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Nanoparticle induced miscibility in LCST polymer
blends: critically assessing the enthalpic and
entropic effects

Priti Xavier, Praveen Rao and Suryasarathi Bose*

The use of copolymer and polymer blends widened the possibility of creating materials with multilayered
architectures. Hierarchical polymer systems with a wide array of micro and nanostructures are generated
by thermally induced phase separation (TIPS) in partially miscible polymer blends. Various parameters like
the interaction between the polymers, concentration, solvent/non-solvent ratio, and quenching
temperature have to be optimized to obtain these micro/nanophase structures. Alternatively, the addition
of nanoparticles is another strategy to design materials with desired hetero-phase structures. The dynamics
of the polymer nanocomposite depends on the statistical ordering of polymers around the nanoparticle,
which is dependent on the shape of the nanoparticle. The entropic loss due to deformation of polymer
chains, like the repulsive interactions due to coiling and the attractive interactions in the case of swelling
has been highlighted in this perspective article. The dissipative particle dynamics has been discussed and is
correlated with the molecular dynamics simulation in the case of polymer blends. The Cahn—Hillard—Cook
model on variedly shaped immobile fillers has shown difference in the propagation of the composition
wave. The nanoparticle shape has a contributing effect on the polymer particle interaction, which can
change the miscibility window in the case of these phase separating polymer blends. Quantitative informa-
tion on the effect of spherical particles on the demixing temperature is well established and further modi-
fied to explain the percolation of rod shaped particles in the polymer blends. These models correlate well
with the experimental observations in context to the dynamics induced by the nanoparticle in the demixing
behavior of the polymer blend. The miscibility of the LCST polymer blend depends on the enthalpic factors
like the specific interaction between the components, and the solubility product and the entropic losses
occurring due to the formation of any favorable interactions. Hence, it is essential to assess the entropic
and enthalpic interactions induced by the nanoparticles independently. The addition of nanoparticles
creates heterogeneity in the polymer phase it is localized. This can be observed as an alteration in the
relaxation behavior of the polymer. This changes the demixing behavior and the interaction parameter
between the polymers. The compositional changes induced due to the incorporation of nanoparticles are
also attributed as a reason for the altered demixing temperature. The particle shape anisotropy causes a
direction dependent depletion, which changes the phase behavior of the blend. The polymer-grafted
nanoparticles with varying grafting density show tremendous variation in the miscibility of the blend. The
stretching of the polymer chains grafted on the nanoparticles causes an entropy penalty in the polymer
blend. A comparative study on the different shaped particles is not available up to date for understanding
these aspects. Hence, we have juxtaposed the various computational studies on nanoparticle dynamics, the
shape effect of NPs on homopolymers and also the cases of various polymer blends without nanoparticles
to sketch a complete picture on the effect of various particles on the miscibility of LCST blends.

control, which in turn determines the mechanical, electrical and
transport properties in these materials. Hence, understanding

The dynamics behind the pattern evolution in various types of the driving force behind the hierarchical patterning of these
condensed matter plays a significant role in their morphological materials has emerged as an interesting area of soft matter
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research and development, including polymeric materials."?
Various methods have been adopted to develop micro- and
nanodimensional architectures in polymers, copolymers and
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polymer blends for the fabrication of high performance functional
materials. In this context, designing multiphasic polymeric materials
with nanoscale structural co-continuity is of great significance. They
offer myriad opportunities in electrical, electronic, automotive,
packaging industries. Polymer blending has been used as a
convenient and cost effective method in developing materials
of preferred properties.> In addition, the polymer blending is
applied in the recycling technology as well as it can form cheaper
feedstock for the production of high performance blends.*

The properties of a polymer blend are very much dependent
on the composition of the components in the blend and
blending of the preexisting polymers is a means of engineering
the properties of both the individual homopolymers into one
material.’ The phase separation kinetics in the binary polymer
blend depends on various factors like the dynamic asymmetry
among the blend components, the interaction between the
polymers, concentration, solvent/non-solvent ratio and so on.”
Thermally induced phase separation (TIPS) in a miscible polymer
blends is an alternate route to design these types of materials
with heterogeneous morphology. A miscible polymer blend is
characterised by heterogeneities of the order of the statistical
segments of the homopolymers.>®

The concept of blending two polymers and also the synthesis
of polymer composites trace back to the late 19th century, as
reported in this literature.>* But it is not more than three
decade ago that the usage of these particles as compatibilizers
in polymer blends was well recognized. The effect on the
demixing kinetics of polymer blends by the incorporation of
NPs is relatively newer areas of research. Due to this reason, the
volumes of studies done on understanding the wetting and
phase separation in polymer blends in the presence of nano-
particles are comparatively lesser than the ones on polymer
composites. Extensive studies were done to understand the
distribution of particles in the polymer and it was observed that
it is both size and shape dependent. The theoretical model
developed for these observations is in trend with the experi-
mental studies. The properties of polymer nanocomposites are
highly dependent on the dispersion of these particles in the
matrix. The localisation of nanoparticles in different phases in
the polymer blend is of great significance and it is determined
by surface energy parameters and also depends on the viscosity
of phases. The Reference Interaction Site Model (RISM) in the
case of neat polymer blends showed that the attractive inter-
action can induce correlations in the blend which in turn cause
an increase in the entropic term of the free energy of mixing.”*
Also, the statistical ordering of the polymer around a NP is
shape dependent, which in turn changes the stretching free
energy of the polymer. This suggests that particle-polymer
interaction with the free energy should be dependent on the
shape of the particle. However, the interaction between the NPs
and the macromolecules playing a huge role in the miscibility,
the interaction of polymers on the NP surface causing a change
in the configuration and conformational entropic changes have
to be assessed and understood carefully. In order to generate
and study this hybrid structure, simulation techniques are often
incorporated with information at molecular to microscopic levels.
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A combination of Self Consistent Field Theory (SCFT) or mean field
theory and molecular dynamics is developed to gain insights into the
polymer blend demixing.*° SCFT or mean field theory is significant
in these cases, where the demixing is associated with thermo-
rheological complexities due to the large chain length.'""?

This perspective is focused on understanding the effect of
various nanoparticles, their shape, and surface chemistry (polymer
grafting) on the demixing temperature of Lower Critical Solution
Temperature (LCST) polymer blends. In addition, this perspective
highlights the enthalpic and entropic factors behind the induced
changes brought about by these nanoscopic particles. In order to
obtain a thorough comprehension and given the brevity of this
perspective, studies related to PS/PVME™ and PMMA/SAN'**®
blends have been discussed in more detail as these two blends
represent two extremities in the chain dynamics as the former
being dynamically asymmetric and the latter being symmetric and
the crystallization induced phase separation in the case of PMMA/
PVDF'®" in the presence of NPs is also not dealt. The NPs have a
particular effect in the case of PS/PVME blends, where the phase
separation is dependent on the difference in the relaxation time of
the individual components as compared to PMMA/SAN where
there is a negligible difference in the relaxation time of individual
components. We briefly also highlight the effect of NP on other
LCST systems'® like PMMA/PoMSAN," PC/PaMSAN.>

2. Polymer blends
2.1 Miscibility from a thermodynamics perspective

An in-depth knowledge on the thermodynamics of polymer blends
is a prerequisite for a profound understanding of the effect of
various nanoparticles on demixing. Hence, the basic concepts of
polymer demixing have been revisited in this section.

The formation of a homogeneous polymer blend is associated
with negative free energy of mixing and is expressed as,

AGmix = AI_Imix - TASmix (1)

where, AGnix, AHmix, and ASpx are the free energy, enthalpy
and entropy of mixing, respectively, and T is temperature. The
entropy of mixing is low in the case of macromolecules due to
the high molecular weight and hence, the entropic contribution
to the miscibility is negligible as compared to the enthalpic
contribution. In these cases, the enthalpy of mixing is the
determining factor for miscibility, contributed by the specific
interaction between the components in the blend. The interactions
between the polymers can be from strong ionic interaction to
weak van der Waal’s interaction.>*' One of the pioneer theories
in explaining the concept of polymer-polymer miscibility was
developed by Flory and Huggins,”>** as an extension of the
regular solution theory for small molecules.

