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n Janus-like particles fabricated by
polymeric mixtures within soft droplets: a Monte
Carlo simulation

Yuping Sheng, *a Li Xia,a Guanzhou Yang,a Yiqing Xia, ac Yong Huang,a

Chuanjiang Pana and Yutian Zhu *b

Using Monte Carlo simulations, a stepwise study (from simple to complex) is followed to investigate Janus

particles self-assembled from polymer mixtures within soft droplets. When the polymer mixtures are

changed from a homopolymer/homopolymer (A/D) mixture to a diblock copolymer/homopolymer

(AB/D) mixture and then to a triblock copolymer/homopolymer (ABC/D) mixture, the self-assembled

structures transform from classic Janus particles to hierarchical Janus structures with novel hemi-

domains. The effects of the incompatibility between two components, polymer–solvent interactions and

the ratio of two components of the mixture on the Janus structure are systematically examined. It is

found that the Janus structure is highly related to the incompatibility between two components of the

mixture, while the sizes of the two hemispheres in a Janus particle can be well tuned by adjusting the

ratio of the components in the mixture. Moreover, the corresponding incompatibility between two

components of the mixture for the transformation point is increased when the mixture is changed from

the A/D to the AB/D and then to the ABC/D mixture. More interestingly, it is found that the variation of

the aggregation degree of the changed component with time gradually lags behind that of the

homopolymer component (D) during the formation of Janus particles when the component in the

mixture changes from A to AB and then to ABC. The simulation result could provide theoretical guidance

for the preparation of designable Janus particles.
1. Introduction

Anisotropic polymeric Janus particles with two distinct
compositions on the opposite sides have gained considerable
attention owing to their unique surface properties and prom-
ising applications in many elds, such as catalysts,1–3 elec-
tronics,4–6 solid surfactants,7,8 biomedicines,9,10 nanoprobes11

and so forth. Up to now, numerous methods have been devel-
oped to synthesize polymeric Janus colloidal particles,12–14

including microuidic techniques, self-organized precipitation,
and emulsion polymerization. For instance, well dened Janus
spheres,15 discs16 and cylinders17,18 have been generated via the
steps of solution casting, cross-linking and redissolving of the
triblock copolymers. A microuidic technique was oen used
for the fast and continuous production of Janus particles with
a controlled size and structure.19 In addition, the self-assembly
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of block copolymer mixtures with electrostatic interaction20 or
hydrogen bonding21,22 was also an effective method to fabricate
Janus micelles. Basically, the above methods need complex
processing procedure or additional interactions between the
self-assembly units, which limited the application of Janus
materials in various areas.

Recently, it was proved that the conned self-assembly of
block copolymers or a polymer mixture within emulsion drop-
lets is a facile and practicable approach to generate asymmetric
Janus structures.23–30 As the solvent evaporated from the emul-
sion droplet, micro-phase separation of the block copolymers
occurs, resulting in the formation of the asymmetric Janus
structures. For example, Deng et al. fabricated Janus nano-
particles with a tunable aspect size ratio from the solvent
evaporation induced assembly of poly(4-vinylpyridine) (P4VP)-
based block copolymers within emulsion droplets.31 In addi-
tion, conning the polymer mixture inside the emulsion droplet
is a useful strategy to create Janus nanoparticles due to the
microphase-separation of different polymers or different blocks
that occurs within the droplets. Kietzke et al. studied the
biphasic morphologies from the miniemulsion with the
mixtures of two immiscible polymers.32 Janus particles with
a tunable volume ratio and well-dened structure were prepared
in their study. By means of the phase separation of a binary
This journal is © The Royal Society of Chemistry 2017
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blend in an emulsion droplet, i.e. the diblock copolymer poly-
styrene-b-poly(4-vinylpyridine) (PS-b-P4VP) and the homopoly-
mer poly(methyl methacrylate) (PMMA), Deng et al. designed
a series of unique Janus colloidal particles with hierarchical
structures.33 It was found that the internal structures of the
Janus particles depended on the copolymer composition,
solvent selectivity, particle size, and polymer/aqueous solution
interfacial property. Although remarkable performances and
progress have been achieved for the fabrication of Janus
nanoparticles via the conned self-assembly of block copoly-
mers or polymer mixtures in emulsion droplets, there is still
a lack of a clear understanding of this method. For example,
some fundamental information, such as the evolution of the
chain conformation, control factors and the formation mecha-
nism of the Janus particles, is still not very clear.

On the other hand, it has been proved that computer
simulation is a powerful tool to study the self-assembly of
block copolymers in solutions.34–41 In our previous study, we
applied a lattice Monte Carlo method to investigate the co-
assembly of AB/BC diblock copolymer mixture in a selected
solvent, which predicted a variety of novel Janus micelles with
a controllable micellar shape and Janus architecture.40

Recently, a simulated annealing method was developed to
mimic the self-assembly of block copolymers in an emulsion
droplet.31,37,42 Li and co-workers proposed that the annealing
method made the solvent environment gradually change from
a good solvent to a poor solvent, resulting in the aggregation
of block copolymers, which agrees well with the so-
connement of the block copolymers within the emulation
droplets.37 Combing with the experiments, they also applied
this method to examine the self-assembly of P4VP-based block
copolymers within emulsion droplets.31 In our previous study,
we have successfully applied this annealing simulation
method to study the self-assembly of ABA triblock copolymers
under so connement induced by poor solvent.38 Thereaer,
we extended this method to mimic the self-assembly of AB
diblock copolymers28 and ABC triblock copolymers39 under the
so connement. The simulation results imply that both the
shape and internal structure of self-assembled nanoparticles
can be tuned by the block copolymer properties, interfacial
selectivity, and the connement size.

