














evaporation drives phase separation. The evaporation of solvent causes a compositional
change and may quench the system into the spinodal envelope of the triangle phase
diagram (Chapter 1, Figure 1.4).[29-33] However, due to the lack of theoretical studies
in quantifying the kinetics of the SIPS, it is not well understood how co-continuous
structures are formed, nor how they evolve with time.

Phase diagrams of ternary systems also vary with temperature, giving rise to a
three-dimensional prism-shaped phase diagram (Chapter 1, Figure 1.5). A quasi-binary
phase diagram is obtained by intercepting a vertical plane from the prism, resulting in a
two-dimensional phase diagram at fixed volume ratio of polymers and, temperature and
volume fraction of solvent as the two variables.[34, 35] The criteria for TIPS in binary

polymer blends,

A =My A = Ay , (4.1)
(O°AG,, /8¢52)T’p =0 (4.2)
(0°AG, /8¢53)T’p =0 (4.3)

are expected to be applicable to the symmetric quasi-binary polymer-polymer-solvent
systems, assuming that the solvent only dilutes the unfavorable interactions between the
incompatible pair[36] The simplified solution for the phase separation criteria is to
replace the interaction parameter y by the effective value yer = (1-¢)y. Co-continuous
structures may be obtained by quenching such homogeneous quasi-binary mixture into
the spinodal envelop[32] and subsequent coarsening, similar to the case of a binary

polymer blend.
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Here we present a strategy to utilize solvent to mediate the interaction between
immiscible polymers — polystyrene (PS) and poly(2-vinylpyridine) (P2VP), achieving
partial miscibility of polymer blends with the use of an almost neutral solvent —
tetrahydrofuran (THF). Given the similar favorable polymer/solvent interactions, such
ternary blend may be considered as a quasi-binary system, with a two-dimensional
phase diagram and experimentally accessible phase mixing temperatures. Analogous to
the UCST binary polymer blend, the quasi-binary polymer/polymer/solvent blend
undergoes spinodal decomposition induced by appropriate thermal quenching.
Consequently, the demixing fluids have a low interfacial energy and low viscosity,
which may assist the non-selectivity of the particles to both phases. Our experiments
show that the kinetics of spinodal phase separation are slowed down in upon addition of
gold nanoparticles, and that the coarsening of the co-continuous structures is slowed
and even arrested for a short period of time by the addition of large silica particles,
possibly due to the interfacial jamming of particles. The design of the quasi-binary
blend system could open ways to control the phase separation for immiscible polymer
binary blends in a more controlled manner, and provides fundamental insights into the

phase separation behaviors of polymer blends.

4.2 Experimental

4.2.1 Materials and sample preparation
PS (Polymer Source Inc.) with a weight-average molecular weight (M,,) of

26,000 g/mol and a polydispersity index (PDI) of 1.04 and P2VP (Sigma Aldrich) with
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a M,, of 37,500 g/mol and PDI of 1.07 were employed. Anhydrous tetrahydrofuran
(THF) was purchased from Sigma Aldrich. All reagents were used as received.

Colloidal silica particles with diameter ~ 300 nm (Nano Giant LLC) were
initially dispersed in water. Repeated centrifugation and redispersing with THF resulted
in particle dispersions in THF.

Gold nanoparticles (NP) with diameter ~4 nm and stabilized by the PS-SH were
synthesized using a procedure described by Brust et al.[37] The PS-SH with MW 3,600
g/mol and PDI 1.3 was synthesized by atom transfer radical polymerization (ATRP) and
subsequent reaction with thiourea in DMF followed by basic hydrolysis to convert
bromide into thiol end groups.[38] The feeding ratio of Au to PS-SH is usually 1:2 by
weight.

The PS/P2VP/THF solutions were weighed and mixed according to the desired
ratio. To prepare the solutions with particles, the particle solution or suspension was
first dried, weighed and then the PS/P2VP/THF solution was added. The particle
content was recorded with respect to the total polymer volume.

