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of surfactants at the interface bolsters the above effects. Colloidal particles have often been
demonstrated to be effective at emulsion stabilization,** and so-called Pickering emulsions can
be stable indefinitely.

The effectiveness of colloidal particles at preventing coalescence stems partly from their

very high energy of adsorption, A . The expression for adsorption energy of a spherical
particle is given in Equation 1.3, where is the interfacial tension before adsorption of
particles, is the particle radius, and is the contact angle of the particle at the oil-water

interface measured into the water phase.*

2
AG 4. = —nyowr2(1 — COS(QOW)) (1.3)

Even small particles are essentially irreversibly adsorbed; a 20 nm particle at a water-toluene
interface possesses A = 108 . Since particle removal from an interface is very unlikely,
coalescence must occur via lateral rearrangement of particles on the interface. However, as
mentioned above, high density adsorption and Marangoni flow also render this mechanism
unlikely, meaning that particles are very effective at suppressing coalescence.

The low interfacial tension ( ) between many immiscible polymer pairs portends that
particles are usually preferentially wetted by one phase and will either will not prefer to adsorb
at the interface or will exhibit a distribution of localizations.” Thus, achieving interfacial
assembly requires precise control over surface-modifying chemical reactions to achieve the
correct wettability for a given blend.” Particles have often been used in the literature to
compatibilize blends via interfacial adsorption, but most reports feature poorly defined

dispersion and surface properties.’



1.4. Particle Dispersability in Polymeric Matrices

Dispersion of individual particles, as opposed to aggregated structures, is advantageous
for the efficient expression of properties imparted by the nanofiller, especially in systems where
vigorous shear mixing is not practical. Concerning interfacial behavior, while individual particles
and their aggregates may have the same wettability, larger clusters have lower diffusion rates
and thus decreased ability to reach the interface. Additionally, fewer adsorption events will
occur since the effective number of particles is lower in an aggregated system, decreasing
compatibilization efficiency. Particles will disperse in a polymer matrix if they have adequate
repulsive interparticle interactions and are wetted by the matrix. To achieve repulsion in
polymeric systems, particles are usually coated with polymer chains either through adsorption
of free chains or some variety of grafting chemistry, forming a brush layer. The free energy of
mixing of homopolymer and brush chains has an important entropic component. For wetting to
be favored entropically, either the particle size must be lower than the radius of gyration, R, of
matrix polymers* (true only for very small nanoparticles, in general), or the brush polymers’ size

48 |f the brush polymers are appreciably smaller

must be no less than the matrix polymer size.
than those of the matrix, entropy gained due to mixing of brush and matrix is less than entropy
lost by the matrix chains when penetrating the brush layer. This discrepancy results in the brush
being excluded from the matrix, leading to particle aggregation, as shown in Figure 1.2. This
phenomenon is called autophobic dewetting. Due to low entropy of mixing in polymers, the

brush must be either miscible with or chemically identical to the matrix polymer so that

dispersion is not enthalpically disfavored.



b D 5
Figure 1.2. Effect of brush molecular weight on dispersion of PS-grafted silica
(14 nm diameter, 0.01 chains/nm” graft density) in a 42 kg mol® PS
homopolymer matrix. Brush polymer molecular weight: a) 25 kg mol™
(<MWmatrix)i b) 51 kg morl (:Mwmatrix)r C) 158 kg morl (>MWmatrix)- Adapted
with permission from Ref 47. Copyright 2009 Nature Publishing Group.

1.5. Research Goals

In this work, we demonstrate two pathways for controlling nanoparticle location in
polymer blends: the use of Janus particles in a ternary blend system engineered for high
interfacial activity, and the use of temperature-responsive enthalpic interactions between the
nanoparticles and the blend matrix to alter the particle location in a stimuli-responsive manner.
When applicable, we also discuss the effect of the particle location on the morphology of the
blend and it’s evolution during annealing. These two approaches solve limitations of and add

functionality to existing blend compatibilization strategies.
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CHAPTER 2

SYNTHESIS OF JANUS PARTICLES SUITABLE FOR STABILIZATION OF POLYMERIC EMULSIONS

2.1. Introduction

Our first goal in this dissertation was to use Janus particles to kinetically arrest the
demixing of a polymer blend, specifically to produce a stable, bicontinuous morphology. In this
chapter, first we briefly review the Janus particle literature, focusing on their interfacial activity.
Then, we discuss the results of our attempted synthesis of Janus particles meeting the
requirements for the desired application. Finally, we describe the synthesis, undertaken by

collaborators, of the Janus particles used in subsequent work.