The large chain length causes the polymer solutions to
deviate from ideal conditions explained in the solution theory
for small molecules. The miscibility in the case of polymer
blends cannot be attained at a molecular level, except for
certain cases like in the case of PS/PPO, where a nanometer
level miscibility is attained.>* But in the other cases there is a
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level of heterogeneity associated with the thermodynamically
miscible systems. Hence, these blends can be considered as
partially miscible, rather than completely miscible. The partially
miscible polymer blend systems is unlike the immiscible blend,
where, the former (partially miscible blend) is characterized by a
wide interface with good interfacial adhesion and the latter
(immiscible blend) is characterized by a coarse morphology
and a sharp interface. According to Patterson®® there are three
major contributions to binary interaction parameters - the
dispersive, free volume and specific interactions.

2.2 Partially miscible polymer blends (LCST and UCST)

The phase diagram of a partially miscible binary polymer blend
is given in Fig. 1. As observed, there are three distinct regions;
(i) the single miscible region between the two binodal regions;
(ii) there are four fragmented regions between the binodal and
spinodal; (iii) two phase separated spinodal regions of immiscibility.
The region between S; and S, is unstable, as the curve appears
concave downwards. At S; and S,, the second derivative of the
free energy is zero. There are two types of partially miscible
blends depending on the border line of miscibility/critical
solution temperatures. The lower critical solution temperature
(LCST) polymer blends are miscible at lower temperatures and
phase separated at higher temperature and the upper critical
solution temperature (UCST)blends phase separate at the lower
temperature.*®

2.3 Mechanism of phase separation - Spinodal
Decomposition (SD) and Nucleation and Growth (NG)

The phase separation occur when either a compositional, tempera-
ture or pressure change forces it to enter (i) the metastable or
(i) the unstable region. The phase separation that occurs through
the metastable region is characterized by the nucleation and growth
(NG) mechanism. This is in general characterized by the matrix-
droplet morphology. The phase separation mechanism in which
there is occurrence of a delocalized spontaneous concentration
fluctuation is called spinodal decomposition (SD). The spontaneous
change in concentration fluctuation is the reason for the
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Fig. 1 Phase diagram of LCST and UCST blends, adapted from ref. 94.
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bicontinuous morphology in the case of SD.”® The demixing
in a partially miscible blend is a thermo-rheologically complex
process due to the large chain length and slow diffusion rate.
This suggests the possibility of applying mean field theory in
finding the demixing temperature in the case of these blends.'""?

2.4 Theory of miscibility

The miscibility is expressed by the Flory-Huggins interaction
parameter () which has been derived from the solubility parameter
(). The interaction parameter is dependent on the temperature.
The Flory-Huggins (FH)” theory demonstrates the basic reason for
the diminished miscibility on blending two polymers which is due
to the minor contribution to the combinatorial entropy of mixing.
The lattice theory and a parameter called the Hildebrand solubility
parameter have been introduced in this theory which explains
the miscibility conditions.”®?° In the case of polymer-polymer
systems, miscibility is achieved if the individual components
have comparable solubility parameters. The Flory-Huggins inter-
action parameter () has been related to the solubility parameter
(0) as,

AVlrz = (5p] — 5p2)2/RT (2)
The interaction parameter () has an enthalpic and entropic
part. The non-combinatorial effects are taken into consideration
in this case as the polymer blend miscibility is greatly dependent
on the miscibility originated from the inter-segmental orientation.
One of the shortcomings of this theory is that the free volume
contribution was neglected. Despite many of the shortcomings,
the lattice theory is still mostly used to interpret many of the
thermodynamic properties of the multicomponent systems.
The temperature, pressure and concentration dependence on
the enthalpic and the entropic part have been considered to
find the interaction parameter.®*>

The FH theory has been extended by the Paul and Barlo
heat of mixing approach, where the homopolymer is considered as
a copolymer with sub-units of the same chain. The FH theory was
later modified by Coleman and Painter®* where all the thermo-
dynamic effects are divided into three groups as configurational
entropy, van der Waals interactions and certain specific inter-
actions. The concepts like non-randomness, orientation, free
volume, etc. are explained in this theory.

0,32

2.5 Chain dynamics in the presence of nanoparticles

The perplexity of the dynamics of a polymer being influenced
by another polymer becomes more complicated in the presence of
NPs. It was found that NPs are capable of acting as compatibilizers
in the case of immiscible polymer blends.** For instance, carbon
black acts as a potential compatibilizer in various elastomeric
blends.* Silica particles have also shown to compatibilize various
elastomeric rubber blends*® and techno-commercially important
blends like PP/PA-6.*” TiO, has also seen to act as a compatibilizer
in PET/PP blends.*®

Apart from the compatibilization effect brought about by
these particles in the immiscible blend, it was observed that the
NPs are capable of slowing down the phase separation in the
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case of miscible blends. Lipatov®® proposed a theory with limited
predictive ability on the effect of nanoparticles on miscibility.
For instance, the addition of silica particles induced miscibility
and a cloud point shift in the case of PVA/PMMA blends. The
effect of particle size and geometry was not taken into account in
this case. We now highlight the existing theories that predict/
propose NP induced miscibility in partially miscible polymer
blends.

3. Effect of particles on the demixing
temperature: revisiting the existing
models/theories

3.1 Effect of various particles on the demixing of polymer
blends

The Cahn Hilliard Cook model*>*' was generalized for the
development of a model that predicts the influence of immobile
filler particles of different shapes like spheres, fibres and platelets
on phase separation. Target patterns are created in the early stages
of phase separation in the polymer phase where the particle is
selectively localized. The off-critical compositions are characterised
by an encapsulation layer at the surface of fillers instead of a target
pattern. The filler shape was found to have a large effect on the
propagation of the composition waves as the particles can act as
planar interfaces. The development of the film structure is hence a
sum of the effect of the development of the composition wave,
which causes changes in the filler-filler interaction. It was also
observed in this simulation study that the dimensionality of the
filler particles has an effect on the composition wave only at
intermediate timescales. It was also found to be stable only in
the blends where the particle size is large compared to the spinodal
wave. The composition waves close to the fillers are more stable for
particle with dimensions in more directions.**

An isolated spherical particle in an ultra-thin blend film of a
critical composition can affect phase separation by developing
a spherical composition wave disturbance at the early stage of
phase separation. The phase separation pattern propagates as a
ring into the medium where the filler particle is located. The
target rings have a wavelength, /, and it forms a target pattern that
gets disconnected and it gets absorbed into the background
spinodal pattern. This phenomenon occurs when the characteristic
scale of the bulk demixing pattern gets coarsened to the size of the
filler particle. The later stage of phase separation is characterized by
the weakened perturbing influence of the particle as the back-
ground phase-separation pattern scale surpasses the filler particle
size. In this case of an ultrathin phase separating blend, the
thickness of the film surpass the formation of the surface directed
wave normal to the solid surface.

3.2 Correlation of the amplitude of concentration fluctuation
with the filler size

Target patterns are the composition waves propagating into the
bulk, until they are weighed down by the background spinodal
decomposition pattern. The spinodal decomposition occurs by
controlled thermal fluctuations and hence these parameters
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z=r-R
Fig. 2 The angular-averaged composition profile ¥(z), with z = r — R

(radial distance from the surface of the filler particle), adapted from ref. 42
http://dx.doi.org/10.1103/PhysRevE.60.5812.

