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Distinctive phase separation dynamics of polymer
blends: roles of Janus nanoparticlest

Qing Li, Liquan Wang, ‘2 * Jiaping Lin2* and Liangshun Zhang

Janus nanoparticles (JPs), which are anisotropic nanoparticles with at least two opposite surface regions,
have been demonstrated as highly efficient compatibilizers for polymer blends. However, there are still a
number of open questions concerning the mechanism behind the influence of JPs on the phase
separation dynamics of polymer blends. Herein, we report a counter-intuitive feature of JPs concerning
their roles during spinodal decomposition (SD); that is, they promote the decomposition of unlike
polymers in the early stage of SD but retard it during the late stage. This is in remarkable contrast to
traditional compatibilizers such as block copolymers and homogenous nanoparticles, which impede
phase separation during both stages. We further demonstrate that the unique promoting effect of JPs at
early times is due to the formation of microphase-separated homopolymer-rich regions in the vicinity of
opposite JP surface regions. Our findings are expected to have important implications for the phase
separation behavior of JP-compatibilized polymer blends, whose morphologies and performance could
be controlled by tuning the interactions between the constituent polymers and JP-based compatibilizers.

1. Introduction

Janus nanoparticles (JPs) are anisotropic nanoparticles bearing
at least two chemically different constituent parts.' Due to their
unique physical and chemical properties, they have found
applications in a number of fields, such as catalysts,* nano-
motors,*® drug delivery systems,”® nanoimaging and nano-
sensors,” ! etc. Specifically, they have been demonstrated to be
superior compatibilizers in comparison to traditional compatibili-
zers such as block copolymers and homogeneous particles,” "
because their unique combination of amphiphilicity and particulate
nature (Pickering effect) favors strong and selective adsorption to
interfaces.””> When incorporated into heterogeneous blends, JPs can
exclusively localize at the interfaces, thereby dramatically reducing
the interfacial tension and preventing coalescence of the dis-
persed domains (droplets). Moreover, the impact of JPs on the
phase separation dynamics of polymer blends has also attracted
considerable attention. Huang et al. demonstrated that the
segregation of Janus particles at the interfaces between polymer
domains effectively reduces the number of unfavorable interactions,
which leads to retarded domain growth during the late stage of
spinodal decomposition (SD).**** Their work provides valuable
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insights into the phase separation dynamics of JP-compatibilized
blends, but research in this field is far from complete.

One of the challenges of both scientific and technological
relevance is to comprehend the influence of JPs on the phase
separation dynamics of polymer blends during the early stage
of SD, which occurs when a mixture is quenched from the one-
phase region in the phase diagram to the two-phase region.>*®
During the early stage of SD, diffusional fluxes result in the
development of a dominant composition fluctuation (SD wave)
in the system, which later evolves into interface-separated
domains that grow via the self-similarity mechanism during
the late stage.”>*® Therefore, investigating the role of Janus
particles during the early stage may provide useful knowledge for
controlling the morphology (and hence properties) of materials
based on JP-compatibilized blends. However, experimental studies
in this area are largely limited by difficulties with characterization
and challenges in the large-scale preparation of JPs with well-
defined structures." Moreover, the nontrivial effect of long-range
hydrodynamic interactions at early times makes it challenging to
theoretically study early-stage phase separation.*'

In the present work, the phase separation dynamics of
JP-compatibilized blends during the full course of SD was studied
via dissipative particle dynamics (DPD) simulations. This strategy
is suitable for studying the phase behaviour of complex fluids
because it offers large time and length scales, over which the
effects of long-range hydrodynamic interactions can be correctly
preserved.**™® We found that Janus particles uniquely exert
opposite influences on the phase separation dynamics during
the early and late stages, i.e., they promote phase separation at
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early times but impede it at late times. This result is in remarkable
contrast to other compatibilizers such as block copolymers and
homogenous particles, which usually impede phase separation
during both stages. The present work not only deepens our under-
standing of the phase separation behaviour of JP-compatibilized
blends but also offers a novel perspective for the investigation of
chemically anisotropic nanoparticles.