2.1.1. Janus Particles

Janus particles (JPs) are non-centrosymmetric colloids in which two different
chemistries are distinctly separated on the surface,' as shown schematically in Figure 2.1. This
broken symmetry enables the combination of traits of both molecular (small-molecule, block
copolymer) and particulate surfactants, thereby realizing self-assembly behaviors and physical

properties not present in either. First proposed by de Gennes in the late-1980s’ and realized

Figure 2.1. Schematic representation of a Janus particle, where
hemispheres A and B represent regions with different
surface chemistries.
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by Casagrande et al. in 1988, Janus particles became a topic of intense interest in the soft
materials community in the mid-2000s.

Janus particles have been investigated for their utility in a variety of applications and
physical phenomena. Their asymmetry affords the opportunity to induce gradients in
temperature® or concentration® across the particle, leading to enhanced diffusion rates with
some directionality.  Janus particles that catalytically consume a fuel (noble-metal
decomposition of hydrogen peroxide, for example) can be strongly propelled by the momentum
accompanying detachment of resultant gas bubbles that nucleate on the particle surface.®’
Additionally, Janus particles’ inherent asymmetry can lead to rich self-assembly behavior.
Notably, Granick and coworkers have created two-dimensional lattice structures by controlling
the repulsive and attractive interactions between different regions of “triblock” (three-region)
Janus particles prepared by evaporating two gold patches at controlled angles onto micron-scale
silica particles, followed by functionalizing with an aliphatic thiol.**® Miiller and coworkers have
demonstrated a wide array of self-assembled structures on a much smaller size scale using

1112 By altering the sizes of each Janus region and mixing together

purely organic particles.
different types of JPs, they can produce assemblies ranging from linear strings of particles to
kinked chains and lattice-like networks.

The characteristics of Janus particles most important to this work are those concerning
interfacial activity. Binks and Fletcher published a detailed report discussing the effects of the
amphiphilic nature of JPs on their interfacial behavior compared to that of homogeneous
particles,” finding that the interfacial adsorption energy of a JP is up to three times greater than

that of a homogeneous particle of the same size and average wettability, depending on the

difference in wettability of the two Janus regions. The probability of thermally activated

desorption, which can be expressed as p ~ AGadS/kBT, where AG, 4, is the adsorption energy,
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is therefore decreased by a factor of 20 for JPs." Additionally, when the two Janus regions have
different areas, Janus particles can retain their interfacial activity at wettabilities approaching 0°
(or 180°) due to pinning of the contact line on the dividing line between regions, unlike
homogeneous particles, whose interfacial adsorption energy becomes very small for extreme
wettabilities.

Janus particles are generally considered to be more “interfacially active” — more likely to
adsorb at an interface — than homogeneous particles, but why this is true is rarely discussed.
Particles adsorb to an A-B interface if Equation 2.1 holds,'* where y,5 represents interfacial

tension of A and B phases, and yp, and ypp represent the interfacial tensions between the

particle and A and B phases.

lYpa— veel < Yas
(2.1)

JPs offer the opportunity to tailor the surface chemistry of each region on the particle, and, thus,
minimize the interfacial tension with A and B phases. In this case, yp4 and ypg in Equation 2.1
become very close to zero, meaning that interfacial adsorption is favored even if the original

surface tension, Y4z, is very small, as is true in many polymer blends."

2.1.2. Requirements for Application
The impetus for developing Janus particles was to create a colloid that can stabilize
bicontinuous morphologies in a polymer blend, which can evolve during spinodal

decomposition, either temperature-induced or solvent-induced, as well as during melt-

16,17

mixing. While materials with bicontinuous structures have great utility, this morphology is

not in thermodynamic equilibrium in polymer blends; bicontinuous domains will coalesce and

coarsen when possible because the interfacial area between two immiscible fluids can be

18,19

reduced by redistribution of material into spheres of increasing size. Once formed,
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coarsening of the morphology must be kinetically arrested in a nonequilibrium state.
Mechanisms for such kinetic arrest include colloidal jamming® and vitrification, both of which
can be aided by the suppression of coalescence provided by interfacially adsorbed particles.