For the light scattering experiments, rectangular glass capillaries were used as
the sample cells, with dimensions of 1 mm x 1 mm x 50 mm or 1 mm x 5 mm x 50 mm.
One end of the capillary was first sealed by flame. Sample solutions or suspensions
were then filled into those glass capillaries. The other end of the glass capillary was
either flame-sealed after immersing the sample portion in liquid nitrogen to prevent
THF boiling during sealing, or sealed by 5-min-room-temperature epoxy glue. Note that

some sample leakage would occur in the case of epoxy sealing. Therefore, all samples

64



were measured within 2 h after preparation and no obvious differences were observed

between samples prepared with different sealing methods.

4.2.2 Characterization methods

Time-resolved small angle light scattering (SALS) was performed using a He-
Ne laser (623.8 A) as the light source and a camera equipped with a 2-D CCD detector
(Princeton EG&G CCD 512 x 512 array) for image collection. The sample capillary
was placed on an INSTEC heating stage (HCS622V) equipped with a liquid nitrogen
cooling unit, to control the experimental temperature from -50 € to 300 <€ with
heating/cooling rates from 1 to 100 <€/min. The scattering signals were projected onto a
black board, from which a scattering pattern could be visualized. The scattering images
were acquired by the CCD camera and analyzed using a customized LabView
application. The obtained images were transformed into the intensity | vs. scattering
vector g = 441 * sin (4/2) plots, by integrating along the azimuthal angle.

The cloud point for a particular composition of the ternary blend was measured
using the above light scattering apparatus. The intensity at 02angle was monitored
during heating at a particular rate by a laser sensor on the direct beam pathway after the
light had passed through the sample. The nearly linear portion of the intensity curve in
the cloudy state was extrapolated to the base line and the intersection was taken as a
measured cloud temperature at the particular heating rate. This procedure was
performed at several heating rates (1, 2, 3, 4, 5, 7 and 10 </min) and the cloud
temperatures as a function of heating rate was extrapolated to an infinitely slow rate to

obtain the cloud points.
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4.3 Results and discussion

4.3.1 Numerical calculations of the phase diagrams of a quasi-binary blend

We used the modified Flory-Huggins theory to calculate the binodal curves of
the quasi-binary blend at different solvent concentrations. A symmetric case of a
polymer-A/polymer-B/solvent blend was considered, where yas = yss and N = Na = Np,
that is, polymers of comparable degree of polymerization were dissolved in a solvent
having the same interaction parameter with each of the two polymers. We assumed the
solvent component contributes to the free energy of mixing with an additional entropic
term and two enthalpic terms. The modified Flory-Huggins free energy of mixing can
be written as following:

& = ﬁ In g, +z_8|n Ps +z_sln P + X nePaPs + X nsPaPs + XosPuds

nRRT N, ] S (4.4)

The phase boundary condition (introduced in Chapter 1) is when the chemical
potentials of polymer A and polymer B are equal in the two coexisting phases (Equation
4.1). The values of the binodal curve can be determined from the common tangent to
the free energy of mixing curves. Since we assume the blend to be symmetric, we can

also use the following equation to get the same numerical solutions:

(8AGmiX / RT) 0
TP

0f (4.5)

The spinodal condition is defined by Equation 4.2, differentiating the metastable region

and the unstable region. The critical point is determined by Equation 4.3.
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Figure 4.1 The estimated phase diagrams of the quasi-binary blend of PS/P2VP/THF:
(@) binodal (solid lines) and spinodal (dotted lines) curves for the case of ¢s=0.9, @ps
= ¢, ¢ravp = 0.1-¢, with various N values; and (b) critical temperatures as a function of