2. Methods and models

2.1 Dissipative particle dynamics

Dissipative particle dynamics (DPD) is a particle-based technique
for mesoscopic simulations.>**'™** A number of studies have
demonstrated that it is particularly suitable for studying the
phase separation behaviour of fluidic systems because the
effect of long-range hydrodynamic interactions can be correctly
preserved.?*?*3%4>46 1n this method, the movement of each
bead is governed by the equations of motion dr;/d¢ = v; and
mdv,/dt = f;, where ¢ is the time, m is the mass of each bead, r;
and v; are the position and velocity of the ith bead, respectively,
and f; is the force applied to the bead. f; consists of four parts,
ie., a conservative force Ffj, a dissipative force F}JD-, a random
force Fjj, and a spring bond force F§. All forces are truncated at
the cut-off radius, r.. Specifically, the adjacent beads in the
homopolymer chains and JP grafting blocks are connected via
the spring bond force F; = C(1 — ry/req)t;; where C is the spring
constant, rq is the equilibrium distance, and f is the unit vector
pointing from the jth bead to the ith bead. The units of time,
length, mass and energy are defined by t, r., m and kgT,
respectively, where kg is the Boltzmann constant, T is the
temperature, and t = (mr.*/ksT)"’%. The magnitude of spring
constant C was chosen to be 30, and the equilibrium distance
Teq Was set at 0.86r.. The equations of motion were integrated
via a modified velocity-Verlet algorithm with the time step At =
0.027. (Detailed information on the DPD method is available in
Section 1 of the ESL¥)

2.2 Models

The blending system studied here contains three components:
homopolymer A, homopolymer B, and a core-shell Janus
nanoparticle (JP) with a particulate C core grafted with equal
numbers of A and B chains (see Fig. 1a-c). For conciseness,
homopolymers A and B are denoted as P, and Pg, respectively;
the A and B grafting chains on the JPs are denoted as J, and Jg,
respectively; and the C core of the nanoparticle is denoted as Jc.
In this work, identical volume fractions were maintained for P,
and Pg, while the volume fraction (¢jp) of the JPs was varied
from 0 to 0.5. The interaction parameters a;; (see eqn (S3), ESIt)
between components A, B and C are given in Table 1. The
parameters were defined to reproduce phase separation
between unlike components.*®

The models of P, and Py were constructed by freely joining
50 beads via the spring bond force Fj, and the radius of
gyration, Ry, of the P4/Py chains is ~2.46r. (corresponding to
8.0 nm). The C core (J¢) of the JPs was constructed by uniformly
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Fig.1 (a-c) Coarse-grained models of (a) homopolymer A (denoted Pa),
(b) homopolymer B (Pg) and (c) a Janus nanoparticle (JP). Jc beads
connected with Jx and Jg chains are colored in cyan and yellow, respectively,
to highlight the anisotropic nature of the JPs. (d and e) Morphologies of the
JP-compatibilized Pa/Pg blends with (d) c;p = 0.2 and (e) cgp = 0.4 at various
times. The JPs are sketched as small spheres with Ja (cyan) and Jg (yellow)
hemispheres. Domains rich in P, are colored in red. Domains rich in Pg are
omitted for clarity.

Table 1 Interaction parameters a;; (in DPD units) used in the present work

A B C
A 25 75 75
B 25 75
C 25

packing 26 C beads on the surface of a sphere of radius
R = 1.55r. (corresponding to 5.0 nm). The Jc beads were
restricted to move as an intact rigid body and were so closely
packed that the penetration of the homopolymer beads into the
cores was prevented. The A and B grafting chains (/, and Ji) are
composed of N = 5 beads connected via the spring force F;
(We found that the value of Ngag has an influence on the phase
separation dynamics of the JP-compatibilized blends; see
Fig. S11 of the ESIf). Note that the models of homopolymers
and JPs are based on the experiment of Walther et al.'? In their
study, the R, of polystyrene is ~9.5 nm, and the radius of the
polybutadiene core of JPs is 3-5 nm, which are comparable to
the sizes of the P,/Pg chains and J¢ cores in the present study
(see Section 11 of the ESIt for more discussion on the models of
the JP and the P,/Pg homopolymers).