20 25

greatly determine the radial extent of the composition waves.
There is a direct correlation of the amplitude of the local
composition fluctuations with the filler size.*”> Fig. 2 shows
the angular-averaged composition profile y(z), with z = r — R
(radial distance from the surface of the filler particle). The
amplitude of the local composition fluctuations becomes more
sharply defined with an increased filler size in comparison to a
planar particle where, R — oo. The impact of surface inter-
actions are expressed by the introduction of the terms g and &
which corresponds to the interaction parameter. A filler particle
with a ‘neutral’ and ‘non selective interaction has a tendency to
align the pattern perpendicular to the interface. The composi-
tional alignment can be more pronounced in the case of a
planar surface. The filler induced phase separation is also
affected by the blend composition. The compositions which
are far off critical are capable of suppressing the spinodal
instability by forming a layer of composition enrichment called
the “encapsulation layer”. This type of phase separation is not
characterised by the formation of a target pattern.**
According to the studies done by Hall et al.,*> a monotonic
variation is observed with the filler dimensionality in a homo-
polymer in the presence of different shapes of fillers like rods,
disks and cubes. The depletion, stabilization, and bridging
behaviour of these particles are shape dependent. Shape depen-
dent low angle features of nanoparticles are predicted for the
collective polymer structure factor associated with competing
macrophase fluctuations and microphase-like ordering. The
statistical ordering of the polymer around a NP is shape
dependent, which in turn affects the particle-polymer inter-
action. The cube shaped particles are least miscible on deple-
tion and bridging and disks are least susceptible to phase
separation. Rods require higher interfacial attraction due to
the low surface area shared between any of the two close and
non-aligned rods. This observation is in contrast with the large
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Fig. 3 The spinodal boundaries are obtained based on non-convergence
(thick curves) and linear extrapolation of disks, rods and cubes, respectively
(Hall et al,** Reproduced with permission from The Royal Society of
Chemistry).

surface area and the higher number of configurations observed
in polymer bridging two disks or cubes. It can hence be
concluded that miscibility window monotonically broadens
with a decrease in NP dimensionality (as seen in Fig. 3).

3.3 Spherical particles/isotropic particles

In order to predict the demixing behavior in a polymer blend in
the presence of spherical nanoparticles, Ginzburg has proposed
a theory’® based on self-consistent field/ density function
theory (SCF-DFT). It was proposed that the shifting of phase
separation temperature by the addition of fillers is greatly
affected by the interaction of the particle with the polymer
and also by the geometrical structure. In this theory, a model
homopolymer binary mixture (A/B) with the degree of polymer-
ization N, = Ng = N has been chosen and the monomer radius
was assumed to be r, ~ 0.2 to 0.5 nm. The added particles have
an affinity towards phase A. The Flory interaction parameter is
given by, yap = 0, ygp = xap = . If the volume fraction of the
nanoparticle is i, then the volume fraction of polymers A and B
is given as (1 — y)¢ and (1 — ¥)(1 — @), respectively. The free
energy per unit volume is given as the sum of the polymer-
polymer, particle-particle and polymer—particle interaction,

F:Fpol+Fpart+Fint (3)
1- 1- 1—y)(1 -
Fﬁ]:( Afﬁﬁm{( Ay)¢}+( wx» ) N
3a
in| =2 a1 - we - )

_¥ R\ 4y — 392
Fpmfvp[lnwp(m) — (3b)
V(B3R [

Em’vﬁl wM(m)ny+xth (3¢)
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(here r, is the monomer radius, Ry, is the radius of the spherical
nanoparticle)

In the first term of eqn (3) (as shown in eqn (3a)), the free
energy of mixing has been calculated by using the Flory-Huggins
theory by adding the corrections for the volume occupied by the
nanoparticle. The second term in eqn (3) (given by eqn (3b)),
shows the contribution of the particle as such and it consists of
the ideal and non-ideal “entropic free energy” of the hard
spheres. The non-ideal contribution was approximated using
the Carnahan-Starling approximation.*” This equation of state
gives a better approximation of free energy with a fair accuracy.
The NPs can be approximated as A monomer when the inter-
polating factor, p (Rp/ry) with the non-ideal term has been
approximated as R,/rq — 1, as x - 1, p(x) - 0 and as x >»1,
p(x) — 1. It has to be noted that any interpolating function
will give a result similar to what was obtained in this case.
The interpolating function used in this case is, p(x) = max(tanh
(x — 1), 0). The third term as seen in eqn (3c) gives the
interaction between the particle and the polymer, which consti-
tutes both enthalpic and entropic contribution. The entropic
term (the first term in the RHS of eqn (3c)) is due to the
stretching of the polymer in the vicinity of the NPs. The stretching
free energy (%) is given as

3R,?
2N}"02

(3d)

These contributions when summed up in a unit volume is given as
Nehains? [Mpart/Mchains] ~ Npardt ~ (/1p)h. The stretching free energy
takes the role of entropic surface tension and it increases as the
radius of the particle increases as observed in eqn (3d). The
entropic contribution is insensitive to the nature of the chain.
Hence, the localization of the particle does not make a difference in
the contribution of the entropic factor, whereas, the enthalpic
contribution depends on the number of contacts on the surface
of the particle. The theory is further developed by changing the
chain length and the particle radius and interesting insights have
been obtained. This is further explained and compared with
various experimental case studies in the subsequent sections.

3.4 Rod shaped particles

The interactions in binary fluid-rod mixtures have been explained
using simulations by Peng et al*® This model explains about the
evolution of phase-separating fluids which irreversibly drives the
self-assembly of nanoscopic rods into supramolecular networks
which leads to the formation of continuous reinforcing structures.
The binary system is described by a continuous order parameter,
which is given as the sum of the volume fraction of A and B. The
function Y(r) is given as Y(r) = @a(r) + @p(r). The flux of ¥ is
proportional to the derivative of the free energy (F), with respect to
the order parameter,

0

?’f =I'V*SF{y}/oy (4a)
Here, I corresponds to the order parameter of mobility. The free
energy in this case also comprises of three parts, F = Fgp, + Fcpr, +

Fgg, where the first, the second and the third term correspond to
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the fluid-fluid, where G is the order parameter mobility. The
fluid is represented by the Ginzburg-Landau free energy

FgL = Jdr {J%ﬂz + bff“ + C(V;) 4} (4b)

e, = [ar > [esvie-spwm-wr @9
XE;E;(14—|Vi—'7D2{(§)‘—0052(@700}

Frr = (4d)

for }r,- — r,-’ <L
fOI' ‘}’,‘ — I'/| 2 L

Here, the strength of repulsion is expressed in terms of y, and
the rod length by L. The rod orders to an isotropic-nematic order.
In these cases, the morphology development associated with the
phase separation is characterised by the interplay between the
fluid-rod, rod-rod interactions, and the irreversible kinetics due
to the fluid phase separation and the rod motion. The rods, by
the interaction with the blend results in the formation of narrow
and needle like domains of one phase in the blend. The presence
of rods can even result in the percolation of the minor phase.
The movement of the rods in the blend is due to the osmotic
effects created due to the phase separation effects. The rod like
particle gets aligned due to the temporal evolution of the fluid
(polymer) and this “pushes” and “corrals” the rods. Whenever
there is a large concentration of the rod particles, there is an
occurrence of a low free energy state when the rods are arranged
end to end, rather than side to side. The strong wetting of the
droplets is deformed by the presence of this end-to-end arrange-
ment of rod particles. On comparing the Ginzburg theory*® with
the theory of Peng et al.,*® it has been observed that a mechanism
leading to the formation of a percolated network was explained in
the case of the later.