¢s

We employed the interaction parameters of the PS/P2VP/THF system, with
yrsipave = 91.6/T-0.095[39] and ypstHe =xpaveirie =0.4,[40], and assumed that the
polymer-solvent interaction parameters are independent on the solution compositions
and temperature for simplification. At a constant ¢rur, @dps = @, drovp = 1-drur-¢, the
temperature dependent phase diagrams with respect to PS volume fraction are shown in
Figure 4.1a. The UCST-type phase behavior is predicted, as a result of the temperature-

dependent ypsipave. With the increase of N, the phase diagram is shifted upward.
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Figure 4.1b reveals the estimated critical temperature as a function of solvent
concentration. As the solvent dilutes the unfavorable interaction between the two
polymer components, the phase separation temperatures significantly decrease with the
increase of solvent concentration. Specifically, the binary blend shows an estimated
critical temperature at slightly below 900K, while the quasi-binary blend with 90 vol %
solvent has much lower critical temperature of below 500K. An interesting point is that
the addition of solvent decreases the critical temperature of the blend in a non-linear
manner. From 0 — 80 vol % solvent content, Equation 4.4 predicts only 200 € of
critical temperature reduction, while a sharp reduction in the critical temperature is
anticipated at solvent contents higher than 80 vol %. Based on these estimations, the
PS/P2VP/THF blend should exhibit an experimentally accessible phase mixing

temperature given enough solvent content and small molecular weights of the polymers.

4.3.2 Phase separation of the quasi-binary blend

The experimentally determined cloud point curve shows the phase mixing
temperature is below 20 <€ for blends containing 88 vol % solvent (Figure 4.2). The
discrepancy between calculation and experiment could arise from the simplified
polymer-solvent interactions, which are assumed to be independent with temperature or
solution composition. The accessible phase mixing temperature displayed by this
ternary system confirms the theoretical prediction[36] qualitatively, that despite the
high incompatibility of PS and P2VP, a common solvent can homogenize the blend and

significantly decrease the UCST phase boundary.
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Figure 4.2 Cloud point curve of PS26k/P2VP38k with 88 vol % THF

The kinetics of phase separation were investigated by static SALS and OM
experiments for the sample with 4/6 PS/P2VP by volume and 88 vol % solvent. This

system shows a cloud point of 2.6 & 0.7°C. To bypass the metastable region and access

the spinodal envelope in the phase diagram, a fast quench was applied with a cooling
rate of 100 €€/min. Upon quenching, a ring pattern appeared and rapidly decreased in
diameter, shrinking into the beam stop as shown in Figure 4.3b — 4.3d. With time, a
second ring occurred at around 20s after the onset of phase separation (Figure 4.3g —
4.3k). The ring patterns suggest the formation of structures with characteristic sizes
during cooling, i.e. due to spinodal decomposition. Optical micrographs confirmed the
evolution of co-continuous structures at different stages of phase separation (Figure 4.4),
consistent with SALS observations. Initially, the co-continuous structures formed and
quickly coarsened from tens-of-microns to hundred-microns over the course of 14s

(Figure 4.4b — 4.4e). Then, secondary micron-sized co-continuous structures were
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observed, which grew more slowly than the first one (Figure 4.4f — 4.41). The existence
of multiple spinodal phase separations is possibly due to the rate and depth of the
thermal quench, resulting in the secondary spinodal phase separation in the initially
coarsened domains, as temperature drops continuously during the sample heat transfer
process (estimated to be ~ 10s for the 1 mm sample cell). However, the mechanism is

not fully understood, given the complexity of the quasi-binary solution.