In order to compare the behaviour of JPs with that of conven-
tional compatibilizers, we also constructed coarse-grained models
of a triblock copolymer (TCP) and two homogeneous counter-
parts of the JP, which are denoted by HP-I and HP-II, respectively.
A model of the triblock copolymer (TCP) is shown in Fig. S2b
(ESIt). Each model TCP contains an A end block (denoted by Ty;
red), a C central block (denoted by T¢; purple), and a B block
(denoted by Tg; blue). The lengths of the blocks are set to Np, =
50, Nr¢ = 10 and Nig = 50, respectively. The homogeneous
particles HP-I and HP-II are both composed of a central C core
grafted with 26 grafting chains. The grafting blocks of the HP-I
particle are of component A, while those of the HP-II particle are
of component C (see the insets of Fig. S2c and d, ESIf).
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2.3 Simulation procedure

All of our simulations were performed in cubic boxes of size
Ly, = 80r. with periodic boundary conditions imposed in all of
the x, y, and z directions. The total number of beads was set to
3 x Ly’. The following procedure was adopted. First, the
homopolymers and JPs were randomly placed in the box, and
the interaction parameters between unlike components were all
set to 25. A preliminary simulation was conducted for 2007 to
thoroughly homogenize the system (see Fig. 3a). Then, the
interaction parameters between unlike components (i.e., aug,
apc and a,c) were turned to 75, which corresponds to a thermal
quench in experiments. The quench depth was sufficiently deep
to induce SD. Each simulation was conducted for at least 10t
to guarantee that the equilibrium morphology can be obtained
(see Fig. 1d and e). To demonstrate that the above method
provides reasonable results, we studied the phase separation
dynamics of pure P,/Pg blends (see Fig. S7-S10, ESIf). The
simulation results are in good agreement with the results of
theoretical predictions and experiments,”>***”~* which supports
the validity of the simulation method.

2.4 Structure factor

The phase separation dynamics of homopolymer blends were
followed in terms of the structure factor S(g), where q is the
so-called scattering vector. Here, the structure factor can be
obtained via the Fourier transform of the local composition
¢(r), as indicated by the following equation:

2
S(a) = < {Z exp(iq - r)(¢(r) — (w(ﬂ))} >/L3 1)

where L is the box size; 7 is the symbol of imaginary number;
(---) denotes ensemble average; g = 2mn/L, with n = (n,, n,, n,)
(ne, my, n; =1, 2, 3...); and ¢(r) is defined as

_ na(r) — ng(r)
O @m0 @

where n,(r) and np(r) are the number densities of the A and B
beads, respectively, at position r.>° The S(q) is further spherically
averaged to improve the statistics in the q space:

S = >

q4—Aq<q<q+Aq

S(q)/m(q, Aq) (3)

where m(q, Aq) is the number of q vectors whose terminates are
located within the spherical shell of radius g and thickness Ag.
For a mixture with underlying spinodal decomposition (SD), the
formation of a dominant composition fluctuation leads to the
development of a peak in the S(q) profile at a certain position g*,
where 1/¢* and S(g*) are proportional to the wavelength and
amplitude, respectively, of the dominant SD wave. During the
late stage, S(q) can be rescaled by the characteristic length scale
1/q, (proportional to the average domain size) as follows:

S(q) ~ (1/Q1)3G(Q/91) (4)
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where ¢, = ZqS(q)/Z S(¢) and G(x) is a scaling function.
q q

This means that only one length scale (1/g,) exists in the system,
and the morphological evolution involves only an increase in
the average domain size, while the thickness of the interfaces
remains constant (self-similarity mechanism). Moreover, the
growth of the average domain size during the late stage can
be characterized in terms of the following exponential law:

@) ~ " )

where n is a growth exponent that depends on the mechanism
governing phase separation; that is, n = 1 when SD occurs, and
n=1/3 if phase separation proceeds via the nuclear growth (NG)
or droplet SD mechanism.*® For JP-compatibilized blends, the
value of n can be obtained from the slope of the log-log profile
of g4(¢). A larger growth exponent indicates a steeper g,(¢) curve
and hence faster domain growth.