4. An assessment of the effect of
various nanoparticles on the demixing
temperature: examining various
experimental studies

It has been theoretically proved that the introduction of nano-
particles can facilitate thermodynamic miscibility in a polymer
blend system. It is applicable to both miscible and immiscible
blends, even though the influence is more prominent in the
case of immiscible blends. The study of Nesterov et al.*® showed
that these kinds of systems can be at equilibrium due to the
improved thermodynamic stability due to the introduction of
fillers and also at non equilibrium, as the molecular mobility of
the macromolecules has been diminished, preventing the phase
separation of the system. An increased or decreased phase
separation temperature is observed in the case of the LCST
blend, PVA/PMMA, by the introduction of fillers. It has been
observed that the addition of fillers in a large concentration,
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Fig. 4 Phase diagram of addition of UCST blend PS/PB in the presence of
fumed silica particles (A Karim et al.>* reproduced by permission from
Elsevier, Copyright © 2000 Elsevier Science Ltd, All rights reserved).

where both the components transit into the boundary has shown
an improved phase separation temperature. The lower concen-
tration of fillers can diminish the phase separation temperature
as the effect is the redistribution of the blend components
according to the molar mass between the filler surfaces. The
fillers are capable of changing the phase separation temperature
by altering the interactions in the boundary layer or by changing
the molecular mass distribution of the molar mass distribution
in the blend matrix.>®

Contradicting results compared to the study of Karim et al.>*
was observed in the case of addition of fumed silica particles in
the PS/PB UCST blend. The phase boundary in this case has
been shifted vertically on the addition of fillers (see Fig. 4). This
suggests that the shift of the critical temperature does not
depend on the relative polymer composition. This observation
is very significant as it led to developing a different dimension
in the research on understanding the demixing mechanism of
polymer blends in the presence of nanoparticles (see Fig. 4).

The phase separation kinetics depends on various factors
like the dynamic asymmetry among the blend components,
molecular weight of the polymer, processing conditions, solvent
used, etc. These factors control the demixing apart from the
shape of the particle in the blend. Due to these reasons, our
perspective has been restricted mostly to understand the change
in the chain dynamics in two LCST, polymer blends; PS/PVME
and PMMA/SAN, the first being a dynamically asymmetric blend
and the second being a dynamically symmetric blend.

PS/PVME is a dynamically asymmetric blend and this dynamic
asymmetry is induced by large differences in the molecular weight
or T, (glass transition temperature) of the components. The main
feature of VPS is the buildup of self-generated stresses in the more
elastic phase during phase separation. This leads to the formation
of a percolating network of the more elastic phase even if it is the
minor phase. This percolated network structure coarsens with
time via a volume shrinking process and eventually breaks into
disconnected domains that can be considered as a kind of
disintegration or phase inversion, as mentioned by Tanaka.*>
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The induction of the network structure, volume shrinking process
and disintegration behavior are characteristic features of VPS that
cannot be observed in normal phase separation mechanisms
(NPS), i.e. spinodal decomposition (SD) and nucleation and growth
(NG). various phase separation mechanisms apart from NG and
SD mechanisms like transient gel induced viscoelastic phase
separation (T-VPS), nucleation of aggregate-like PS-rich in the
stable disperse-matrix morphology (ANG) and also aggregate-like
PS-rich phase nucleates in the early stages of phase separation,
and forms a percolating network of the minor PS-rich phase
through coalescence at later stages (C-VPS) observed by Yeganeh
et al.>” Various phase separation mechanisms like fracture phase
separation (FPS)** and viscoelastic phase separation (VPS) at
various quench depths, showing transitions like brittle to ductile
fracture in PS/PVME.>®

4.1 Isotropic/spherical particles

As mentioned previously, the PS/PVME blend is a dynamic
asymmetric blend and the phase separation and the morphology
development were explained by a dynamic asymmetric parameter.
As explained by a model proposed by Tanaka,” the dynamic
asymmetry parameter (&) in the case of the polymer mixture has
been calculated as the ratio of relaxation time (which is the
reciprocal of the crossover frequency of the storage and loss
modulus) of the slow component to the relaxation time of the
fast component (t; and 1,, respectively).

T
=— 5
=1 (52)
The relative change of dynamic asymmetry is given as,
Aé _ épure — énano (Sb)

épure

where, {hure and Cpano are the dynamic asymmetry of unfilled
PS/PVME and PS/PVME with particles. By the selective localiza-
tion of particles, the initial fast PVME becomes the slow
component and vice versa. Xia et al.>® has observed that the
addition of silica particles (about 4 wt%) has increased the
phase separation temperature to nearly 1-4 °C for a near critical
composition of the PS/PVME blend, which is 10/90 (PS/PVME)
in this case. The hydrophilic silica particles added in these
cases have a preferential affinity to the PVME phase and it
arrested the motion of the polymer chains. The binodal tem-
perature has increased from 96.5 °C to 99.0 °C and the spinodal
from 106.5 °C to 109.8 °C in this blend upon addition of 4 wt%
SiO, particles. The morphological analysis shows that the
addition of silica particles reduced the dynamic asymmetry of
the blend and suppressed the appearance of VPS.

A similar phenomenon was observed in the case of a critical
composition 60/40 PS/PVME, in the presence of silver nano-
particles (nAg). Similar to the previous case, nAg particles are
preferentially located in the PVME phase. The strong concen-
tration fluctuation in these cases is affected by the presence of
these particles causing a changed pattern in the domain
growth. The continuity in the PS phase has been retained for
higher temperatures also. The demixing temperature has also
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increased by the addition of 0.5 wt% nAg. This enhanced
miscibility is contingent to the enhanced intermolecular inter-
action between the components of the blend. This is due to the
local confinement brought about by nAg particles in the PVME
environment, affecting the overall dynamics of the blend. The
addition of various shaped particles has affected the concentration
fluctuation, interfacial driven elasticity, phase morphology and the
local segmental dynamics of the chain PS/PVME blends differently
in different regions of the phase diagram. PS/PVME is a blend
exhibiting nonlocal entropy of mixing resulting in the formation of
an equilibrium nanoheterogeneous structure, as seen in Fig. 5.%

Studies by Gharachorlou et al.®* shows that the addition of
silica particles (4 vol%) has increased the demixing temperature to
a significant amount ca. 10 °C. The reason for phase separation has
been explained as the high entropy of the particles and the
replacement of the PVME chains with the PVME covered silica
particles which reduced the enthalpic portion of the free energy by
reducing the number of PS/PVME interactions. Addition of 4%
silica has changed the morphology from network to droplet type.
They suggested that if the concentration of NPs is around 2-5 vol%,
it can cause network formation in the system. This causes drastic
enhancement in the rheological properties, see Fig. 6.

In all of the three cases, the NPs were hydrophilic and were
localized in the PVME phase, decreasing the dynamic asymmetry
of the blend and changing the mechanism of phase separation.
The work by Xia et al.®® has been extended to understand the
effect of the surface phenomenon of the silica particles on the
localization and thereby the phase separation mechanism.
The hydrophilic silica particles have an affinity towards the
PVME phase and hydrophobic silica has affinity towards the
PS phase. Hence, by the particles being localized in the PS phase
will increase the dynamic asymmetry of the blend. The tempera-
ture of demixing has been evidently increased on the addition of
hydrophilic PVME, i.e., ca. 5 °C increase by the addition of 8 wt%
of the particles. A distinct alteration in the morphological
transition has been seen in the case of both the hydrophilic
and the hydrophobic particles due to the difference in the
dynamic asymmetry brought about by these particles in each
case. This can also be attributed to the difference in alignment of
both hydrophilic and hydrophobic particles in their respective
cases. This is clearly visible in the TEM images in Fig. 7a.

Fig. 7b shows the dependence of G’ with respect to time for
both the hydrophilic and hydrophobic particles, thereby suggesting
that the demixing temperature had different effects in the presence
of both of these particles.®® The differently modified silica particles
have different effects on the interaction parameter and also on the
surface energy. The hydrophilic silica in the PVYME phase decreases
the dynamic asymmetry and makes compositional asymmetry
a predominant factor in the morphology development. The
addition of hydrophobic silica increased the dynamic asymmetry
and decreased the compositional asymmetry. Regardless of the
localization, the addition of both of the particles has stabilized
the morphology. The spinodal temperature has increased from
90.7 °C for the neat blend to 94.2 °C, 95.9 °C, 103.3 °C and
110.8 °C for 1, 2, 4 and 8 wt% of hydrophilic silica. It can be
concluded that by the addition of a threshold amount of
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Fig. 5 AFM image showing the localization of silver nanoparticles (Bharati et a

© 2014, American Chemical Society).
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Fig. 6 Phase separation temperature of the PS/PVME blend in the pre-
sence of silica by various experimental methods (Garachorlou et al.,®*
adapted from American Chemical Society, Copyright © 2008, American
Chemical Society).

particles, ie., 2-4 wt%, a transition from network to droplet
morphological transition was observed.

