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Block copolymer are ideal matrices to control the localisation of colloids. Furthermore, anisotropic
nanoparticles such as Janus nanoparticles possess an additional orientational degree of freedom
that can play a crucial role in the formation of highly ordered materials made of block copolymers.
This work presents a mesoscopic simulation method to assert the co-assembly of Janus nanopar-
ticles in a block copolymer mixture, finding numerous instances of aggregation and formation of
ordered configurations. Comparison with chemically homogeneous neutral nanoparticles shows
that Janus nanoparticles are less prone to induce bridging along lamellar domains, thus being
a less destructive way to segregate nanoparticles at interfaces. The combination of asymmetric
block copolymer and asymmetric Janus nanoparticles can result in assembly of colloids with an
even number of layers within the minority domain.

1 Introduction

Block copolymers (BCP) are perfect candidates to template the
position of colloidal nanoparticles (NP), due to their inher-
ent periodicity and well-defined microstructure1,2, which allows
nanoparticles to segregate to specific regions of the microphase-
separated mixture. The enthalpic interaction between the col-
loidal surface and the surrounding polymer dictates which phase
of the BCP is energetically more favourable for the particle, as a
first approximation3. Furthermore, the orientational alignment
of shape-anisotropic nanoparticles within the block copolymer
can be controlled by tuning the NP sizes with respect to the block
copolymer domain spacing. For instance, recent studies could
control the orientation of nanoplates dispersed in a lamellar-
forming block copolymer4. CdSe nanorods have been shown
to undergo co-assembly with PS-b-PMMA to produce an ordered
side-to-side configuration5,6.
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Colloids with patchy surfaces have attracted considerable at-
tention in the last decades7–10 given their complex self-assembly
processes. In particular, Janus nanoparticles (JNPs) are colloids
with two chemically distinct faces or sides. The self-assembly of a
system of JNPs is rich in morphologies11. For instance, recent ex-
periments12 found different types of aggregation, along with al-
ternating sheets of JNPs, which internally are organised in zigzag.
Simulations have also explored the self-assembly of JNPs, find-
ing several ordered phases such as lamellar-like structures using
Brownian Dynamics13,14, Monte Carlo15 and Molecular Dynam-
ics16.

JNPs have been mixed with binary mixtures such as homopoly-
mer blends, to find that domain growth is slowed by the segrega-
tion of JNP to the interface between domains17–19. Similar results
have been found using Dissipative Particle Dynamics (DPD)20,21.
The interfacial tension in the presence of Janus colloids22 was
studied by C. Zhou et al .

Experiments involving JNP and BCP are comparatively rare.
Recently, Yang et al23 synthesized JNP such that each side has
an affinity towards one of the blocks of a PS-b-P2VP block copoly-
mer, in order to segregate them at the interface between domains.
Janus nanoparticles in block copolymers have been shown to
posses a higher interfacial absorption energy compared to evenly
coated nanoparticles24.

Similarly to JNP in binary mixtures, JNP in BCP have also been
studied using DPD25,26. The combination of chemical-anisotropy
and non-spherical shapes was studied by Yan et al27, finding
slowed-down timescale in the lamellar ordering. Using Self Con-
sistent Field Theory (SCFT), random copolymer and mixed brush
coated colloids at block copolymer interfaces were compared,
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finding that nanoparticles coeated with a mixed brush were more
effectively segregated at interfaces28. SCFT/Density Functional
Theory (DFT) simulations were used to study JNP orientation
at block copolymer interfaces. The ordering and positioning of
JNP in a lamellar-forming BCP have been investigated consider-
ing symmetric and asymmetric JNP made of two spheres29,30.

In this work we make use of a hybrid Cell Dynamic Simula-
tion(CDS)/Brownian Dynamics approach to study JNPs dispersed
in BCP mixtures. This in-grid/off-grid method combines a contin-
uous description of the block copolymer with a discrete descrip-
tion of nanoparticles. This allows to simulate a considerably large
number of BCP periods along with a large number of particles.
Each JNP is considered as an individual object with inhomoge-
neous chemical behaviour.

The flexibility of the CDS/Brownian Dynamics scheme allows
us to study a large parameter space in a relative short time We
will attempt to consider nanoparticles with very different surface
chemistry, in contrast with previous works in which JNP were
mainly compatible with either of the blocks of the BCP. We aim
to provide a full description of the JNP co-assembly in diblock
copolymer, making the connection with their chemically homo-
geneous counterparts. While the model is valid both in two (2D)
and three dimensions (3D), we will restrict our simulations to 2D.
This will allow to study considerably large systems over long time
scales. While some degree of richness in the assembly of JNP ag-
gregates is partially lost in two dimensions, the basic features of
the JNP/BCP assembly are captured in 2D, namely, the combina-
tion of phase-separated domains with a given periodicity in the
block copolymer, along with the orientational degree of freedom
of each JNP.