3. Results and discussion
3.1 Phase separation dynamics of JP-compatibilized blends

We first studied the phase separation dynamics of JP-compatibilized
blends with various amounts of particles incorporated (see Fig. 1d
and e). P, and Py gradually segregate into bi-continuous networks,
and the Janus particles exclusively distribute at the interfaces
between the P, and Pg domains, with the j, and Jz hemispheres
in contact with the P, and Py phases, respectively. As a result, the
growth rate of the P,/Pg domains during the late stage was
remarkably lowered (see Section 2 of the ESIt). These observations
are in good agreement with those of existing studies,>**** which
supports the validity of the simulation method. For example, it has
been demonstrated in experiments that the increase in the cjp
can lead to a marked drop in the average size of the polymer
domains.’*** Such a dependence can also be observed from
Fig. 1d and e. Moreover, Huang et al. conducted DPD simulations
to study the phase separation dynamics of homopolymer blends
compatibilized by Janus spheres. They found that the Janus
spheres can exclusively localize at interfaces even at the very late
stage of phase separation. As shown in Fig. 1d and e, the JPs are
all distributed at the P,/Pg interfaces at late times, which is
consistent with the findings of Huang et al.

The phase separation dynamics of the JP-compatibilized
blends were further characterized in terms of the structure
factor S(g), as shown in Fig. 2a and b. At late times, the blends
with a higher particle loading (¢;p = 0.4) exhibit S(q) peaks with
lower intensities, which suggests that the Janus particles effectively
impede the phase segregation of P, and Py during the late stage.
However, we found that the early-time S(g) peaks are more intense
for the blends with ¢jp = 0.4 than for those with ¢jp = 0.2 (denoted by
red dashed circles), which implies that the development of the
dominant SD wave during the early stage is promoted by the Janus
particles. Such opposite effects can be clearly viewed in Fig. 2c,
which shows the peak intensity, S(g*), for blends with various
particle loadings, where g* is the position of the S(g) peak. One can
identify a critical time ¢. before and after which S(g*) increases and
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Fig. 2 Characterization of phase separation in terms of the structure
factor, S(g). (@ and b) S(g) at various times for blends with (a) c;p = 0.2
and (b) cgp = 0.4. Red dashed circles represent the S(g) peaks at early times.
(c) Peak intensity S(g*) for various particle loadings. The inset shows the
S(g*) at very early times (t < 1007). (d) S(q) profiles at t = 100t for pure
blends and blends with various additives incorporated. The insets show the
coarse-grained models of the triblock copolymer (TCP), the HP-I particle,
and the HP-II particle. The volume fractions of additives were all set to 0.2.

decreases, respectively, with increasing ¢;p. Moreover, as shown
in the inset of Fig. 2¢, the growth rate of S(g¢*) at early times also
rises with increasing ¢jp, which confirms the promoting effect of
JPs in this stage.

Interestingly, we note that other compatibilizers such as
triblock copolymers and homogenous particles do not exhibit
such a promoting effect at early times (see Fig. 2d). Here, we
considered a triblock copolymer (TCP) with an A end block
(colored red), a B end block (blue) and a C central block (purple)
as well as two homogeneous counterparts of Janus particle: one
with only A grafting blocks (HP-I) and the other with only C
grafting blocks (HP-II). (Diblock copolymers are omitted because
their behaviour is similar to that of the TCPs.) As shown in
Fig. 2d, only the blend compatibilized by Janus particles shows a
remarkable S(g) peak (indicated by a red arrow) at an early time of
t = 1007, and this peak is absent for systems with other additives
incorporated (see Fig. S2 (ESIT) for more information).

3.2 Local microphase separation in the vicinity of Janus particles

In this subsection, the mechanism behind the unique promoting
effect of Janus particles is elaborated. Since S(g*) is proportional
to the amplitude of the dominant composition fluctuation, it is
reasonable to expect that the Janus particles could significantly
influence the spatial distributions of the A/B components in the
system. Therefore, we calculated the ensemble-averaged number
densities n of the P,, Pg, /5, and Jg components along the major
axis of the Janus particles (the straight line passing through the
mass centers of the J, and Jp parts). As shown in Fig. 3a, P, and Py
are initially uniformly mixed at every position except the interior
of the J¢ cores, while J, and Jz are microphase segregated into two
equally sized surface sections. After the start of phase separation,
we observe the development of two A/B-rich (enrichment) regions