All the aforementioned cases showed that the addition of
nanoparticles has altered the phase separation temperature of
the blends. Also, it was observed that the presence of NPs in
polymer nanocomposites can alter the dynamics of polymer chain
segments. Dynamics of two different timescales is observed in
such cases due to the different compositional environments.
This is a dominant factor in changing the surface and bulk

54 | Phys. Chem. Chem. Phys., 2016, 18, 47-64

1.%° reproduced by permission of American Chemical Society, Copyright
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Fig. 7 (a) TEM mages of PS/PVME blend with hydrophobic silica (a;) and

hydrophilic silica (ay) (b) time sweep plots from rheology experiment,

Xia et al.%? reprinted with permission from American Chemical Society,
Copyright © 2013, American Chemical Society.
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viscoelastic behaviour." It was proved that the dimensionality
of the filler particles has an effect on the composition wave at
the intermediate stages of phase separation. It was also found
to be stable only in those blends where the particle size is large
compared to the spinodal wave. The composition waves about
the filler are dependent on the particle dimensions. Hence, in
order to investigate the effect of NP shape on the development
of compositional waves, NPs of varied shapes and surface
modifications were discussed here.

The simulation studies done by Karim et al.®® on model
PS/PVME blends suggest that the presence of fillers helps in the
development of concentration waves and is observed to be depen-
dent on the filler shape. The simulation work highlighted the effect
of concentration of silica particles of 100 nm on a comparable
thickness of film. The spin coated films of near-critical composition
of PS and PVME with filler particles as silica beads with an average
size of ~100 nm were analysed. Phase separation was achieved by
annealing to a shallow quench depth. The AFM topography images
obtained matches with the simulation showing the circular filler
induced composition fluctuation. The pattern located far from the
filler particles bear a resemblance to the typical spinodal decom-
position pattern observed in the case of the blends without fillers.
A near critical composition of the blend was chosen so that the
polymer blend shows spinodal decomposition in the absence of
any filler. Fig. 8 shows as an intermediate stage of phase separation.
The line profile image in the AFM image shows the magnitude of
perturbation around the silica particles which appear as bright
spheres. The films have been washed to remove the PVME phase to
obtain a better contrast. PS rich ring patters are observed in the
washed films.

20

T

0 10 20pum

Fig. 8 A circular filler induced composition fluctuation in PS and PVME
with silica beads, Karim et al,%° adapted with permission from American
Chemical Society, Copyright © 1999, American Chemical Society.
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Transient waves generated in these films in the presence of
silica resulted in the formation of compositional waves on the
surface, which has become a determining feature in breaking
the symmetry pattern in the phase separation process within
the surface forming compositional waves.®®> We have observed
that the development of target composition patterns about the
filler particles has characteristics in common with the idealized
2D Cahn-Hilliard-Cook simulations of blend films with fillers.
In the presence of fillers these phase separating blends
show the development of composition waves which have the
symmetry of the filler particles.

It was observed that the addition of nanoparticles contributed a
compatibilizing effect in the LCST blends. The effect of spherical
nanoparticles has been compared with the block copolymer.
The nanosilica used in this case was modified with dimethyl
dichlorosilane, which made the particles hydrophobic. This
caused the particles to be localized in the PS phase. This
confined the dynamics of PS chains enhancing the dynamic
asymmetry of the system. The self-generated stresses are
strengthened and inhibit the reduction of system free energy
by network break up in such cases. The SEBS-g-MA block
copolymer used here was localized at the interface and acted
as an obstacle for polymer chains to diffuse through the inter-
face. This is the contributing factor for the stabilized network at
the interface and the controlled phase separation. On compar-
ing both the cases, it was observed that the addition of NPs has
pinned the phase separation by kinetically trapping nano-
particles in controlling the kinetics of phase separation which
was found to be superior compared to the block copolymer-
based compatibilizers (see Fig. 9).°

The effect of spherical particles has also been extended on
systems like PMMA/SAN which is a dynamically symmetrical
blend. Due to the preferential adsorption of nanoparticles on
one of the polymer phase, a surface layer is formed with
composition that differs from the initial composition of the
blend in the bulk. In the case of the PMMA/SAN blend with
silica particles, there is a formation of the hydrogen bond
between the carbonyl groups in PMMA and silanol groups at
the surface of silica particles. These cause a decrease in the
average molecular weight of PMMA in the bulk increasing the
critical interaction parameter causing an increase in the phase
separation temperature (see Fig. 10). The compositional change
brought about by the selective adsorption of one of the phases
on the polymer on the NP was explained by Cohen-Addad®” by
calculating the weight of the bound polymer. It can hence be
concluded that the smaller the particles, more polymer will be
adsorbed on to the surface of the polymer and significantly
affect the effective composition.®®

It was found that in the case of a homogeneous PMMA/SAN
blend, the silica NPs are uniformly dispersed in the blend film.
During demixing, the NPs were observed to be partitioned into
PMMA wetting layers and also PMMA domains. A slowed
domain growth was observed and the kinetics of demixing
followed a coalescence model. The correlation length ¢ was
found to increase a function ¢ ~ ¢ for the neat blends and
also the blends containing 2 and 5 wt% NPs. Even though there
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Fig. 9 Comparison of the compatibilizer and the filler in the case of PS/PVME blends (a) neat blend (b) in the presence of the SEBS-g-MA block
copolymer (c) in the presence of nanosilica, Reproduced from Yeganeh et al.,%® with permission of The Royal Society of Chemistry.
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Ltd, All rights reserved.

is a decrease in the kinetics of demixing, the correlation length
was observed to be unaltered.®

The addition of hydrophilic silica nanoparticles has stabilized the
morphology, and improved the thermal and mechanical properties
in polycarbonate/poly(methyl methacrylate) (PMMA/PC) blends.
The compatibilization studies with NPs was compared with a
tin(u) 2-ethylhexanoate catalyst in this case. The addition of
nanoparticles has kinetically arrested the morphology of
PMMA/PC blends, but the thermal and mechanical properties
of blends were improved significantly upon the addition of

56 | Phys. Chem. Chem. Phys., 2016, 18, 47-64

nanoparticles. Hence the addition was considered superior to
the catalyst addition in this case.”®

The addition of C, fullerenes in poly(tetramethyl bisphenol
A polycarbonate) and deuterated polystyrene (TMPC/PSD)
manifested a reduced spinodal temperature (7-10 °C) at a loading
of 1-2 mass%. These observations were based on neutron scattering
experiments. However, the loading of 0.2-0.5 mass% imparted a
small increase in Ty,. The observed non-monotonic variation in
demixing with the addition of NPs is due to the competitive
interplay of the asymmetric component interactions and also the
NP dispersion.”*

The addition of three different surface functionalized NPs
were studied in the case of dPMMA/SAN 50/50 blend. NP,s are
colloidal silica particles with a diameter of 22 nm and a surface
with methyl and hydroxyl groups. NP, and NPy are silica
particles (diameter 15 nm) which are weakly and strongly
segregated by grafting with PMMA brushes having M,s of
23700 and 2100 g mol~". The difference in the functionality
of the particles causes a difference in their segregation behavior.
NP, distribute throughout the PMMA phase, NP,, in the PMMA
phase and at the PMMA/SAN interface and NP locate only at the
PMMA/SAN interface. In this paper, it has been provided experi-
mental evidence that the process of roughening in polymer
blend films is driven by the underlying phase-separated mor-
phology, which in turn is dependent on the surface functional-
ities of the NPs. The polymer film contains 2 wt% NP was
annealed for 24 h. The RMS roughness (Ry) is obtained from
Fig. 11a and a watershed segmentation was used to distinguish
the boundaries between peaks as seen in Fig. 12b. By omitting
the patches around the edge of Fig. 11b and c has been obtained.
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Fig. 11 Quantification of the surface (a—c) and midlayer (d) features in
SFM images, Chung et al,®® adapted with permission from American
Chemical Society, Copyright © 2007, American Chemical Society.
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Fig. 12 Phase diagram of PMMA/SAN in the presence of clay, Pang et a

reprinted with permission from Elsevier, Copyright © 2005, Elsevier Science
Ltd, All rights reserved.