In this study, the simulated annealing method is also used to
investigate the conned self-assembly of polymer mixtures
within so droplet. The solvent environment for polymer
mixture is changed from good to poor gradually to mimic the
evaporation of organic solvent in emulsion droplet. Three types
of polymer mixtures, i.e. homopolymer (A)/homopolymer (D),
diblock copolymer (AB)/homopolymer (D) and linear triblock
copolymer (ABC)/homopolymer (D), are used to fabricate Janus
particles in sequence. Various control parameters, such as the
incompatibility between two components, polymer–solvent
interactions and the ratio of the components in the mixture, are
examined to reveal their inuences on Janus structures. More-
over, the average contact numbers, mean square end-to-end
distance and the formation pathways of some representative
Janus particles are presented to explicate the formation mech-
anisms of the Janus structure.
This journal is © The Royal Society of Chemistry 2017
2. Simulation model and method

Lattice Monte Carlo (MC) method is used in this simulation.
This method has been widely employed to examine the self-
assembly of block copolymers.42–47 In this study, the coarse
grained chains are placed in a cubic lattice of volume V ¼ L �
L � L (L ¼ 40) with periodic boundary conditions imposed in
all three directions. Each monomer occupies one lattice site,
and then the remaining vacancy of the lattice represents the
solvent. Excluded volume interactions are implemented to
guarantee that only one monomer occupies one lattice site.
Bond crossing is not allowed. The single-site bond uctuation
model48–50 is applied in this simulation, so the bond length of
the polymer chain is limited as 1 and

ffiffiffi
2

p
. The initial state is

from the randomly dispersed polymer molecules. The self-
assembly evolves via the exchange between the monomer
and the solvent, i.e. a chain monomer is randomly chosen to
exchange with the solvent on its 18 nearest neighbors when
this exchange neither violates the bond length nor allows
bond crossing. The partial-reptation algorithm51 is also used
in this simulation: when the exchange induces a single break
in the chain, the newly generated break will continue to
exchange with the following monomers along the chain until
the chain reconnects. Whether the tentative exchange is
acceptable or rejective is further determined by the Metropolis
rule.52 The exchange is accepted when the energy change DE is
negative or it is accepted with a probability of p ¼ exp

[�DE/kBT], where DE ¼
X

ij

DNij3ij is the energy change

aroused by the tentative move; DNij is the number difference
for the nearest neighbor pairs of components i and j induced
by the exchange; i and j represent A, B, C, D and S (solvent),
respectively; 3ij is the reduced interaction of components i and
j; kB is the Boltzmann constant and it is xed as 1 in this
simulation; T is the reduced temperature. The annealing
method is used in this simulation. This method is used to
simulate the evaporation of the organic solvent in an emulsion
droplet, which induces the polymer to gradually remain in
a poor solvent environment and self-assemble into various
structures. The inverse temperature 1/T changes from 0 to 0.07
to achieve the annealing process. The annealing rate is set as
0.0002 per step, and 1/T is xed as 0.07 aer 350 steps and
then another 650 steps are taken to ensure the nal equilib-
rium state.

In this simulation, the self-assembly of the mixtures of
homopolymer/homopolymer (A/D), diblock copolymer/
homopolymer (AB/D) and triblock copolymer/homopolymer
(ABC/D) within so droplets are examined respectively.
The concentration of the mixture is xed as 10% and all
the chain lengths are set as le ¼ 18. The parameters between
the same monomers are set as 3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS ¼ 0.
The interaction parameters, i.e. 3AS, 3BS, 3CS and 3DS, represent
the interactions between different blocks and the solvent.
3DS, 3AS, 3BS and 3CS are set as positive values to ensure the
solvent is poor for all the blocks.
RSC Adv., 2017, 7, 38666–38676 | 38667
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Fig. 2 Self-assembled morphologies of A18/D18 mixtures as a function
of 3AS (a) and fA (b). The parameter 3AD is fixed as 2. For clarity, the A and
D domains are shown on the right of each corresponding snapshot.
The domains of the D blocks are transparent to show the inner
structure at 3AS ¼ 6. The color codes of the images are the same as in
Fig. 1.
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3. Results and discussion

In this study, we applied Monte Carlo simulation to investigate
the formation of Janus particles from the self-assembly of
polymer mixtures within so droplets. The self-assemblies of
A/D, AB/D and ABC/D polymer mixtures are examined in
sequence. For the three kinds of mixtures, the inuences of the
incompatibility between two components, the polymer–solvent
interaction and the ratio of the components in the mixture on
the self-assembly of the polymer mixtures are all systematically
examined. Then, the average contact numbers, mean square
end-to-end distance and formation pathways of some repre-
sentative Janus particles are presented to illustrate their chain
conformation and formation mechanisms.

3.1 Janus particles from the mixtures of homopolymer/
homopolymer

Fig. 1 presents a series of self-assembled morphologies from an
A18/D18 mixture as a function of the incompatibility between the
A and D homopolymers (3AD). The polymer–solvent interactions,
i.e. 3AS and 3DS, are xed as 3, and the ratio of A and D is xed as
1 : 1. When 3AD¼ 0, i.e. A and D blocks are compatible with each
other, a spherical mixed particle is formed with A and D blocks
mixing homogeneously. As 3AD is increased to 0.15, microphase-
separation between A and D occurs, resulting in the formation
of a Janus structure. When 3AD is further increased from 1 to 5,
Janus particles with two hemispheres are obtained and the
shape of the Janus particle changes from spherical to calabash-
like. Clearly, the join of the A and D hemispheres becomes
increasingly small with the increasing 3AD. As 3AD is increased to
6, the macro-phase separation between A and D occurs, causing
the formation of two distinct A and D spheres. Fig. 1 implies
that the incompatibility between A and D plays an important
role in the formation of the Janus structure.

Beside the incompatibility between A and D, the interfacial
selectivity of the exible connement space, i.e. 3AS and 3DS, also
greatly affects the resulting structures. In Fig. 2a, various self-
assembled morphologies from the A18/D18 mixtures that
changed with 3AS are presented. Here, the incompatibility
between A and D is xed as 3AD ¼ 2 and the D homopolymer–
solvent interaction is set as 3DS¼ 3. The ratio of A and D is xed as
1 : 1. When the solvent has equal selectivity for A and D, i.e. 3AS¼
3DS ¼ 3, a classic Janus particle is obtained. As 3AS is increased
from 4 to 5.3, the A domain is gradually covered by the D domain.
Thus, mushroom-like Janus particles are observed when 3AS ¼ 5
and 3AS ¼ 5.3. In experiments, Masayoshi et al. synthesized the
mushroom-like Janus particles, which were severed as double
stimuli-responsive particulate surfactants.53 However, when 3AS is
Fig. 1 Self-assembledmorphologies of A18/D18mixtures as a function of
on the right of each corresponding snapshot (3AD ¼ 0–4). represents t

38668 | RSC Adv., 2017, 7, 38666–38676
further increased to 6, an onion-like particle is found instead of
the Janus particle. Due to the increased hydrophobicity for A18
homopolymers, the A domain is totally covered by the D domain
to avoid contact with solvent.