2654 | Phys. Chem. Chem. Phys., 2019, 21, 2651-2658

View Article Online

PCCP
75F (a)t=0 <ol 751 (b) t =407
1
—o—Jda 05
o 50 —o—Jg . 50r
& —4— Py 0 2
2 —v— Py 0.5 2
v 4 v
2.5 25f
0.0 S o 0.0
10 5 [) 5 10
rir,
755 (c) t= 200t 751 (d) t=8007
5.0 3 ' 5.0
o™ AN T
x Ny
c c
v v

rir, rirg

Fig. 3 Ensemble-averaged number density n of each component along
the r arrows for JP-compatibilized blends with cjp = 0.2 at (@) t = O,
(b) t = 401, (c) t = 2007, and (d) t = 8007. The inset in each panel shows the
ensemble-averaged composition ¢(r) around the Janus particles.

near the J, and Jg hemispheres, which have positive and negative
compositions, respectively (Fig. 3b-d). The size L(¢) of the
enrichment regions at various times ¢ is obtained by evaluating
the r position where the composition ¢(r) is equal to 0.9 (Fig. S3,
ESIt). The influence of the particle loading (cjp) on the growth
rate of L(¢) is not remarkable at early times (Fig. S4, ESIT). At
late times (Fig. 3d), all of the Janus particles are located at the
interfaces, and the number densities of P, and Pg in the
enrichment regions reach the equilibrium values (~3r. ).
Note that the development of enrichment regions around
particle surfaces can also be observed for the P,/Pg blends with
HP-I particles incorporated (Fig. S5, ESIT). However, the enrichment
regions near the HP-I particles consist of only one component,
whereas the enrichment regions near the j, and jz hemispheres
of the JPs are rich in P, and Pg, respectively. We propose that such a
JP-induced local microphase separation is responsible for promot-
ing the S(g) peaks at early times for blends with higher particle
loadings because the coexistence of the A/B-rich regions around the
Janus particles leads to larger composition gradients at nearby
positions in comparison to those in the bulk. (Note that the
magnitude of S(g*) can be related to the local concentration
gradient.) In contrast, the homogenous counterparts of the Janus
particles cannot induce such a local microphase separation.

3.3 Development of homopolymer-rich regions

To gain clear insight into the development of A/B-rich regions,
we monitored the movement of P,/Pg and the JPs during phase
separation in terms of the mean-square displacement (MSD) of
the mass centers of the homopolymers and nanoparticles,
which is given by

MSD = %Z [ri(1) — £(0)]? (6)

i

where N is the number of homopolymers (or nanoparticles) and
r(¢) is the position of the mass center of the ith homopolymer
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(or nanoparticle) at time ¢. The value of MSD is proportional to
time ¢ (i.e., MSD ~ Dt, where D is the diffusion coefficient) if
the homopolymers (or particles) are undergoing self-diffusion.
As shown in Fig. S6 (ESIt), at early times (¢t < t.), the MSD
values of the JP mass centers are two to three orders of
magnitude smaller than those of P,/Pg, which suggests that
early-stage movement of the Janus particles can be neglected.

Fig. 4a shows the ensemble-averaged MSD values of the
homopolymer mass centers at early times for blends with
various particle loadings. An increase in ¢jp leads to an increase
in the growth rate of (MSD), which indicates that the move-
ment of homopolymers is promoted by the presence of Janus
particles. We note that (MSD) is not linearly proportional to the
time ¢ during the initial stage. This result can be explained by
the convective movement of the P,/Pg beads toward their
preferred JP surface regions, which can be characterized in
terms of the angle 0 between the velocity of a bead and the
vector pointing from its position to the mass center of the
nearest Janus particle (see Fig. 4b): cos(d) > 0 suggests that
the bead tends to move toward the particle, while cos(0) < 0
indicates the opposite behavior. Fig. 4c and d shows the
distributions of (cos(6)) for the P, beads in the vicinity of Janus
particles at very early times. (The results for the Py beads are
omitted for conciseness). The P, beads tend to move toward the
Ja hemisphere and away from the jg hemisphere, which leads to
the formation of microphase-separated A/B-rich regions (see
Fig. 4f and g) and the nonlinear growth of the (MSD) values at
very early times.