L 74

The fluctuation in the spinodal wavelength (/) is determined
from the mean diameter of the colored patch. The midlayer
morphology (40 pm) consists of the continuous B phase (light)
and domains of A (dark circles) as seen in Fig. 11c. The roughening
and rupture is caused by the Laplace pressure induced by a
phase-separated structure. The major focus of the paper was to
understand the dewetting of the polymer blend layer of long
wavelength fluctuation which was developed by short wave-
length spinodal waves. Still, interesting insights were obtained
on the effect of localization on the development of spinodal
waves by analyzing the roughness factor. As observed from the
previous figure, it was observed that the localization of particles
in the PMMA/SAN interface has caused a jamming of the
morphology.®® This was understood by the low roughness values.
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This study provides a proof on understanding the effect of particles,
irrespective of their shape, arresting the phase morphology.”

4.2 Anisotropic particles

The effect of anisotropic particles like clay on the phase
separation temperature of various polymer blends has been
analyzed. Unlike spherical particles, these particles have a high
surface area exposed to the polymer surface. Therefore, the
thermodynamics, kinetics and morphology of phase separation
are altered on the addition of a very small amount of particles.
The driving force for self-assembly is directly related to the
anisotropy of the particle. So if the polymer blend phase
separates due to the effect of the particle, the osmotic effect
produced in the phase separation of the individual phases is
directly related to the shape of the particles. The concept of
directional depletion interaction of particles has to be analyzed
to understand the entropic factors contributing to the phase
behavior. A study on the depletion interaction on the polymer
with colloidal particles showed that the range for interaction in
the case of depletion attraction is 10% smaller than the radius
of gyration R, of the polymer chain. The phase separation can
be compared to the case of the hard sphere colloids and it is
devoid of any attractive and long-range interactions, which
competes with entropic effects to produce ordered phases It has
to be carefully assessed that whether the improved miscibility is
due to the improved anisotropy.

4.2.1 Intercalated sheets/layered particles. The addition of
clay particles in obtaining an improved thermal, mechanical
and barrier properties has been the central attention in the
recent past. Careful assessment was done to show the effect of
the layered structure of these silicates on the demixing behavior
of the dPS/PVME blend.”® Effect of different types of clay
particles on the demixing temperature was studied here. The clay
used are LAPONITE®™, montmorillonite, and fluorohectorite with a
similar disc diameter of 300 A and varying lateral dimensions of
0.5-1.0 pm, and 10 um. The layer thickness was identical and
was 0.95 nm. The phase separation takes place by spinodal
decomposition in the case of the neat blend and the blend in
the presence of different silica particles. The characteristic
length of the spinodal decomposition shows that the clay
LAPONITE®™ (2C18L-30 nm lateral dimension) and the clay
montmorillonite (2C18M-modified with dimethyl-dicotadecyl
ammonium chains of lateral dimensions 0.5-1.0 um) have
slowed the phase separation kinetics. The grade of clay fluor-
ohectorite (C18F) of lateral dimensions 5 pm did not show any
effect on the phase separation kinetics. The neat blend and the
blend containing the silicate, C18F, has formed circular and
comparatively smaller domains. Hence it can be concluded that
the silicates with small lateral dimensions helps in creating
better exfoliation compared to that of the ones with larger
lateral lengths. This was explained by the simulation studies
done by Balazs’ group. It was also confirmed that the three
silicates used in this study are thermodynamically alike and the
differences brought about in the phase separation kinetics of
these particles are due to the lateral dimension. The reduced
layer-silicate diameter and an increased concentration show
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pinning of the phase-separated structure. Unlike a hydrophilic
particle, the reduced influence of clay on improving the phase
separation temperature of PS/PVME is due to the marginally
better compatibility of PVME with PS.%*

Very precise techniques like small-angle neutron scattering
(SANS) and a two-dimensional combinatorial method based on
light scattering were used to study the effect of dimethyl
dioctadecylammonium substituted montmorillonite (2C18M)
on the dPS/PVME blend and corroborated by single-point static
cloud-point light scattering. It was found that the addition of
layered silicates up to a volume fraction of 0.04 is found to leave
the phase diagram unchanged. It was also observed that the
Flory Huggins parameter at high temperature is independent of
layered silicate upto a volume fraction of 0.008.”

A compositional dependent behavior was observed in the
case of a clay filled PMMA/SAN blend (see Fig. 12). The clay
particles migrate from the PMMA-SAN boundary in the initial
stage to the PMMA-rich region at the late stage of phase
separation due to the affinity of clay towards the PMMA phase.
Ty, and Ts of PMMA/SAN and the metastable region have been
observed to be expanded. The isothermal small angle light
scattering (SALS) studies show the decrease of the domain
coarsening rate for the blend matrix due to the retardation of
macromolecular diffusion. The compositional difference in the
surface layer and the polymer matrix has been attributed to this
phenomenon. The surface layer of the polymer on the clay acts
as nuclei for a new phase by inducing phase separation
according to the nucleation or spinodal mechanism.”* The
localization of NPs in one of the phases will increase the
viscosity of the corresponding phase and thereby slowing down
the domain growth. This can be either due to the attraction of
the NPs to the polymer matrix or due to the confinement of the
polymer chains. NP is well dispersed in a polymer only when
the radius of the NP is less than the radius of gyration of the
polymer. Thermodynamic stability can be achieved in such
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cases due to enthalpic effects on account of increased contacts
with the polymer chain.

Graphene oxide (GO) or reduced graphene oxide (rGO)
improved the intermolecular coupling in PS/PVME blends by
imparting a molecular level miscibility. This has increased the
rheological demixing temperature in the case of this blend.”
A similar observation was seen in the case of PuSAN/PMMA
blends with dynamic symmetry.”®

4.2.2 Nanorods and nanotubes. The presence of highly
anisotropic nanoparticles like MWNTs in the polymer compo-
sites exhibits a very low percolation threshold. A complex
polymer relaxation behavior is exhibited by the incorporation
of very low concentration of NPs in the polymer matrix. The
neutron scattering method has revealed the formation of
hierarchical dynamics in the case of these polymer composites
in the presence of these highly anisotropic particles. The
dynamically arrested segments near the SWNTs form the train
segments causing a transient immobilization and the remaining
loop and tail segments remains mobile. These findings are signifi-
cant in understanding blend dynamics of rod shaped particles, see
Fig. 13 for an in-depth understanding.”

The addition of rod shaped CdSe-TOPO particles has been
analyzed in the case of PS/PVME blends. The work mostly describes
about how the particles are kinetically trapping the co-continuous
morphology in the blend in the presence of 2 vol% of CdSe
particles.”® It was observed that a network of nanoparticles
percolates throughout the PVME domains at relatively lower
volume fractions indicating that kinetic arrest occurs due to
attractive interactions between particles. This is similar to the
case of colloidal gels in the suspensions of attractive particles.
The particle size also plays a role. In the case of these rod-shaped
particles, aggregation-induced gelation of particles has aided in
stabilizing the co-continuous morphologies.