Figure 4.3 Small angle light scattering patterns of the PS/P2VP blend with volume ratio
4/6 containing 88 vol % THF quenched to -30 <€ at cooling rate of 100 €/min, with
increasing time: 0s (a), 5s (b), 7s (c), 9s (d), 11s (e), 13s (f), 19s (g), 29s (h), 38s (i), 68s
(1), 99s (k) and 162s (I). The onset of phase separation is set as time zero (Red arrow is
to guide the eye, indicating ring pattern formation; the bright lines across each image
arise from the geometry of the capillary sample cell).
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Figure 4.4 Optical micrographs of the PS/P2VP blend with volume ratio 4/6 containing
88 vol % THF quenched to -30 <€ at cooling rate of 100 <€, with increasing time: 0s (a),
6s (b), 8s (c), 12s (d), 14s (e), 18s (f), 30s (g), 40s (h), 45s (i), 100s (j), 128s (k) and
170s (). The onset of phase separation is set as time zero (scale bar: 100 um).
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composition, deeper quench results in slower dynamics, due to the higher viscosity at
the lower temperature.

Previous studies have shown that Au-PS nanoparticles can have controlled
preference between PS and P2VP bulk phases through variations in the PS ligand areal
density.[41-43] However, in our experiments, the use of a common solvent reduces the
difference in wettability of the Au-PS NPs between phases. Indeed, as THF disperses
the nanoparticles well, it is most likely that the nanoparticles have little preference for
either phase.

Although the neutral wetting condition may be satisfied, the particles can only
be adsorbed at and stabilize the interface when the reduction of interfacial energy
overcomes thermal energy.[44] In our case, the common solvent THF also reduces the
interfacial tension between the phases and increases the difficulty for the particles to be
adsorbed at the interface. The interfacial tension between 10 wt% PS/THF and 10 wt%
P2VP/THF is less than 10“ N/m, as estimated by a pendent drop measurement.
According to theoretical estimates[1], a particle radius larger than 30 nm would be
required in order to overcome thermally activated detachment and achieve interfacial
adsorption for the neutral wetting case. Considering the large amount of the common
solvent in the quasi-binary system, we hypothesize that the size of the particles, rather
than their chemical nature, plays the critical role in guiding particle interfacial assembly.
Based on this hypothesis, silica particles with 300 nm diameter were added to the

PS/P2VP/THF blend.
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Figure 4.8 Phase-separated PS/P2VP/THF (PS/P2VP 4/6 vol) with silica particles: qn
vs. time for the blend containing 5.2 v%, 9.8 v%, 15.3 v% and 20.2 v% SiO, particles
quenched to either -30 €€ or -50 <€ with cooling rate of 100 €/min. The onset of phase
separation was set as time zero.

Figure 4.8 summarizes the plots of g vs. phase separation time for the blend
containing various amounts of nanoparticles subject to different quench depths.
Similarly to the case of Au-PS NPs, a slowing down of the SD dynamics was observed.
More interestingly, for some quench depths and particle concentrations, g reached a
plateau value at about 1 um™. For the samples quenched to -30 € and the sample with
the lowest particle loading of 5.2 v% quenched to -50 <€, an abrupt decrease of g, was
observed, indicating eventual coarsening. For the samples quenched to -50 € (except
the one with the lowest particle loading of 5.2 v%), the SD ring pattern stabilized at g
about 1 um™ for over 10 min before abrupt coarsening occurred. Figure 4.9 and 4.10

represents the | vs. g curve evolution of the two scenarios, respectively.
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Figure 4.9 Phase separation of PS/P2VP/THF (PS/P2VP 4/6 vol) with 15.3 v% silica
particles quenched to -30 €€ with cooling rate of 100 €/min: | vs. g profiles with
increasing phase separation time, showing fixed g at early times (a) and an abrupt

coarsening at late times (b). The onset of phase separation was set as time zero.
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Figure 4.10 Phase separation of PS/P2VP/THF (PS/P2VP 4/6 vol) with 9.8 v% silica
particles quenched to -50 €€ with cooling rate of 100 €/min: | vs. q profiles with
increasing phase separation time, showing fixed gn throughout the experiment. The
onset of phase separation was set as time zero.