At late times (e.g., ¢ > 50t1), the (MSD) values of the
homopolymer mass centers become linearly dependent on
the time ¢ because the J, and Jz hemispheres are completely
surrounded by the enrichment regions (see Fig. 4h), and the

320 b
®) A cos(6) >0
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A 240 v
a
7
2 \ S0
160 S
o 98/
2 v
cos(0) <0
80 A
o 50 100 150 200
tit
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Fig. 4 (a) Ensemble-averaged MSD of the homopolymer mass centers at
various times. The diffusion coefficient, D, is provided for c;p = 0.1 and
cp = 0.5. (b) Schematic illustration of the movement of two P, beads
(A and A’) in the vicinity of a Janus particle. (c—e) Distributions of the
ensemble-averaged cos(f) values (defined in panel b) at (c) t = 2.51,
(d) t = 107, and (e) t = 501. (f-h) Ensemble-averaged composition ¢(r)
around the Janus particles at (f) t = 2.5¢, (g) t = 107, and (h) t = 501.
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convective movement of the homopolymer beads is hence very
weak (Fig. 4e). In this case, the P, beads in the A-rich region
show a weak tendency to move outwards due to the screening
effect of the A beads that are already distributed in the enrichment
region. Meanwhile, the P, beads in the bulk still tend to diffuse
toward the A-rich region, which results in the propagation of the
enrichment regions from the particle surface into the bulk. We
obtained the diffusion coefficient D for various particle loadings
from the slope of the MSD profiles (denoted in Fig. 4a) and found
that the value of D increases with increasing particle loading. This
result is consistent with the putative propagation mechanism
stated above.

Note that the phenomenon presented in Fig. 3 and 4 can be
utilized to elaborate the mechanism governing the orientation
of JPs in a blending system. At the very early stage of phase
separation when the two homopolymers start to segregate near
the J, and Jg hemispheres (Fig. 3a and b), the JPs are randomly
oriented in the blend because the interfaces separating immiscible
polymers are not yet formed. However, as the phase separation
proceeds, the JPs can act as seeds to facilitate the formation of
phase boundaries (Fig. 3c and d), and they tend to form orderly-
oriented structures to fully cover the P,/P interfaces. Consequently,
a “face-ordering” transition of the JPs from random orientation at
early times to parallel orientation at late times can be observed. (See
Fig. S12 and S13 of the ESI} for a more detailed description.)

3.4 Mechanism behind the opposite effects of JPs

One may question why the Janus particles have opposite
influences on phase separation during the early and late stages.
Here, we argue that the change in the effects of the Janus
particles is closely related to the conversion of the dominant
transport processes of phase separation, as is schematically
illustrated in Fig. 5a. As shown in the left panel of Fig. 5a, the
diffusion of the homopolymers is the dominant transport
process at early times except during the initial stage during
which the interaction between the j4//z blocks and homopolymers
results in convective fluxes (see Fig. 4). In this case, the Janus
particles act as promoters of phase separation, as their anisotropic
structure enhances the movement of the nearby homopolymers.
As phase separation enters the late stage, P, and Py segregate into
well-defined domains (see the middle and right panels of Fig. 5a),
and the phase separation is dominated by interfacial tension-
driven domain coarsening, which proceeds via the self-similarity
mechanism (see eqn (4)). During this stage, the Janus particles act
as compatibilizers, as they adsorb onto the interfaces and reduce
the interfacial tension.

To identify the time at which convectional domain coarsening
becomes the dominant transport process, we examined the time
at which phase separation starts to proceed via the self-similarity
mechanism, which means that the morphological evolution
involves only convective domain growth, whereas the interfacial
thickness remains constant. As noted in eqn (4), the structure
factor S(q) obeys the scaling law if the blend morphology exhibits
self-similarity. Therefore, we can evaluate the starting time ¢
of the late stage by examining the time at which the scaling law
of S(q) is satisfactory since both the scaling law of S(g) and
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Fig. 5 Mechanism behind the opposite effects of JPs during the early and
late stages. (a) Schematic illustration of the main transport processes
during phase separation. The inset in the upper right corner of each panel
schematically shows the spatial distributions of the P, (red) and Pg (blue)
beads around the Janus particles. The arrows in the inset of the left panel
indicate the movement of the P, and Pg beads. The red arrow in the middle
panel indicates the coalescence of two P, domains. (b) Scaled structure
factor g;°S(q) at various times for blends with a moderate particle loading
of czp = 0.2 at late times. (c) Peak intensity /*(t) (see panel b) of g,°S(q) at
various cjp values. The dashed line denotes the time t; at which /*(t)
reaches the equilibrium value.