The addition of MWNTs has increased the phase separation
temperature of the PS/PVME blend by imparting a molecular

detector
array

Incident neutron beam

Fig. 13 MSD amplitude in the pure polymer and in the SWNT composites showing shorter-range atomic motions in the composites and the schematic

representation of the heterogeneity induced in the polymer composite in the presence of heterogeneous particle, Ashkar et a

[,”” adapted with

permission from American Chemical Society, Copyright © 2014, American Chemical Society.
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level miscibility. The preferential wetting of PVME onto MWNTSs
has been observed from AFM and this has observed to reduce the
interaction parameter y in the blends. The addition of particles
could retain the interconnected network of the PS/PVME blend.”
It was found in another study that the addition of MWNTs has
affected the cooperativity of dynamically asymmetric blends of the
PS/PVME blend, which was confirmed by the study on chain
connectivity effects by dielectric spectroscopy. The high entropic
losses in the case of blends with MWNTs are due to the lower
number of conformations available for a polymer chain.*® The
evolution of transient morphologies in PS/PVME blends, which
varied from nucleation and growth, C-VPS, spinodal decomposi-
tion and T-VPS were assessed in the presence of MWNTSs. The
interaction of MWNTs in the blend alters the dynamic asymmetry
of the system and creates a heterogeneous environment. This can
be correlated with the chain connectivity effects by evaluating the
effective glass transition of the PVME phase and the length of the
cooperatively rearranging region (CRR) of various blends.®"

The spinodal decomposition temperature demonstrates an
increase in the miscibility in PMMA/SAN in the presence of
various functionalized MWNTs. Thermally induced phase
separation causes a selective localization of MWNTs in the
PMMA phase. The miscibility of PMMA in SAN was enhanced
in the presence of MWNTs. The bimodal and the slowed down
segmental relaxation in the presence of MWNTs by dielectric

View Article Online

Perspective

spectroscopy supports the delayed phase separation as observed
from rheology.®>

In the case of the dynamically symmetrical, blend P*MSAN/
PMMA as reported by Bose et al.®® It was observed that the
rheological phase separation temperature (Tye,) decreased in
the blends in the presence of MWNTs. The phase separation
caused selective localization of MWNTs in the PuMSAN phase of the
blends, which were initially randomly distributed in the mono-
phasic materials as observed from the electron microscopic images.
The significant changes in the viscosity ratios in the blends also
resulted in a shift in the phase inversion concentration towards
lower PuMSAN content. The MWCNTs lead to a significant slow-
down of the segmental dynamics in the blends inducing phase
separation in the PMMA/SAN blends. This is due to the selective
localization of MWCNTSs in the PMMA phase.

4.3 Polymer grafted nanoparticles

A controlled dispersion of nanoparticles in a polymer matrix is
essential in achieving significant enhancement in the characteristic
properties of the polymer composites. A tailored nanoparticle-
polymer interface is essential for obtaining a homogeneous disper-
sion of NPs. The aggregation between the nanoparticles can be
reduced by grafting the particles with polymer chains, which results
in an increased density of polymers at the interface.
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Fig. 14
shows a lower magnification image that captures the aggregate distribution
bars corresponds to 200 nm), Hore et al.,2* adapted with permission from
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(a) Schematic showing the dispersion of polymer modified nanorods in various blends (b) TEM images of a similar case. (al) ¢ppo = 0.00; (a2)
. (b—e) Correspond to ¢ppo = 0.25, 0.50, 0.75, and 1.00, respectively (the scale

American Chemical Society, Copyright © 2012, American Chemical Society.
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Table 1 Rheologically determined phase separation temperature of the
PS-Br/PVME blend in the presence of bare nAg and PS-g-nAg particles, Kar
et al.® reproduced with permission from The Royal Society of Chemistry

Spinodal
Isochronal temperature temperature
PS/PVME blends sweep (tan delta) Tipeo £ 2 °C Ts + 2 °C
60 (9 kDa)/40 85 89
60 (35 kDa)/40 104 112
60 (9 kDa)/40 with 95 96
0.5 wt% bare nAg
60 (9 kDa)/40 with 98 107
0.5 Wt% PS-g-nAg
60 (35 kDa)/40 with 114 121

0.5 wt% bare nAg

The effect of PS (5 kg mol ) functionalized Au nanorods in
the miscible blends of PS (152 kg mol ') and poly(2,6-dimethyl-
p-phenylene oxide) (PPO) (42 kg mol~") was monitored by both
experimental and theoretical methods. The dispersion of PS
grafted NPs in various blend compositions were studied in
detail. When the volume fraction of PPO was varied from 0 to
0.50, the NPs appeared to be aggregated, due to the unfavorable
brush-matrix interaction, where y = 0. More favorable inter-
actions are induced when the volume fraction of PPO is higher
in the system, as PS/PPO forms a miscible blend with y < 0.
A complete dispersion is obtained in the case of homopolymer
PPO, where favorable PS/PPO interactions are present. This is
evident as observed in the TEM images and the schematic
representation as given in Fig. 14. The effect of polymer brush
density is studied by the SCFT calculations in the case of
compositions where y = 0. When the brush and the matrix
are chemically similar, the nanoparticle dispersion depends on
the values of N, P, and ¢ (brush grafting density). A dry brush
condition is observed when P > N, where the brush on the NPs
rejects the relatively large matrix polymers. A wet brush condi-
tion is observed when the brush is located within the matrix
polymer. From these experimental studies it can be concluded
that the nanoparticle dispersion in polymer composites is a
function of « = P/N and the particle aggregation is due to the
depletion-attraction forces that result from dry brushes.?*

The effect of PS grafted silver nanoparticles (PS-g-nAg) was
compared with the neat silver nanoparticles (nAg) on the
demixing of the PS-Br/PVME blend. Two molecular weights of
matrix polystyrene were studied in this case, as seen in Table 1.
The particles were localized in the PVYME phase due to the
favourable PS-PVME contacts in the case of both the molecular
weights. It was observed that the demixing temperature was
increased by ~18 °C in the case where the M,, of the grafted
polymer chain is comparable to that of the matrix polymer. The
nAg particles with PS brushes prevent the core-core interaction
between the nAg particles. The favorable interaction between
PS chains in the nAg particles gives a homogeneous dispersion
in the PVME phase. Thermodynamic miscibility is imparted to
the system due to the reduced conformational fluctuation due
to this.®

The selective localization of silica particles in the PMMA/
SAN blend was tuned by varying the chain length of polystyrene
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Fig. 15 Phase diagram of variously modified silica in the PMMA/SAN blend,
Huang et al.%” adapted with permission from American Chemical Society,
Copyright © 2012, American Chemical Society.

grafted on it. The particles with short grafts (PS ~ 500 g mol %)
was localized in the interface and the particle with long grafts
(PS ~ 46000 g mol ') was localized in the PMMA-rich phase.
This was determined by the interfacial tension factors as the
interfacial tension of the PS-SAN pair is higher than that of the
PS-PMMA pair. It was observed that SiO,-PS particles localized
at the PMMA/SAN enhanced the stability. The significance of
particle localization on the rheological transition temperature
is one of the major inferences which could be drawn from this
work (Fig. 15).%

The demixing of the PS/PVME blend in the presence of
polystyrene grafted MWNTSs (PS-g-MWNT M,, ~ 9000 g mol )
was dramatically by ~33 °C with respect to the control blend
and these effects were due to the entropic and enthalpic factors.
The length of the cooperative rearranging region was decreased
by the addition of PS-g-MWNTs showing a confinement effect
on the chain dynamics and it enhanced the inter-chain concen-
tration fluctuation.®®

The demixing the near critical composition of the LCST
mixture of PS/PVME was studied in the presence of highly
curved gold nanoparticles which were densely brushed with
varying graft length of PS.*® The gold nanoparticles brushed with
3 kDa polystyrene (graft density ca. X = 1.7 chains per nm™?) and
that for 53 kDa PS (X = 1.2 chains per nm?). The localization
of PS (3 kDa)-g-nAu in the PVME phase can be expected to be
of entropic origin due to expulsion from the PS phase as
Ry matrix chains > Rggrafted chains (Where Ry is the radius of gyration
of the polymer chain), the localization of PS (53 kDa)-g-nAu in
the PS phase is believed to be facilitated by favorable melt/brush
interactions. The PS (53 kDa)-g-nAu nanoparticles delayed the
demixing by 12 °C with respect to the neat mixture due to
enthalpic interactions between the grafted PS and the free PS,
the entropic losses (deformational entropic losses on blending,
translational entropic loss of the free PS and the conformational
entropic loss of the grafted PS) and the interface of the grafted
and the free chains.”® The localisation has been represented
using a cartoon as seen in Fig. 16.
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Fig. 16 Schematic representation showing the change in localization by different graft density of PS on gold nanoparticles, Kar et al..°® Reprinted with
permission from American Chemical Society, Copyright © 2014, American Chemical Society.