As the size of the particles is much larger than the critical value for interfacial
segregation[1], we speculate that the silica particles stabilize the interface of the co-
continuous structure during coarsening. Deeper quench depth favors stabilization, as the
probability of thermal desorption decreases with temperature. Although the size scale of
the stabilized co-continuous structure should be inversely proportional to the particle
loading[45], we did not observe such dependence in our experiments. Possible
mechanisms for the eventual coarsening are aggregation and sedimentation of silica
particles, adsorption of P2VP chains onto the silica surface,[46] as well as the curvature
induced by the particle-interface interaction, which could result in the desorption of
particles from the interface and coalescence of the co-continuous structures. The
mechanisms of kinetic stabilization with the addition of particles and destabilization

process need further investigation.
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4.4 Conclusions and future work

In summary, we have designed a quasi-binary blend system based on PS/P2VP
compatibilized by the common solvent THF, and achieved experimentally accessible
phase mixing temperatures and spinodal decomposition upon thermal quench. The
design of the quasi-binary blend system may open ways to guide the phase separation
for immiscible polymer binary blends in a more controlled manner, and provides
fundamental insights into the phase separation behaviors of polymer blends.

The addition of solid particles significantly slows down the coarsening kinetics
of spinodal phase separation and, in some cases, arrests the co-continuous structures at
~6 um for a short period of time. Future work will be focused on understanding the
mechanism of the multiple phase separation and the kinetic arrest of co-continuous

structures by particles in such systems.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Overview

The main focus of the work presented in this thesis has been to generate and
kinetically trap co-continuous morphologies at the nano- to micro-scale in phase
separated polymer blends. By taking advantage of spinodal phase separation, induced
either by thermal quenching or solvent removal, co-continuous morphologies can be
fabricated in a controlled manner, for polymer pairs that exhibit partial miscibility or
complete immiscibility. Kinetic stabilization of such morphologies is achieved by
means of nanoparticle addition or vitrification. Our research has demonstrated ways of
kinetically trapping the non-equilibrium interconnected structure at sub-micron to tens-
of-nanometer scales, which could afford applications such as active layers of

photovoltaic cells and polymer-based membranes.

5.2 Intra-phase gelation of nanoparticles during spinodal decomposition

In Chapter 2, we utilized the partially miscible blend of PS/PVME, which
displays LCST-type phase behavior, to generate co-continuous morphologies during
spinodal demixing. We showed that CdSe-TOPO nanorods and nanospheres can
kinetically arrest the co-continuous morphologies due to gelation of the nanoparticles
within the PVME-rich phase. Network formation requires a critical concentration of
nanoparticles, which was found to be lower for nanorods than for nanospheres. Once
formed, such a network prevents the further structural coarsening and therefore arrests

the co-continuous structure with a characteristic length scale of several microns. The
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effectiveness of the network formation was found to be sensitive to the initial
aggregation state of nanoparticles in the blend. For example, network formation was
disrupted for the blends containing either severely aggregated CdSe-TOPO nanorods or
well dispersed CdSe-PS nanospheres. Only the moderately aggregated CdSe-TOPO
nanorods and CdSe-TOPO nanospheres were able to form a percolated network during
SD and subsequently lock-in the co-continuous PVME-rich domain that wets the

nanoparticle network.

5.2.1 Nanoparticle network formation vs. spinodal decomposition

We propose is that the attractive interaction between particles accounts for the
aggregation and even network formation of nanoparticles. To understand the dominant
factors that lead to intra-phase gelation, it is important to investigate the interplay
between the kinetics of nanoparticle aggregation and those of spinodal decomposition.
Preliminary TEM studies indicate that the nanoparticle network may be formed
independent of phase separation, as shown in Figure 5.1a and 5.1b for the case of CdSe-
TOPO nanospheres. Note that 2 vol% and 4 vol% in homogeneous blend may be
similar to 1 vol% and 2 vol% in the demixing blend. Future study may be to understand
the relationship between spinodal phase separation and nanoparticle network formation.
It is of interest in understanding the structure of colloidal aggregates and the kinetics of
the formation. The diffusion of nanoparticles and network solidification, with and
without the presence of phase separation, may be studied, i.e. by means of X-ray photon
correlation spectroscopy. Mechanisms of aggregation, i.e. diffusion-limited and
reaction-limited colloidal aggregation,[1] may therefore be established, which are of