convective domain growth are features of the late stage of SD.>"
As shown in Fig. 5b, the profiles of the scaled structure factor
¢1°S(q) collapse onto a master curve at late times, which implies
that ¢ can be obtained by finding the time at which the peak
intensity I*(¢) becomes time invariant (see Fig. 5c). Interestingly,
the value of ¢, (~5007) is actually comparable to the critical time
t. (~3001; see Fig. 2), which effectively supports our argument
that the change in the role of the Janus particles is essentially
related to the switch in the dominant transport process of phase
separation.

Lastly, the reason why block copolymers and homogenous
particles do not show such opposite effects has been elaborated.
Above, the formation of microphase-separated enrichment regions
near the JPs was argued to be induced by the two opposite surface
sections on the JPs. In contrast, other compatibilizers lack such
inherently anisotropic structures. Note that analogous to J, and Jg,
the two end chains of the block copolymers also have different
components. However, the blocks of the copolymers are uniformly
mixed at the very beginning of the simulation due to the
homogenizing process, and more time is required for the block
copolymers to phase separate than for the polymer blends. As a
result, the block copolymers cannot promote the development
of a dominant SD wave in the early stage (see Fig. S2b, ESIT).

One may anticipate that the block copolymers can have
faster segregation into a nucleus in a polymer melt, and then,
when the temperature is decreased, behave like the JPs. However, it
is well known that the segregation rate of polymers is determined by
the product of the chain length N and the Flory-Huggins
parameter 7.°>> A larger yN leads to a faster segregation of
polymers. Based on such a consideration, the TCPs can segregate
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faster into a nucleus in a polymer melt as either (1) the Flory-
Huggins parameter y between T, and Ty is much larger than that
between P, and P or (2) the chains of TCPs are extremely longer
than the homopolymer chains. Note that in the present work, the
T, (Ts) blocks and the P, (Pg) polymers are composed of the
identical components, which means that the y between the T,
and Ty blocks is the same as that between P, and Pg. On the other
hand, the molecular weight of the triblock copolymers used for
improving the miscibility is usually smaller than that of the
homopolymers.>**> Therefore, the microphase separation of
the triblock copolymers should be slower than the macrophase
separation of the homopolymer blends. It is hence expected that
the early-stage enhancement of polymer blend segregation can
hardly be observed when the block copolymers are incorporated.

Note that as shown in Fig. 2d, the blend with HP-II particles
incorporated also shows high S(g) values in the small g region
during the early stage in comparison to those of pure blends or
blends with TCPs and HP-I particles incorporated. This difference
is due to the improved movement of the homopolymers, which
tend to move away from the HP-II particles, whose grafting blocks
are immiscible with both P, and Pg. Nevertheless, the HP-II
particles lack an anisotropic structure and hence cannot induce
local microphase separation during the early stage like the Janus
particles do. We also note that the mechanisms exploited in this
work are not limited to the so-called “SBM” JPs, which consists of
a cross-linked spherical core with two types of polymeric chains
emanating from it, but also apply to JPs with various structures
such as Janus rods and Janus disks." This is because the unique
behavior of JPs at the early stage of SD is essentially related to the
inherently anisotropic nature of JPs, and the specific structure
of JPs does not remarkably influence the underlying mechanisms
in general.

3.5 Discussion

Over the past few decades, the influences of compatibilizers on
the phase separation dynamics of polymer blends have been
intensively investigated, and most of the prior works focused on
the retarding effect of compatibilizers on phase separation. For
example, Jo et al. performed Monte Carlo simulations to
investigate the influence of block copolymers on the phase
separation dynamics of homopolymer blends.>****” Their works
suggested that the segregation of the block copolymers at inter-
faces can minimize the number of unfavourable interactions and
reduce the interfacial tension, thereby lowering the growth rate of
polymer domains at the late stage of phase separation. For
homogeneous particles preferred by one of the unlike homo-
polymers, Laradji et al. demonstrated that the pinning effect of
filler particles leads to a decrease in the domain growth rate when
the nanoparticles are annealed and are mobile.>® Lastly, for
nanoparticles expelled by both polymers, the particles can act
as a particulate surfactant and play a similar role to block
copolymers.*>® Although the retarding effects of block copolymers
and nanoparticles are weaker at early times due to the larger
proportion of interfaces than polymer domains, the block
copolymers and nanoparticles can still impede phase separation
during the early stage. This fact is the basis of the long-standing
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belief that compatibilizers can impede the phase separation
dynamics during the full course of SD.