The volume fraction of each individual composition also plays
an important role on the Janus structure. The inuence of fA (the
volume fraction of A homopolymers in the mixture) on the
formation of Janus particles is examined. Other parameters are
xed as 3AS ¼ 3DS ¼ 3 and 3AD ¼ 2. In Fig. 2b, we show a series of
self-assembled morphologies with fA increased from 0.1 to 0.5.
When fA¼ 0.1, A homopolymers form a small domain on one side,
while D homopolymers aggregate as a big domain on another side,
which makes a snowman-shape Janus particle. As fA is increased
from 0.1 to 0.4, the size of the A hemisphere is gradually increased.
When fA ¼ 0.5, the A and D homopolymers form two equivalent
hemispheres, as shown in Fig. 2b. This implies that one can easily
tune the size of the two domains of the Janus particles by changing
the ratio of the components in the mixtures. In experiments, Deng
et al.31 successfully tuned Janus structures via adjusting the block
ratio of P4VP and PS in the conned self-assembly of PS-b-P4VP
diblock copolymers within emulsion droplets. Moreover, Kietzke
et al.32 fabricated the biphasic blend particles with different sizes of
polystyrene (PS) and poly(propylene carbonate) (PPC) domains
from PS/PPC mixtures by altering the composition ratios. These
experimental observations agree well with the morphological
transition in our simulations.

3.2 Janus particles from the mixtures of diblock copolymer/
homopolymer

In this section, the self-assembly of AB/D mixtures is examined
to explore more interesting Janus particles. The effect of
incompatibility between the diblock copolymer (AB) and the
3AD. 3AS and 3DS are fixed as 3. For clarity, the A andD domains are shown
he A block, while represents the D block.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Self-assembled morphologies of A9B9/D18 mixtures and A7B11/D18 mixtures as a function of 3DPH. The parameters 3AS, 3BS and 3DS are fixed
as 3, and 3AB is set as 2. For clarity, the A, B and D domains are shown on the right of each corresponding snapshot. represents the A block,
represents the B block and represents the D block.
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homopolymer (D) in a mixture (i.e. 3AD and 3BD) on the formation
of Janus particles is investigated. The incompatibilities between
AB and D are set as the same value, i.e. 3AD ¼ 3BD ¼ 3DPH. More-
over, the incompatibility between the A and B blocks (3AB) is set as
2, the parameters of the polymer–solvent interactions, i.e. 3AS, 3BS
and 3DS, are xed as 3, and the ratio of the AB diblock copolymer
and the D homopolymer is xed as 1 : 1. Fig. 3 shows the self-
assembled morphologies of the symmetric diblock copolymer/
homopolymer mixtures (A9B9/D18 mixtures) and the asymmetric
diblock copolymer/homopolymer mixtures (A7B11/D18) as a func-
tion of 3DPH. When the AB diblock copolymer and the D homo-
polymer are compatible with each other, i.e. 3DPH ¼ 0, spherical
particles with homogeneously distributed A, B andD domains are
formed by the A9B9/D18 mixture (Fig. 3a1). As 3DPH is increased to
0.5, microphase-separation between the AB diblock copolymers
and the D homopolymers occurs, leading to the D-sphere covered
by a segmented AB-shell (Fig. 3b1 and c1). As 3DPH is increased
from 1 to 3, further microphase-separation between AB and D
occurs, and A and B monomers form segmented hemi-spheres in
the Janus particle, as shown in Fig. 3d1–f1. When 3DPH is further
increased from 4 to 5, it is observed that the segmented AB
hemisphere gradually moves away from the D hemisphere, as
shown in Fig. 3g1–h1. Finally, macroscopic phase separation
between AB diblock copolymers andD homopolymers is observed
when the 3DPH is increased to 6 (Fig. 3i1). The morphologies of
A7B11/D18 mixtures as a function of the incompatibility between
AB and D are also shown in Fig. 3. Similar to A9B9/D18 mixtures,
a mixed spherical particle is formed by A7B11/D18 mixtures when
two components (AB and D) are compatible with each other
Fig. 4 (a) Self-assembled morphologies of the A9B9/D18, A7B11/D18, A6B
morphologies of A9B9/D18 and A5B13/D18 mixtures as a function of 3DPS an
are shown on the right of each corresponding snapshot. The color code

This journal is © The Royal Society of Chemistry 2017
(3DPH¼ 0, Fig. 3a2). As 3DPH is increased from 1 to 5, various Janus
particles with AB hemispheres and D hemispheres are observed
(Fig. 3d2–h2). When 3DPH is further increased to 6, A7B11 diblock
copolymers and D18 homopolymers formed AB patchy-like
spheres and D spheres, respectively (Fig. 3i2). Fig. 3 indicates
that we can create a series of novel Janus particles with AB
hemispheres and D hemispheres via the self-assembly of AB/D
mixtures within emulsion droplets. Moreover, the internal
structures of the AB hemispheres can be well controlled by the
incompatibility between AB and D.