fundamental importance in colloidal science.
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Figure 5.1 The aggregation behaviors of CdSe nanospheres in the PS/PVME (1:1 vol)
blends after solution casting. TEM images of the blends containing (a) 2 vol% and (b) 4
vol% CdSe-TOPO nanospheres, reveal a network like structure of the nanoparticles;
while the blends containing (c) 2 vol% and (b) 4 vol% CdSe-PS nanospheres, indicate
good dispersion with little aggregation (inset: higher magnification TEM images).

5.2.2 Effect of inter-particle interactions on the network formation threshold
Preliminary results showed that micron-sized co-continuous morphologies were
stabilized after thermal quenching by the addition of 1 vol % of Fe;O4 nanoparticles
stabilized with oleic acid and oleic amine (core diameter of 3 — 10 nm), as shown in
Figure 5.2. Notably, the phase separated morphologies appeared to be insensitive to the
thermal history (with or without pre-annealing) or the quench depth (phase separated at
170 <€ or 180 <€), all of which gave rise to co-continuous morphologies of similar size

scales. A close look at the particle aggregation behavior reveals that only slight
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aggregation exists upon casting and after pre-annealing (Figure 5.3), suggesting that a
pre-formed, stabilized particle network upon casting is likely the reason for the lack of
response to thermal history and the quench depth, as well as the very low percolation
threshold regardless of the low aspect ratio of the nanoparticles (below 1 vol% as

compared with 1 — 2 vol% for the case of CdSe-TOPO nanorod).

Figure 5.2 Phase separated morphologies of PS/PVME blends (1:1 vol) containing 1 vol
% Fe304 nanoparticles stabilized with oleic acid and oleic amine (core diameter of 3 —
10 nm). Optical micrographs show the morphologies for the blend (a) after annealing at
170 <€ for 24 h, (b) after pre-annealing at120 <€ for 12 h and then quenched to 170 €
for 24 h and (c) after annealing at 180 <€ for 24 h; (d) a TEM image taken from the
sample in (c) confirms the co-continuous morphology with a percolated network of
nanoparticles preferentially located in one phase.

87



Figure 5.3 The aggregation behaviors of Fe3O4 nanoparticles in the PS/PVME (1:1 vol)
blends. TEM images of the blend containing 1 vol% Fe3;O4 nanoparticles (a) following
solution casting and (b) annealing at 120 <€ for 12 h, both reveal slight aggregation.

Future work may also be directed to investigate how the particle/particle
interactions and particles/matrix interactions affect the network formation. Based on the
understanding of the conditions to form the nanoparticle network, it is intriguingto
further tune the nanoparticle interactions by varying the ligand type and ligand
coverage, as well as the polymer matrix, to achieve controlled architectures of
nanoparticle aggregations. Moreover, it is also very important to elucidate the
relationship between the percolation threshold and the particle properties, e.g. aspect
ratio, size, inter-particle interactions, etc. These may provide fundamental guidance in
generalizing our approach to prepare co-continuous micro-structured blends of

polymers and nanoparticles.

5.3 Phase separation of homopolymer/random copolymer blends
In Chapter 3, we designed a strategy to tune the degree of immiscibility between

polystyrene (PS) and poly(2-vinylpyridine) (P2VP), by the incorporation of styrene
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monomers into the backbone of P2VP to form a random copolymer. In such a way,
nonfavorable interactions between the two components are mediated and, the chemical
mismatch is diminished between the demixing components, allowing the formation of
nanoscale co-continuous morphologies via solvent induced phase separation. The size
scale of the co-continuous morphology was controlled by varying the molecular weights
of the components and the film thickness. This approach involves a simple solution-
casting process, and only requires that the solvent dissolves both components. Moreover
the co-continuous morphology formation is insensitive to the substrate surface
chemistry. Porous membranes with continuous channels and gradient co-continuous

structures can also be generated from the phase separated blend films.