2 Model
In this section, we introduce a hybrid CDS/ Brownian Dynam-
ics method in which the block copolymer is described by differ-
ences in concentration, while the nanoparticles are individually
resolved. This is a coarse-grained method that combines a con-
tinuous description of the block copolymer with a discrete con-
sideration of each colloidal particle. The treatment of the BCP-
colloidal coupling differs from previous works31–33 while the two-
face character of the JNP is introduced in a way that is different
from previous approaches34,35, mainly because our coupling free
energy will be shown to involve a volume (surface, in 2D) inte-
gral, as opposed to a surface ( line, in 2D) integral.

The BCP is modelled by the order parameter ψ(r, t) which is
related to the differences in the local monomer concentration
φA(r, t) and φB(r, t) of monomer A and B, respectively,

ψ(r, t) = φA(r, t)−φB(r, t)+(1−2 f0) (1)

where the composition ratio f0 = NA/(NA + NB) quantifies the
overall monomer fraction of monomers NA over the total amount
of monomers in the system. ψ(r, t) is considered the local
order parameter, which has a value 0 for the disordered-or
homogeneous- state and |ψ| > 0 for microphase-separated re-
gions.

The time evolution of ψ(r, t) is dictated by the conservation of

mass, resulting in the Cahn-Hilliard-Cook equation36,37

∂ψ(r, t)
∂ t

= M∇
2
[

δFtot [ψ]

δψ

]
+η(r, t) (2)

with M being a mobility parameter and η(r, t) being a Gaussian
noise that satisfies the Fluctuation-Dissipation theorem

〈η(r, t)η(r′, t ′)〉=−kBT M∇
2
δ (r− r′)δ (t− t ′) (3)

for which we have used the algorithm given by Ball38 and kBT
sets the thermal energy scale of the system.

The total free energy functional, Ftot , is decomposed into purely
polymeric, coupling and intercolloidal free energy, respectively,

Ftot = FOK +Fcpl +Fcc (4)

where the purely polymeric contribution FOK is the Ohta-
Kawasaki free energy39.

FOK =
∫

dr
[

H(ψ)+
1
2

D|∇ψ|2
]
+

1
2

B
∫

dr
∫

dr′G(r,r′)ψ(r)ψ(r′)

(5)

with G(r,r′) being the Green function for the Laplacian, satisfying
∇2G(r,r′) = −δ (r− r′). The first two terms account for the local
contribution to the free energy while the last term accounts for
the long range interaction between monomers.

The local free energy can be written as40

H(ψ) =
1
2

τ
′
ψ

2 +
1
3

v(1−2 f0)ψ3 +
1
4

uψ
4 (6)

where τ ′ =−τ0 +A(1−2 f0)2, u and v can be related to the molec-
ular structure of the diblock copolymer chain39. The local free
energy H(ψ) possesses 2 minimum values, ψ

eq
− and ψ

eq
+ , which

are the values that ψ(r, t) takes in the phase-separated domains
and correspond to A-rich and B-rich domains. The parameter D
in Equation 5 is related to the interface width, ξ =

√
D/τ ′, be-

tween domains and B in Equation 5 to the periodicity of the sys-
tem H ∝ 1/

√
B.

In our scheme JNPs are individually resolved. A suspension of
Np circular colloidal nanoparticles is identified by their particle
positions Rp. The interaction between the colloids and the BCP is
determined by the coupling term in the free energy, which takes
a simple functional form

Fcpl [ψ,{Ri,φi}] =
Np

∑
j=1

σ

∫
dr ψc

(
r−R j

)[
ψ(r, t)−ψ0(φ j)

]2 (7)

with σ being a parameter that controls the strength of the inter-
action between the JNP and the BCP.

The function ψc(r) is attached to each colloid accounting for
the size and shape of the Janus nanoparticle. We will use

ψc(r) = exp

1− 1

1−
(
|r|

Re f f

)α

 (8)
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with ψc(r > Re f f ) = 0 because it provides a monotonically de-
creasing function with a vanishing derivative at the cut-off Re f f .
Furthermore, Re f f serves as the soft-core radius of the particle,
while a hard-core radius can be defined as the distance from
the center at which ψc(R0) = 1/2, identifying the particle size,
which results in Reff = R0 (1+1/ ln2)1/α . Therefore, α controls
the sharpness of the decay of ψc(r).