The effect of polymer–solvent interactions on the formation of
Janus particles is also studied in this section. Four types of
polymer mixtures, i.e., A9B9/D18, A7B11/D18, A6B12/D18 and A5B13/
D18, are considered in the examination. The incompatibilities
between A, B and D (3AB, 3AD and 3BD) are set as the same value, i.e.
3PP ¼ 2, and the ratio of the AB diblock copolymers and the D
homopolymers is xed as 1 : 1. Fig. 4a shows various Janus
particles at different values of 3PS. The polymer–solvent interac-
tions are set as equal, i.e. 3AS¼ 3BS¼ 3DS¼ 3PS. For themixtures of
symmetric A9B9 diblock copolymers and D18 homopolymers, they
self-assemble into Janus particles with segmented AB hemi-
spheres and D hemispheres when 3PS ¼ 3 or 3PS ¼ 4. As 3PS is
increased to 5 or 6, A and B blocks aggregate into the double-helix
structure as the AB hemispheres. For the mixture of A7B11/D18,
a different morphological transition sequence for the AB hemi-
sphere with an increase of 3PS is observed, i.e., the structure
transitions from the aggregate of piled disks and rings (3PS¼ 3) to
a twisted-stripe structure (3PS ¼ 4), a double-helix structure (3PS ¼
5), and a patchy-like structure (3PS ¼ 6). For the self-assembly of
12/D18 and A5B13/D18 mixtures as a function of 3PS. (b) Self-assembled
d 3HS. The parameters 3PP are fixed as 2. For clarity, A, B and D domains
s of the images are the same as in Fig. 3.

RSC Adv., 2017, 7, 38666–38676 | 38669
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Fig. 5 Self-assembled morphologies of A9B9/D18, A7B11/D18, A6B12/D18 and A5B13/D18 mixtures as a function of fAB. The parameters 3PS are fixed
as 3, and 3PP are fixed as 2. For clarity, A, B and D domains are shown on the right of each corresponding snapshot. The color codes of the images
are the same as in Fig. 3.
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A6B12/D18 and A5B13/D18 mixtures, the structures of the AB
hemisphere are independent of 3PS, and always form the patchy-
like structures as 3PS is increased from 3 to 6. Furthermore, we
also studied the effects of diblock copolymer–solvent interaction
(3DPS) and homopolymer–solvent interaction (3HS) on the Janus
structure from A9B9/D18 and A5B13/D18 mixtures. When the
parameter 3DPS (or 3HS) is changed from 3 to 6, the value of 3HS

(or 3DPS) is xed as 3. In Fig. 4b, as 3DPS increased from 3 to 5.3, the
AB domain is gradually covered by the D domain, inducing the
mushroom-like Janus particles. When 3DPS is increased to 6, the
AB domain is totally covered by the D domain to keep away from
solvent. The structure of the AB domain is kept as a segment
aggregate for A9B9/D18 mixtures, while the AB-domain is always
a patchy-like structure for A5B13/D18 mixtures. Moreover, as 3HS

increases from 3 to 6, the D domain changes from a hemisphere
to a sphere and gradually covers the AB domain. When 3DPS ¼ 5.3
and 6, the A9B9 and A5B13 diblock copolymer self-assemble into
a stripe-like shell and a patchy-like shell outside the D sphere.

In order to study the effect of the ratio of two components in
a mixture on the formation of Janus particles, the self-assembly
of four kinds of mixtures, i.e. A9B9/D18, A7B11/D18, A6B12/D18 and
A5B13/D18, are examined in this section. The volume fraction of
the AB diblock copolymers (fAB) in the mixture is changed from
0.1 to 0.9 in Fig. 5. Other parameters are xed, i.e. 3PS¼ 3 and 3PP

¼ 2. For the mixtures of A9B9/D18, the Janus spherical particles
form with two different domains on two sides. As fAB is
Fig. 6 Self-assembledmorphologies of A6B6C6/D18 mixtures and A4B10C
are fixed as 3, and 3AB, 3AC and 3BC are set as 2. For clarity, the A, B, C and
represents the A block, represents the B block, represents the C blo

38670 | RSC Adv., 2017, 7, 38666–38676
increased, the morphologies formed by the AB diblock copoly-
mers are always kept as a segmented structure, while the size of
the AB domain and the number of disks gradually increase with
fAB. For A7B11/D18 mixtures, the size of the AB domain in a Janus
spherical particle also gradually increases with the increase of
fAB, but the morphologies change from segmented structures to
aggregates of piled disks and rings. When fAB is increased in
A6B12/D18 mixtures, the variation of the AB domain is similar to
the morphological change in the mixtures of A7B11/D18. The
segmented structure, patchy-like structure and aggregate of
piled disks and rings are also observed. For A5B13/D18 mixtures,
the AB diblock copolymers form hamburger-like structures at
fAB ¼ 0.1, and then the A blocks tend to form lumps or strips on
the B domain when fAB is increased from 0.2 to 0.9. The result
illustrates that the structure of the AB domain in a Janus
particle is independent of fAB for the symmetric copolymer/
homopolymer mixtures, while the AB-structure varied with the
increase of fAB for the asymmetric copolymer/homopolymer
mixtures. Moreover, the size of the two domains and the
internal structures of the AB domains can be well tuned by
changing the ratio of the two components in the mixture.

3.3 Janus particles from the mixtures of triblock copolymer/
homopolymer

In this section, one component in the mixture is changed to
a linear triblock copolymer (ABC) while another component is
4/D18 mixtures as a function of 3TPH. The parameters 3AS, 3BS, 3CS and 3DS
D domains are shown on the right of each corresponding snapshot.
ck, and represents the D block.