5.3.1 Functional membranes based on homopolymer/random copolymer phase
separated templates

Functional materials may be generated from the co-continuous structured
templates. For example, the nanoporous films may be backfilled with inorganic
materials, by means of electrochemical deposition, since the co-continuous morphology
may be generated on conducting substrates and the continuous pathway of the pores
allows precursor electrolyte to reach the substrate.[2] In addition, the capability of
generating gradient co-continuous morphologies may initiate new applications
including filtration and coating.[3] Efforts may be made towards the control of the
porosity and size gradient by varying the process conditions and additional solvent or

thermal annealing.
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5.3.2 UCST behavior of homopolymer/random copolymer blends
The tunable interaction between the PS and P(S-r-2VP) could also lead to a

UCST phase behavior with measurable phase mixing temperatures. With ypspove =

91.6/T-0.095,[4] zett = (1 — X)%ypspave and ze = (1/VN1 + 1/VN2)%/2, we estimated the
critical temperatures for the PS/P(S-r-2VP) blend with different molecular weights
summarized in Figure 5.4. With decreasing MWs, the critical temperature approaches
room temperature for the case of PS10k/P(S-r-2VP)39k. The experimentally accessible
phase mixing temperature opens the possibility for the thermally induced phase
separation (TIPS) of the blend, which can give rise to co-continuous morphologies at
appropriate conditions. Future studies can focus on the TIPS of the UCST blend. With
the measurable phase diagram and tunable spinodal temperature by the use of random
copolymer, the size of co-continuous morphology may be controlled depending on the

guenching conditions and the MWs.[5]
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5.4 Spinodal phase separation of a quasi-binary blend

In Chapter 4, we studied a quasi-binary blend system based on the PS/P2VP pair
with the addition of a common solvent, and achieved co-continuous morphologies by
temperature induced phase separation via spinodal decomposition. The addition of solid
particles significantly decreased the rate of coarsening and, in some cases, the co-
continuous structures were stabilized at ~6 um for a short period of time until an abrupt
coarsening.

We have made many unexplained, although interesting, observations in this
system. The multiple spinodal phase separations for the blend without particle addition
are not well understood. Although we anticipated a quasi-binary phase behavior, the
evolution of co-continuous morphology, i.e. the multiple spinodal, is inconsistent with
classical binary blend phase separation theories. The incomprehensible kinetics of the
blend indeed complicates the understanding of kinetic stabilization during spinodal
phase separation induced by the addition of particles. Future study may employ
fluorescent-labeled polymers and particles to allow the observation of the diffusion of
polymers and particles using confocal microscopy techniques, in order to understand the
morphology evolution and particle segregation during the quasi-binary blend phase
separation. Furthermore, colloidal silica may be functionalized by a “wax-emulsion”
method[6] and produce Janus type particles in a controlled manner, which is desirable

to guide the interfacial assembly in future work.

5.5 Summary
Overall, we have designed various strategies to compatibilize polymer blends,

based on phase separation physics, colloidal science, chemical modification and balance
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of Kkinetics. Using our methodologies, every polymer pair could be compatibilized,
generating co-continuous morphologies in a controlled manner, regardless of the
primitive immisciblility. The ability to kinetically stabilize the co-continuous structures
at nano- to micro- size scales is of practical importance for the enhanced mechanical
properties, selective transport, and controlled optical, electrical properties. Furthermore,
various fields of research such as colloidal science and membrane technology can also

benefit from the methodologies described in this thesis.
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