined by Henderson-Hasselbalch equation:

[PAA-]
[PAA]

pH = pK, + log

At the midpoint of the plateau region the concentration of [PAA™] is equal to the
concentration of [PAA] and the second term of the Henderson-Hasselbalch equation becomes
zero allowing the determination of the pK, value. Practically, the pK, value can be
determined by a diagram of the solution pH versus the degree of protonation (o) at a=0,5.
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Figure 3.12: Solution pH versus degree of ionization for the Janus SiO,-PAA nanoparticles.

Figure 3.12 shows the solution pH as a function of the degree of protonation in the range
0 < a <1 for the Janus SiO,-PAA nanoparticles. Values of o approximate the degree of
protonation assuming that all of the H* from the added HCI protonate the carboxylic acid
units. The small change of the pH as a function of a is attributed to the buffering capacity of
the polymer at this pH region. The effective pK, of the polymer was calculated quite
accurately from this plot as the pH of the solution at a degree of ionization o = 0,5 and was
found 6,7.

In addition, the pK, of free PAA as found in the literature is around 4.4 [42-44]. This
difference is attributed to the crowding of the AA in the grafted polymer leading to a difficulty
in the protonation of the PAA units near the surface of the particles. The concentration of the
amino groups on the second hemisphere of the particles when compared to the carboxylic acid
groups of PAA are negligible and for this reason they do not play significant role in the
titration curve of the Janus SiO,-PAA nanoparticles.

From the TGA results for the Janus SiO,-P(t-BuA) nanoparticles the moles of t-BuA
which are grafted on the silica particles were calculated and found to be 3,63 * 107°.
Moreover, from the titration data for the Janus SiO,-PAA nanoparticles the moles of AA were
calculated 1,68 * 10~> which is in good agreement with the TGA results given the large error
in the two techniques.
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DLS measurements of an aqueous dispersion of the particles as a function of a well
performed in order to assess the effect of the degree of ionization on the hydrodynamic size of

the particles. These results are summarized in Table 3.1.

Table 3.1: Hydrodynamic radius of the Janus SiO,-PAA nanoparticles for different degree

of ionization.

Ry, (nm) a

104 0
117 0.27
136 0.65
166 0.97

The hydrodynamic radius at a degree of ionization equal to 0=0.97 when all the
carboxylic acid groups are deprotonated was found to be 166 nm. This value is considerably
higher than the one found for the Janus SiO,-P(t-BuA) particles in THF, and is attributed to
the electrostatic repulsions among the charged polymer chains that drive the polymer to adapt
an extended conformation in solution. At a lower degree of ionization 0=0.65 the
hydrodynamic radius was found to decrease and equals to 136 nm. At an even lower degree of
ionization o =0.27, the hydrodynamic radius decreases further to 117 nm. Upon further
deprotonation of the particles, the hydrodynamic radius decreases further to 104 nm.
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Figure 3.14: Hydrodynamic radius of the Janus SiO,-PAA particles as a function of the degree of
ionization.
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As seen in Figure 3.14, when increasing the solution pH and therefore degree of
ionization of the polymer there is a concomitant increase in nanoparticle size. PAA bearing the
carboxylic acid groups accepts protons at low pH, and releases them at high pH. The increase
in nanoparticle size with degree of ionization is due to the ionization of the grafted PAA
chains on the silica surface. As, the acid groups along the polymer backbone become
deprotonated, Coulombic repulsions between of the same charges force the polymer to adopt
an extended conformation, which results in an increase in the nanoparticle size.[45] At the
point where the polymer chains becomes fully ionized all of the counterions should remain
trapped within the PAA layer, and the overall size of the nanoparticle will be determined by
the balance between osmotic pressure created the counterions and polymer chain elasticity.
[46, 47] It is also interesting to observe that at very high pH values the nanoparticle collapses
because the addition of further ions through continued increasing pH will have a similar effect
to adding salt. Since the fully ionized PAA retains its counterions within the polymer layer to
retain electron neutrality.
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CHAPTER 4. Conclusions

The scope of this work was to characterize polymer-silica Janus nanoparticles. These
particles comprise one polymer grafted hemisphere and a free hemisphere and were
synthesized using surface-initiated ATRP. The free hemisphere was covered by amino groups
from the APTES which was used to modify the particle surface. The selection of the
hydrophobic poly(tert-butyl acrylate) was because the methacrylate ester can be hydrolysed to
form pH-responsive poly(acrylic acid) particles which are hydrophilic.

The successful synthesis of the Janus polymer-silica particles was verified by TGA,
while the controlled nature of the polymerization reaction was confirmed with GPC. The size
of the particles was evaluated by DLS measurements, while SEM images provided insight on
the topology of the Janus particles.

Subsequent hydrolysis of the tert-butyl ester groups of the P(t-BuA) grafted chains
resulted in the formation of hybrid Janus nanoparticles which exhibited pH responsive
behaviour in aqueous solution due to the presence of both ionizable hemispheres. The
successful hydrolysis was proved by FT-IR spectroscopy.

Potentiometric titrations of the Janus SiO,-PAA in aqueous solution exhibited a
simultaneous ionization process due to the similar buffer zones of the acidic and basic units of
the AA and amino groups of APTES respectively present on the surface of the particles. Also,
from the potentiometric titration of the Janus SiO,-PAA particles the pK, was calculated. The
pH-depended size of the Janus PAA particles was shown by DLS measurements verifying the
pH-responsive behaviour of the Janus particles.

DLS measurements show that when the pH increases the particle size also increases, due
to electrostatic repulsion between the protonated carboxylic acid groups of PAA.

These silica PAA Janus nanoparticles present an excellent response to solution pH and
are attractive among others for controlled uptake and release applications.
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