Various cases as discussed above lacks to provide an in-
depth insight into the dynamical perturbations induced by the
NPs on the polymer chains and thereby the miscibility criteria.
It was observed in the study of polymer composites that the NPs
with high anisotropy, like carbon nanotubes, exhibit very low
percolation thresholds. A comparably higher surface to volume
ratio is obtained in these particles. These types of particles are

capable of creating two dynamic environments in the polymer.
The polymer adsorbed on the surface of the nanotubes appears
as a sequence of train segments and these interfacial train
segments shows a transient immobilization. The loop and tail
segments appear away from the interface and the end segments
remain mobile in these cases. This is the reason for the
appearance of two distinct polymer regions in the presence of

Fig. 17 SEM images of PS/PMMA 60/40 (top row); nonstained TEM images of the 80/20 blend (center and lower row) with various amounts of Janus
particles [polystyrene-block polybutadiene-block-poly(methyl methacrylate) (SBM) triblock terpolymer] as indicated in each image, Walther et al.,*
Reprinted with permission from American Chemical Society, Copyright © 2014, American Chemical Society.
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the nanotube - the train segments having an effectively frozen
dynamics around the nanotubes and the loop and trail regions
with faster motions, which are away from the interface. These
interactions can restrict the local and cooperative relaxations.
These changes in the polymer dynamics can clearly affect the
hierarchical polymer dynamics in the case of blends.”
Bimodal relaxations suggesting different ‘dynamical’ environ-
ments were noted in the case of PS/PVME blends in the presence
of MWNTs.®® The dielectric loss modulus spectra showed a
bimodal distribution in the presence of MWNTs. This is the
characteristic of a heterogeneous environment. The presence of
MWNTs has caused more entropic losses causing a lower
number of conformations for the polymer chain. This results
can be supported with the dielectric relaxation studies of the
miscible polymer blend PVPh-PVEE (poly(4-vinylphenol)/
poly(vinyl ethyl ether)). The miscibility in this polymer blend is
imparted due to hydrogen bonds in the mixture. PVPh-PVEE
segments with intermolecular hydrogen bonds showing a slow
relaxation, whereas the free PVEE segments showed a fast
relaxation. A second segmental relaxation was also observed in
the blends with 60 and 80% PVPh due to the restricted relaxation
of PVEE confined in a the rigid matrix PVPh.”® Hence the broad
relaxation spectra gives an indication of different degrees of
coupling, as proposed in the case of the PVPh-PVEE blend,
which is also similar to the case of the PS/PVME blend with a
heterogeneous environment in the presence of MWNTs.

4.4 Janus particles

Asymmetry is created onto these particles due to the difference
in the chemical composition, polarity, color or any characteristic
properties, unlike anisotropically shaped particles. Due to the
amphiphilicity in the particles, they are generally localized at the
interface. The adsorption energy is comparable to that of block
copolymers with a sufficient contribution to the enthalpic con-
tribution to the free energy of the system. The study of various
amounts of Janus particles [polystyrene-block polybutadiene-
block-poly(methyl methacrylate) (SBM) triblock terpolymer] in
PS/PMMA blends with various weight ratios was carried out.
The SEM and TEM images (as seen in Fig. 17) shows that at a
given concentration, the addition of Janus particles leads to the
formation of morphologies with a smaller domain size stabilizing
the blend.”*

5. Perspective and outlook

Taken together, it can be concluded that ordered structures of
different length scales in a polymer blend can be created by the
hydrodynamic factors and flow fields which determine the
phase separation in the blend. In the case of a polymer blend
with rod like particles, which has strong interaction to one of
the phases, the synergistic effect of the wetting of the particle to
the polymer phase and the rod-rod interactions create self-
assembling rods. The non-spherical particles are capable of
showing different types of self-assembly-oriented attachments
similar to liquid crystalline polymers. Nanowires and nanotubes
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are characterised by bundle like structures, showing aggregation
induced gelation. It is hence evident that the shape anisotropy is
a determining factor for the development of self-assembled
structures. This can be compared with the rods which “pushes
and corrals”, as suggested by Peng and his co-workers.*®* So it
can be concluded that the self-assembling particles in the
polymer blend affects the hydrodynamic and flow field factor
creating a self-assembled polymer structure.”® These observa-
tions from the simulation studies corroborate with the experi-
mental results. The nanoparticles are capable of affecting the
demixing kinetics irrespective of their shape, but the critical
concentration required for the network formation was found to
be lower for nanorods than for nanospheres in similar blends.

The addition of anisotropic particles has an enhanced effect
on the compositional wave of concentration fluctuation com-
pared to that of the isotropic particles. The concentration of
anisotropic particles required to produce the compositional
effect is comparatively smaller compared to that of the isotropic
particles. It is well evident from the experimental studies that
lower concentration of NPs (~0.25 wt% or lesser) has affected
the demixing temperature in the case of anisotropic particles
like MWNTSs, rGO, clay, etc. compared with the high loading
percent of spherical particles (~1 wt%). Even though it has
been proved that anisotropic functionalized particles (Janus
particles) are capable of stabilizing the blend, providing an
enthalpic contribution to the free energy, the effect of demixing
temperature by incorporating these particles requires more
focused research.

It was also observed from the literature that the demixing
temperature is conspicuously affected by the NP localization
than the particle dimension, which is observed in the case of
dynamically asymmetric blends. The localization of particles
changes the statistical ordering of the polymer chain, changing
the relaxation time and the asymmetry parameter (¢). The
localization of particles in the hydrophilic PVYME phase has
induced a change in the dynamic asymmetry of the blend,
delaying the phase separation temperature. A highly anisotro-
pic particle with surface functionalization, with the synergistic
effect has enhanced the inter-chain concentration fluctuation.
The localization in the hydrophilic phase contributed to
the spinodal temperature has been delayed ca. 33 °C in the
case of PS-g-MWNTs (PS ca. 9000 g mol ) incorporated in the
PS/PVME blend. Here PS-g-MWNTs were localized in the PVME
phase, changing the dynamic asymmetry of the blend. It has to
be noted that the molecular weight of the grafted chain was
lower than that of the matrix PS. In another case, the addition
of PS-g-Au particles (PS ca. 53000 g mol '; M,, of the grafted
polymer is higher than that of the matrix) has delayed the
demixing by ca. 12 °C. The PS matrix in which the particle is
localized will experience a translational entropic loss, at the
expense of conformational losses for the grafted chains. It is
interesting to note that these changes are attributed by the free
energy balance of the PS/PVME blend, due to the enthalpic
interactions or entropic losses. In most of these reported cases,
the role of a polymer brush and a chemically identical matrix
has been dealt with.
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Future work in the direction on understanding the graft
density of the grafted polymer having a similar molecular
weight as that of the host is essential in differentiating the
effect of enthalpic interactions and entropic losses. Still the
question on the melt-brush interaction of chemically dissimilar
grafts, compared to the matrix polymer has to be studied in more
detail. Polymers of diverse properties can be fabricated by adding
nanoparticles which show multifunctional properties like electrical,
mechanical and optical with controlled morphology and particle
orientation. These can be potential materials for various applica-
tions like sensing, microfluidic channels and so on.
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