This journal is © The Royal Society of Chemistry 2017
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xed as a homopolymer (D). Due to the complex chain archi-
tecture, the linear triblock copolymer is expected to exhibit
a unique self-assembly behavior in the mixture. In Fig. 6, we
examine the effect of incompatibility between the triblock
copolymer (ABC) and the homopolymer (D) in amixture (i.e. 3AD,
3BD and 3CD) on the formation of Janus particles. The parameter
3TPH is used to represent 3AD, 3BD and 3CD because they are set as
equal values. Moreover, the parameters 3AS, 3BS, 3CS and 3DS are
xed as 3, and the ratio of the ABC triblock copolymer and the D
homopolymer is xed as 1 : 1. The incompatibilities between A,
B and C blocks, i.e. 3AB, 3AC and 3BC, are xed as 2. The self-
assembled morphologies of A6B6C6/D18 mixtures (triblock
copolymer with equal block length) and A4B10C4/D18 mixtures
(triblock copolymer with relatively long middle block) as
a function of 3TPH are shown in Fig. 6. When ABC triblock
copolymer is compatible with the D homopolymer, i.e. 3TPH ¼ 0,
a spherical particle with homogeneously distributed A, B, C and
D domains is formed by the A6B6C6/D18 blend (Fig. 6a1). As 3TPH
is increased to 0.5, microphase-separation between the ABC
triblock copolymers and the D homopolymers occurs, inducing
the D sphere to be covered by ABC stripes (Fig. 6b1 and c1). As
3TPH is increased from 1 to 3, further microphase-separation
between ABC and D results in Janus particles with segmented
ABC hemispheres and D hemispheres, as shown in Fig. 6d1–f1.
When 3TPH is increased from 4 to 5, the segmented ABC hemi-
sphere gradually parts from the D hemisphere (Fig. 6g1–h1).
Then, macroscopic phase separation between the ABC triblock
copolymers and the D homopolymers appears when 3TPH is
further increased to 6 (Fig. 6i1). The morphologies of the
A4B10C4/D18 mixtures that change with the incompatibility
between ABC and D are also shown in Fig. 6. Similarly, A4B10C4/
D18 mixtures self-assemble into mixed spherical particles when
the two components are compatible with each other (3TPH ¼ 0,
Fig. 6a2). As 3TPH is increased from 0.3 to 0.5, microphase-
separation between A, B, C and D occurs, as shown in
Fig. 6b2–c2. When 3TPH is increased from 1 to 5, Janus particles
with ABC hemispheres and D hemispheres are observed, and
the ABC domain gradually moves away from the D domain,
inducing a calabash-like Janus particle (Fig. 6d2–h2). The
structure of the ABC domain is mainly kept as a rod-like
structure (A or C) surrounded by a hollow B-lump and strips
Fig. 7 (a) Self-assembled morphologies of A6B6C6/D18, A7B4C7/D18, A
assembled morphologies of A6B6C6/D18 and A12B3C3/D18 mixtures as a fu
A, B, C and D domains are shown on the right of each corresponding sn

This journal is © The Royal Society of Chemistry 2017
(A or C). As 3TPH is further increased to 6, a macroscopic phase
separation between the ABC triblock copolymers and the D
homopolymers appears (Fig. 6i2). Fig. 6 indicates that the Janus
structure closely depends on 3TPH, and different shapes of the
Janus particles could be fabricated via adjusting the incom-
patibilities between ABC and D.

The effect of polymer–solvent interactions on the formation
of Janus particles is examined in this section. Four types of
polymer mixtures, i.e., A6B6C6/D18, A7B4C7/D18, A4B10C4/D18 and
A12B3C3/D18, are considered in the self-assembly. The polymer–
solvent interactions are set as equal, i.e. 3AS ¼ 3BS ¼ 3CS ¼ 3DS ¼
3PS, and the ratio of the ABC diblock copolymers and the D
homopolymers is xed as 1 : 1. Fig. 7a shows various Janus
particles at different values of 3PS. The mixtures of A6B6C6 tri-
block copolymers and D18 homopolymers self-assemble into
Janus particles with a segmented ABC hemisphere and a D
hemisphere when 3PS increases from 3 to 8. As 3PS increases to
10, the ABC triblock copolymers aggregate into a hemisphere
with a patchy-like structure. Similar to the A6B6C6/D18 mixture,
Janus particles with a segmented ABC hemisphere and a D
hemisphere are also observed from the mixture of A7B4C7/D18.
But the disks formed by the B block are relatively thin in the
segmented structure due to the short length of the B block. For
the mixture of A4B10C4/D18, the A4B10C4 triblock copolymers
self-assemble into core–shell hemisphere when 3PS ¼ 3. As 3PS is
increased from 6 to 10, the hemisphere formed by A4B10C4 is
changed into A and C particles dispersed on the B domain. For
the self-assembly of A12B3C3/D18 mixtures, the structures of the
ABC hemisphere are independent of 3PS, the B and C blocks
always form Janus lamellae located on the surface of the A
domain as 3PS is increased from 3 to 10. Furthermore, the effects
of the triblock copolymer–solvent interaction (3TPS) and homo-
polymer–solvent interaction (3HS) on the Janus structures from
the A6B6C6/D18 and A12B3C3/D18 mixtures are also examined.
When the parameter 3TPS (or 3HS) is changed from 3 to 6, the
value of 3HS (or 3TPS) is xed as 3. In Fig. 7b, as 3TPS increases
from 3 to 5, the ABC domain is kept as a segmented structure
(A6B6C6) or as BC lumps on an A aggregate (A12B3C3), and
gradually covered by the D domain. When 3TPS is increased to 6,
the ABC domain is totally covered by the D domain induced by
the strong hydrophobicity of the triblock copolymer. Moreover,
4B10C4/D18 and A12B3C3/D18 mixtures as a function of 3PS. (b) Self-
nction of 3TPS and 3HS. The parameters 3PP are fixed as 2. For clarity, the
apshot. The color codes of the images are the same as in Fig. 6.
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when 3HS is increased from 3 to 6, the D domain transforms
from a hemisphere into a sphere and totally covers the ABC
domain aer 3HS ¼ 5. The structure of the A6B6C6 domain
changes from a segmented structure (3HS ¼ 3 and 4.5) to
a stripe-like shell (3HS ¼ 5) and a helix shell (3HS ¼ 6). For the
A12B3C3 triblock copolymers, they self-assemble into BC lumps
on the A aggregate at 3HS ¼ 3 and 3HS ¼ 4.5, and then aggregate
as a patchy-like shell covering the D sphere at 3HS ¼ 5 and 3HS ¼
6.