However, in the present work, we discovered that such a
physical phenomenon does not apply to JPs, as they can
promote phase separation during the early stage, as indicated
by the remarkable peaks in the structure factor S(q) at early
times. The key is that the anisotropic structure of the Janus
particles leads to the movement of the homopolymers toward
their preferred JP surface regions, which further results in the
formation of microphase-separated homopolymer-rich regions
and hence a larger concentration gradient in the vicinity of the
Janus particles. This JP-induced local microphase separation is
responsible for the promotion of phase separation during the
early stage. Such an inherent anisotropy is apparently absent in
traditional compatibilizers. Considering the behavior of other
compatibilizers such as block copolymers and homogeneous
counterparts of JPs which impede phase separation during the
full course of SD (as demonstrated in this work), the opposite
effects of JPs at the early and late stages of SD not only offer a
novel insight into the roles of compatibilizers, but also indicate
a particular and important feature of JPs which has not been
exploited before. Therefore, it is expected that the present study
could offer novel results which help to deepen our understanding
on the roles of compatibilizers. (For more discussion on the
mechanism behind JP-induced local microphase separation, see
Section 8 of the ESIt).

Finally, we wish to emphasize that the novel mechanism
exploited here may have important implications for the phase
separation of polymer blends of technological relevance, such
as polymer alloys with enhanced mechanical properties,'*° as
well as of the mixtures of donor and acceptor polymers that are
promising components in organic solar cells.®**® For example,
studying the influence of compatibilizers on the growth rate of
phase-separated structures is of critical value because one may
intentionally terminate the SD process at a certain time in order
to obtain materials with desired structures and properties. In
this work, we found that the favourable interactions between
homopolymers and their preferred JP surface regions could
facilitate the directed movement of the homopolymers toward
the surface regions of JPs, which suggests that the growth rate
of structures can be controlled by introducing specific inter-
actions such as electrostatic forces and hydrogen bonding into
a system in order to tune the strength of diffusional fluxes. (Note
that the diffusional flux is the dominant transport process at the
early stage of SD). Considering the growing number of studies that
utilize JPs as compatibilizers for high-performance polymer alloys,
our findings can be useful for researchers working on the
preparation of polymer alloys with tunable structures. In addition,
we believe that this work also has implications for the design of
functional materials based on polymer blends. For instance,
the mixtures of donor and acceptor polymers are important
components in all-polymer solar cells, and their photovoltaic
properties (e.g., short-circuit current densities) can be optimized
by decreasing the average size of polymer domains as well as
increasing the area of interfaces between donor and acceptor
polymer phases.®® Since the presence of JPs leads to decreased
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average domain size (Fig. 1) and increased interfacial area (note
that JPs are exclusively located at the interfaces), it is reasonable
to expect that the performance of photovoltaic materials based
on donor/acceptor polymer blends can be optimized by introducing
JPs into a blending system and changing the interactions between
the JP surfaces and homopolymers.

4. Conclusions

The phase separation dynamics of homopolymer blends compati-
bilized by Janus nanoparticles (JPs) were studied via dissipative
particle dynamics simulations. In contrast to other compatibilizers
such as triblock copolymers and homogenous nanoparticles, the JPs
uniquely exhibit opposite effects on the phase separation dynamics
during the early and late stages of spinodal decomposition, ie., they
promote phase separation at early times but impede it at late
times. During the early stage, the preferred movement of the
homopolymers toward the opposite JP surface regions leads to
the formation of microphase-separated enrichment regions,
which further results in enhanced structure factor peaks at early
times. During the late stage, the Janus particles are located at the
interfaces between the homopolymer domains, which reduce the
interfacial tension and impede the growth of domains. The
present work sheds light on the behavior of Janus nanoparticles
during the phase separation of polymer blends and offers useful
insights for the design and preparation of novel materials.
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