Reports of the so-called “bijel”, or bicontinuous jammed emulsion gel,**** have inspired
research into kinetically arrested bicontinuous structures. To produce a bijel, a partially miscible
mixture of two liquids containing neutrally wetting, well dispersed colloidal particles is
guenched into the spinodal regime, forming a bicontinuous morphology. The particles are
interfacially active, and adsorb to the interface. As the bicontinuous structure coarsens, the
interfacial area decreases; eventually, the interfacial area equals the cross-sectional area of the
adsorbed particles, whereupon the particles mechanically jam, forming a solid network of
particles that kinetically arrests the structure growth and prevents further coarsening for
months. Domain size can be controlled by varying particle loading. Rheologically, the structure
displays significant elasticity, as well as the ability to self-heal its bicontinuity in response to a
strain. Bijels have been created using water-2,6-lutidine (LCST)?? and ethanediol-nitromethane
(UCST)® liquid mixtures. In both cases, neutral wetting of the particles (i.e. 90° contact angle)
was crucial to the formation of the bicontinuous structure; although the authors do not discuss
guantitatively how nearly neutral the contact angle must be, very slight differences in the
amount of atmospherically adsorbed water on the particle powder used in water/2,6-lutidine
samples had a tremendous effect on the resulting morphology.*

Given the constraints on forming a kinetically stabilized bicontinuous interface in a
polymer blend with low surface tension, we propose that the Janus particles must possess three
traits to be effective stabilizers for a polymeric emulsion with a bicontinuous morphology
originating from spinodal decomposition. These requirements guided the methods of Janus

particle synthesis we explored. The requirements are as follows:
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- Dispersability in the polymer matrix
- 90° Janus balance (the Janus hemispheres have equal area)
- At least 10 mg scale for nanoparticles, 50 mg for micro- or sub-microparticles

Following is a discussion of each of the three “requirements”. In order to maintain
dispersability in a fluid, particles require a mechanism by which they can repel each other; in a
polymeric matrix, typically high molecular weight ligands (either grafted or adsorbed to the
surface) with sufficient grafting density are required. The free energy of mixing of homopolymer
and brush chains has an important entropic component. For wetting to be favored entropically,
either the particle size must be lower than the radius of gyration, R, of matrix polymers*
(generally true only for very small nanoparticles), or the size of the brush polymers must be no
less than the matrix polymer size.”?® If the brush polymers are appreciably smaller than those
of the matrix, entropy gained due to mixing of brush and matrix is less than entropy lost by the
matrix chains when penetrating the brush layer. This discrepancy results in the brush being
excluded from the matrix, leading to particle aggregation; this phenomenon is called autophobic
dewetting. Due to low entropy of mixing in polymers, the brush generally must be either
miscible with or chemically identical to the matrix polymer so that dispersion is not disfavored
due to enthalpic concerns.

Dispersion of individual particles as opposed to aggregated structures is advantageous
prior to adsorption to the interface, especially in systems where vigorous shear mixing is not
practical. While aggregates and individual particles may have the same wettability, larger
clusters or aggregates have slower diffusion rates and thus decreased ability to reach the
interface. Additionally, fewer adsorption events will occur because the effective number of
particles is lower in an aggregated system, decreasing compatibilization efficiency. Particles will
disperse in a polymer matrix if they have adequate repulsive interparticle interactions and are

wetted by the matrix.
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Second, the particles should exhibit neutral wetting, i.e. attain a 90° contact angle at the
interface, in order to not impart curvature on the coarsening domains. As described above, this
idea is a major tenet of the bijel literature. Binks and Fletcher®® showed that the contact angle
of a JP at an interface is determined by two factors: the wettability of the JP with each blend
phase and the relative surface area covered by each of the two surface chemistries (the “Janus
balance”). These four parameters as visualized schematically in Figure 2.2: the contact angle of
the JP at an interface, 8, the Janus balance, a, and the contact angles of both the apolar, Oap
and polar, 6, regions of the JP, i.e. the contact angle adopted if the surface chemistry of each
region were that of a homogeneously functionalized particle. It was shown that § depends on

Bap, Op, and the relation between a, 8, and 6, in the manner described in Equations 2.2.7

ap’

Ifa <60, <08 thenp =6,
If 0 <a <0 thenf =a
If 0 <6, <a, thenp =6,

(2.2)
The contact angles 6, and 6, are described by the Young equation, Equations 2.3:
Yaw — V.
C05(9ap) — 7aw_ 7ao
Yow
Ypw — W
COS(Bp) —pw_ 'po
Yow (2.3)

Thus, there are three ways to achieve a 90° contact angle using Janus particles. If the
Janus balance is unequal (a@ # 90°), then the majority region (either polar or apolar) must be
wetted at the interface with a 90° contact angle; however, such a situation defeats the purpose

of creating asymmetry in the particle at all, since if one can achieve neutral wetting for one
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