The inuence of fABC (the volume fraction of the ABC triblock
copolymers in the mixture) on the formation of the Janus
particles is examined through the self-assembly of four kinds of
mixtures, i.e. A6B6C6/D18, A7B4C7/D18, A4B10C4/D18 and A12B3C3/
D18. Other parameters are xed, i.e. 3PS ¼ 3 and 3PP ¼ 2. The
Janus structure changes with fABC are shown in Fig. 8. For the
mixtures of A6B6C6/D18, the domains formed by the ABC tri-
block copolymers in the Janus spherical particles always remain
segmented structures as fABC increased from 0.1 to 0.9.
Segmented structures are also observed in A7B4C7/D18, while the
B disks are thinner than the A and C disks. For A4B10C4/D18

mixtures, the A4B10C4 domain changes from a segmented
structure (fABC ¼ 0.1–0.3) to an aggregate of rod-like structures
(A or C) surrounded by a hollow B-lump and strips (A or C) with
the increase of fABC. When fABC is increased in A12B3C3/D18

mixtures, the structure for A12B3C3 triblock copolymers is kept
as BC lumps on an A aggregate. Fig. 8 shows that the size of the
ABC domain in Janus particles gradually increases with fABC for
the four kinds of mixtures when fABC is increased from 0.1 to
0.9. The result proves that the size of the two domains in Janus
particles can be tuned well by changing the volume fraction of
compositions in triblock copolymers/homopolymer mixture.

In previous simulations, classic Janus particles, such as
Janus-like spheres, cylinders and vesicles, were self-assembled
by amphiphile AB/BC mixtures in the selected solvent.21,22,40

These studies proved that the repulsive interaction between the
hydrophilic A and C blocks played a crucial role in the forma-
tion of Janus architecture, while the micellar shape was mainly
controlled by the solvent quality of the solvophobic blocks.
Moreover, Janus particles could be prepared by binary surfac-
tant mixtures absorbed onto the surface of colloid. The
combination of elements, colloid size, immiscibility and length
Fig. 8 Self-assembled morphologies of A6B6C6/D18, A7B4C7/D18, A4B10C
3PS are fixed as 3, and 3PP are fixed as 2. For clarity, A, B, C and D domains a
of the images are the same as in Fig. 6.

38672 | RSC Adv., 2017, 7, 38666–38676
of surfactant would determine the formation of various
patterns.54–56 In addition, the conned self-assembly of a poly-
mer mixture was proved to be a facile method to prepare Janus
spheres with two well-dened hemispheres.31,42,57,58 The
connement size, the ratio of two components, the volume
fraction of blocks and the interactions between different blocks
greatly affect the self-assembled morphologies under conne-
ment. In our simulation, it was also indicated that the Janus
structure appeared with the appropriate repulsive interaction
between two components of the mixture, and too weak or too
strong a repulsive interaction induced mixed or separated
particles. Through adjusting the solvent quality of one compo-
nent in the mixture, mushroom-like Janus particles were
prepared. The Janus particles with tuned sizes of two domains
were achieved by changing the ratio of two components in the
mixture. These effects on Janus structures are applicable in the
self-assembly of the three kinds of polymer mixtures (A/D, AB/D
and ABC/D mixtures).
3.4 Statistics and comparison

Clearly, the phase separation between two components domi-
nates the formation of Janus structures, so we calculate the
average contact numbers between two components in the
mixtures, which can monitor well the microphase-separation
degree of the homopolymer (D) and another component
(A, AB or ABC). Fig. 9a presents the variation of NAD (average
contact numbers between A and D) of the resulting particles
from A18/D18 mixtures changed with 3AD. It is observed that NAD

declines rapidly as 3AD is increased from 0 to 0.3, and the
morphology changes from a mixed particle to a Janus particle
with two hemispheres, as shown in Fig. 1. Thereaer, NAD

decreases slowly when 3AD is further increased (0.3 < 3AD < 6),
corresponding to the morphologies transformed from the
spherical Janus particle to the calabash-like Janus particle in
Fig. 1. It is worth noting that NAD reaches 0 when 3AD ¼ 6,
indicating a macro-phase separation occurs between A and D.
With the application of a linear t for the data at 3AD < 0.3 and
3AD > 0.3, it is predicted that the transformation point from
a mixed particle to a Janus particle is 3AD ¼ 0.3. The variation of
NDPH (average contact numbers between A9B9 diblock
4/D18 and A12B3C3/D18 mixtures as a function of fABC. The parameters
re shown on the right of each corresponding snapshot. The color codes

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 (a) NAD of the resulting particles of A18/D18 mixtures as a function of 3AD; (b) NDPH of the resulting particles of A9B9/D18 mixtures as
a function of 3DPH, 3AB ¼ 2; (c) NTPH of the resulting particles of A6B6C6/D18 mixtures as a function of 3TPH, 3AB ¼ 3BC ¼ 3AC ¼ 2, 3PS ¼ 3.
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copolymer and D18 homopolymer) and NAB (average contact
numbers between A and B) of the resulting particles with 3DPH

are shown in Fig. 9b. The incompatibility between A and B is
xed, i.e. 3AB ¼ 2. Similar to A18/D18 mixtures, NDPH for A9B9/D18

mixtures changed as 3DPH declines rapidly (3DPH < 0.7) and then
decreases slowly (3DPH > 0.7), corresponding to the following
morphological transition: mixed particles / spherical Janus
particle / calabash-like Janus particle / two separated
particles (Fig. 3). When we make the linear t for the curve of
NDPH, it is observed that the transformation point from the
mixed particle to the Janus particle is 3DPH ¼ 0.7. Moreover, the
variation of NAB with 3DPH of the resulting particles self-
assembled from the A9B9/C18 mixture is also shown in Fig. 9b.
The curve of NAB increases rapidly as 3DPH is increased from 0 to
0.7. This is attributed to the micro-phase separation between AB
diblock copolymers and C homopolymers, causing an increase
of the contacts between the A and B blocks. And then there is
almost no change aer the Janus particle forms (3DPH > 0.7),
which is induced by the unchanged segmented structure of the
AB domain. In Fig. 9c, the variation of NTPH (average contact
numbers between the ABC triblock copolymer and the D
homopolymer) changes with 3TPH are shown. Similarly, NTPH

declines rapidly at rst and then decreases slowly. According to
the morphologies shown in Fig. 6a1–i1, the structures changed
from mixed particles to Janus particles and then to two sepa-
rated particles. By means of making a linear t for the curve of
NTPH, the transformation point from a mixed particle to a Janus
particle for A6B6C6/D18 mixtures is 3TPH ¼ 1. Furthermore, the
average contact numbers between different polymer monomers
for the A6B6C6 triblock copolymers, i.e. NAB, NBC and NAC, are
also shown in Fig. 9c. It is observed that NAB and NBC increase as
3TPH is increased from 0 to 1. This is because the microphase-
separation between ABC triblock copolymers and D homopol-
ymers results in an increase of the contacts between the A and B
blocks or between the B and C blocks (Fig. 6a1–d1). The curve
for NAC decreases as 3TPH is increased from 0 to 1, which is
induced by the microphase-separation between A, B and C. NAC

is decreased to zero because of the formation of an ABC-
segmented hemisphere with the A and C disks totally divided
by the B disk. When 3TPH is increased from 1 to 6, NAB, NBC and
NAC are almost unchanged due to the unchanged segmented
structure for the ABC domain aer 3TPH ¼ 1. Aer comparing
This journal is © The Royal Society of Chemistry 2017
the curves of NAD, NDPH and NTPH in Fig. 9, it is found that the
transformation point from the mixed particle to the Janus
particle exists in all the mixtures, and the corresponding
incompatibility between two components (3AD, 3DPH or 3TPH) for
the transformation point increases from 0.3 to 0.7 and then to 1
when themixture is changed from A/D to AB/D and then to ABC/
D mixtures.

Through changing the volume fraction of one component in
themixture, the size of the two domains in self-assembled Janus
particles can be tuned well, as shown in Fig. 2b, 5 and 8. In this
section, the values of the mean square end-to-end distance for
the chains of two components in different mixtures (hRX

2i, X
represents different polymer chains) are calculated to illustrate
the variation of chain conformation. Fig. 10a shows the varia-
tion of hRA

2i and hRD
2i of the Janus particles self-assembled by

the A18/D18 mixture changes with fA, corresponding to the
morphologies in Fig. 2b. It is observed that hRA

2i is increased
with the increase of fA, while hRD

2i is decreased with the
increase of fA. This indicates that the chains of the A homo-
polymer stretch with the growing volume fraction in the
resulting structure, while the chains of the D homopolymer
become more folded when the size of the D domain becomes
smaller. It is worth noting the curves of hRA

2i and hRD
2i converge

at fA ¼ 0.5, which illustrates that their stretch degrees are
similar when the volume fractions for A and D are the same.
Fig. 10b shows the variation of hRAB

2i and hRD2i of the resulting
particles self-assembled by A9B9/D18 (Fig. 5) with the increase of
fAB. Similar to Fig. 10a, hRAB

2i increases and hRD
2i decreases

with the increase of fAB, indicating that AB diblock copolymers
stretch and D homopolymers fold with growing fAB. Moreover,
hRAB

2i is always greater than hRD
2i because the incompatibility

between A and B makes the chain of the AB diblock copolymer
more extended than the D homopolymer. Fig. 10c shows how
the variation of hRABC

2i and hRD
2i of the Janus particles self-

assembled by the A6B6C6/D18 mixture changed with fABC
(Fig. 8). hRABC

2i increases in general with the increase of fAB,
indicating that the ABC triblock copolymer becomes extended
as fABC increases from 0.1 to 0.9. hRD

2i decreases with the
increase of fABC. Similar to Fig. 10b, the value of hRABC

2i is always
greater than hRD

2i in Fig. 10c because the incompatibility
between A, B and C makes the chains more extended.
RSC Adv., 2017, 7, 38666–38676 | 38673
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Fig. 10 Mean square end-to-end distance of the chains of the Janus particles self-assembled from an A18/D18 (a), A9B9/D18 (b) or A6B6C6/D18 (c)
mixture as a function of fA, fAB or fABC.
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The formation pathways of typical Janus particles are
investigated to reveal the formation mechanism on the Janus
structures. In Fig. 11, NHS represents the average contact
numbers of the homopolymer (D) component with solvent, and
NAS, NDPS and NTPS represent another component (A, AB or ABC)
with solvent, which can indicate the aggregation degree of the
polymer chains. NAH, NDPH and NTPH represent the average
contact number between homopolymer (D) and another
component (A, AB and ABC) respectively, and NAB, NAC and NBC

represent the average contact number between A, B and C-type
monomers, indicating the microphase-separation degree
between different monomers. For the classic Janus particle with
two hemispheres self-assembled by the A18/D18 mixture (Fig. 1,
3AS¼ 3DS¼ 3 and 3AD¼ 2), the variations of the contact numbers
(NAS, NHS and NAH) with time (t) and the corresponding snap-
shots at different times are shown in Fig. 11a. The inserted
snapshots show that the A18 and D18 homopolymers self-
assemble into two loose aggregates separately at rst
(Fig. 11a2, t ¼ 77), and then these two aggregates keep growing
but with two distinct phases (Fig. 11a3, t ¼ 85). As the time is
further increased, the aggregates shrink and connect together
(Fig. 11a4 and a5, t ¼ 150 and t ¼ 300), resulting in the
formation of the nal stable Janus particle (Fig. 11a6).
Fig. 11 Variations of the contact numbers with time (t) during the forma
and A6B6C6/D18 (c) mixtures. The inserted snapshots show the formation
for the inserted snapshots. The color codes of the inserted images are t

38674 | RSC Adv., 2017, 7, 38666–38676
Moreover, NAS and NHS in Fig. 11a show remarkable decreases
with time until t ¼ 300, which implies that homopolymers
gradually aggregate into particles. Thereaer, NAS and NHS

remain almost unchanged with a further increase of time,
indicating the aggregation of the A and D homopolymers has
nished. It is worth noting that the curves of NAS–t and NHS–t
completely overlap because of the similar aggregation degree
induced by the same polymer–solvent interactions of the A and
D homopolymers. The NAH–t curve is increased at rst due to
the rapid aggregation at the beginning (Fig. 11a1, t ¼ 70), and
then it starts to decline because of the microphase-separation
between A and D (Fig. 11a3, t ¼ 85). Thereaer, NAH shows
a slight increase with time as the A and D aggregates shrink
gradually (Fig. 11a5, t ¼ 300) and then it keeps almost
unchanged as time is further increased.

Fig. 11b shows the formation pathway of Janus particle with
a segmented AB hemisphere and D hemisphere from the self-
assembly of the A9B9/D18 mixture (Fig. 3, 3DPH ¼ 2). The varia-
tions of the contact numbers, i.e. NDPS, NHS, NDPH and NAB, with
t and some typical snapshots at different times are presented to
visualize the formation pathways. The inserted snapshots show
that D18 homopolymers aggregate into a loose aggregate at rst,
while AB diblock copolymers are still uniformly dispersed
tions of Janus particles self-assembled by the A18/D18 (a), A9B9/D18 (b),
pathway of the Janus particles. The dotted lines correspond to time (t)
he same as in Fig. 6.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06190k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/2

8/
20

25
 3

:2
3:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(Fig. 11b2, t ¼ 85). Maybe this is because the incompatibility
between the A and B blocks impedes the aggregation of the AB
diblock copolymers. As t increased to 120, the AB diblock
copolymers gradually self-assemble into an aggregate, as shown
in Fig. 11b3 and b4. With a further increase of t, microphase-
separation between A and B occurs, resulting in the formation
of a segmented structure in the AB hemisphere (Fig. 11b5, t ¼
280). Thereaer, the morphology of the Janus particle remains
almost unchanged till t ¼ 1000 (Fig. 11b6). The variations of
how the contact numbers changed with t are also shown in
Fig. 11b. It is found that the curves of NDPS–t and NHS–t obvi-
ously decrease until t¼ 280 and then remain almost unchanged
with an increase in time, which implies that the polymers self-
assemble into the aggregate at rst and then the aggregate
shrinks to form the nal particle. However, because of the prior
aggregation of the D homopolymers in the mixture
(Fig. 11b2–b4), the decrease of NDPS lags behind that of NHS

from t ¼ 60 to t ¼ 280. The curve of NDPH–t increases rstly due
to the rapid aggregation at the beginning (Fig. 11b2, t¼ 85), and
then it declines because of the aggregation of the AB diblock
copolymers and the microphase-separation between the AB and
D domains (Fig. 11b3, t ¼ 100). Then the curve remains almost
unchanged with a further increase of t. The NAB–t curve
increases remarkably and then declines, corresponding to the
aggregation of the mixture (Fig. 11b4, t ¼ 120) and the owing
microphase-separation between A and B (Fig. 11b5, t ¼ 280).
Then NAB remains almost unchanged with the increase of t.

Then, the formation pathway of the Janus particle with the
segmented ABC hemisphere and D hemisphere from the self-
assembly of the A6B6C6/D18 mixture (Fig. 6, 3TPH ¼ 2) is shown
in Fig. 11c. The variations of the contact numbers, NTPS, NHS,
NTPH and NAB, with t and some typical snapshots at different
times are presented. The inserted snapshots show that the D18

homopolymers aggregate into a loose aggregate at rst, while
for the ABC triblock copolymers some small particles are still
dispersed (Fig. 11c2, t ¼ 90). Similar to the aggregate in
Fig. 11b2, it is inferred that the incompatibility between the A, B
and C blocks impedes the aggregation of the ABC triblock
copolymers. When t is increased to 120, the ABC triblock
copolymers gradually self-assemble into an aggregate (Fig. 11c3
and c4). As t is further increased, microphase-separation
between A, B and C occurs, resulting in the formation of
a segmented ABC hemisphere (Fig. 11c5, t ¼ 280). Then the
morphology of the Janus particle remains almost unchanged
until t ¼ 1000 (Fig. 11c6). Fig. 11c also shows the variations of
the contact numbers with t. It is observed that NTPS and NHS

show obvious decreases until t ¼ 280 and then remain almost
unchanged with a further increase of t. This indicates that the
polymer mixture self-assembles into the aggregate and then the
aggregate shrinks to form the nal Janus particle. However, the
prior aggregation of the D18 homopolymers in the mixture
(Fig. 11c2–c4) makes the decrease of NTPS lag behind that of the
NHS from t ¼ 40 to t ¼ 280. The curve of NTPH shows an obvious
uctuation till t ¼ 160, but it increases rstly and then declines
in general. The increase of NTPH is induced by the rapid
aggregation at the beginning (Fig. 11c2, t ¼ 90), and the
decrease is because of the aggregation of the ABC triblock
This journal is © The Royal Society of Chemistry 2017
copolymers and the microphase-separation between the ABC
and D domains (Fig. 11c3, t ¼ 120). Then the curve remains
almost unchanged with a further increase of t. The variation of
NAB is shown in Fig. 11c; NBC and NAC are not shown because the
tendencies of their variation are similar to those of NAB. The
NAB–t curve increases obviously and then decreases, corre-
sponding to the aggregation of the polymer mixture (Fig. 11c4,
t ¼ 160) and the owing microphase-separation between A and
B (Fig. 11c5, t¼ 280). Then NAB remains almost unchanged with
an increase of t. Through comparing Fig. 11a–c, it is found that
all the curves of NHS show almost the same variation with t,
while the contact number between another component and the
solvent (NAS, NDPS or NTPS) lags behind NHS with the growing gap
between two curves when the components change from A to AB
and then to ABC.
4. Conclusions

Janus particles self-assembled from different polymer mixtures
within so droplets are investigated using the MC method. The
mixtures of homopolymer/homopolymer (A/D) diblock
copolymer/homopolymer (AB/D) and triblock copolymer/
homopolymer (ABC/D) are considered in sequence. The
controlled parameters, such as the incompatibility between two
components, polymer–solvent interactions and the ratio of the
components in the mixture, are systematically examined to
illustrate their effects on the formation of Janus particles. The
Janus structures are closely related to the incompatibility
between two components in the mixture. It is also observed that
several mushroom-like Janus particles could be prepared by
changing the polymer–solvent interactions, and various Janus
particles with tuned sizes of two domains are obtained by
adjusting the ratio of two components in a mixture. Both the
average contact numbers and mean square end-to-end distance
are calculated to explain the chain conformations of the poly-
mers. Furthermore, the formation pathways of some represen-
tative Janus particles are shown to illustrate their formation
mechanisms. The simulation result is expected to provide
theoretical guidance to prepare novel Janus particles.
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