The affinity parameter ψ0(φi) in Eq. 7 represents the chem-
ical properties of the NP. Contrary to chemically homogeneous
nanoparticles, the coating of a JNP is anisotropic, taking two dis-
tinct values ψ0 = ψ+ or ψ0 = ψ− for the negative and positive side
of the JNP. Each Janus nanoparticle has a unit vector ni that con-
trols the spatial distribution of its chemical anisotropy, as shown
in Fig. 1, pointing into the positive side of the JNP. In order to
characterize the JNP it is useful to introduce two parameters

∆ψ0 = ψ+−ψ−, ψ̄0 =
1
2
(ψ++ψ−) (9)

where ∆ψ0 quantifies the chemical inhomogeneity of the parti-
cle, such that ∆ψ0 = 0 describes an homogeneous nanoparticle,
while ψ̄0 describes the mean of the affinity of each side of the
JNP, which would be the affinity of an equivalent colloid char-
acterized by a homogeneous affinity. These two parameters will
help to characterize the JNP, while at the same time are useful to
draw comparisons with homogeneous counterparts to JNPs.

Fig. 1 Model of a Janus nanoparticle with two chemically distinct sides.
Unit vector n points into the positive half of the anisotropic nanoparticle.

The colloid-colloid interaction is introduced as an additional
contribution to the total free energy Ftot in Eq. 4,

Fcc = ∑
i, j

V (ri− r j) (10)

where V (r) describes the intercolloidal, pairwise potential. In this
piece of work we will focus on purely repulsive colloidal interac-
tions, and will consider for specificity a Yukawa-like potential,

V (r) =U0

[
exp(1− r/R12)

r/R12
−1
]

(11)

with R12 = 2R0 and r being the center-to-center distance.

Colloids dynamics is diffusive and governed by the Langevin
equation in the over-damped regime. The center of mass of each
colloid Ri is considered to follow Brownian Dynamics, that is,

vi =
1
γ

(
fcc
i + fcpl

i +
√

2kBT γξ

)
(12)

with γ the friction coefficient, kBT is the JNP thermal energy and
ξ is a random Gaussian term satisfying Fluctuation-Dissipation
theorem. The coupling force fcpl

i =−∇iFcpl accounts for the inter-
action between the nanoparticle and the BCPs, while the colloid-
colloid force arises due to the Fcc contribution as in fcc

i =−∇iFcc.
The order parameter time evolution presented in Eq. 2 is nu-

merically solved using a Cell Dynamic Simulation scheme41,42 on
a lattice of spacing a0, for which the laplacian is approximated as
1
a2

0
[〈〈X〉〉−X ] with

〈〈ψ〉〉= 1
6 ∑

NN
ψ +

1
12 ∑

NNN
ψ (13)

in two-dimensional systems, where NN and NNN stand for
nearest-neighbour and next-nearest-neighbour lattice points, re-
spectively. Hereafter we will use the standard dimensionless pa-
rameters D̃ = D/a2

0 and B̃ = a2
0B in our simulations. For simplicity,

we will drop the use of tilde notation.
Initially, ψ(r, t = 0) is randomly distributed, corresponding to

a disordered phase. In addition, the initial state for the colloidal
center of masses is a non-overlapping random distribution. The
system evolves from this initial condition until a stationary state is
reached. The approach to equilibrium can be tracked43 through
〈|ψ(r, t)|〉 .

In summary, we use a CDS scheme coupled with a Brownian
Dynamics model for the JNPs. Each JNP interacts with the sur-
rounding block copolymer via a shape function and a inhomoge-
neous affinity, which is split into two parts along the diagonal of
the JNP. Each side posses a different affinity value ψ+ and ψ−
which we will explore in the following sections.

2.1 Relevant order parameters

In order to quantify the different morphologies JNP and BCP give
rise to, we will require to monitor the evolutuon of the magni-
tudes of several order parameters.

Nematic order parameter.
In order to characterize the local orientation of each colloid

with respect to the BCP, we consider the scalar product between
the JNP orientation vector and the vector that is locally pointing
normal to the interface of the BCP.

S =< 2(P ·n)2−1 > (14)

with P ∝ ∇ψ , that is, a normal vector that is normal to the inter-
face between BCP domains. S = 1 corresponds to a JNP oriented
normal to the interface and S = −1 when the particle is oriented
along it. In the absence of net orientation, S = 0.

Inter-particle nematic order parameter.
Similarly to the orientation between the BCP and the JNP, it is

useful to consider the relative orientation between JNPs, for ex-
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ample, when they form lamellar-like arrangements. To this end,
we introduce

Sinter−col = 〈Si
inter−col〉i=1...Np ;Si = ∑

ri j<R∗

[
2
(
ni ·n j

)2−1
]

(15)

in which we draw the same order parameter as in Eq. 14 into the
orientation of the ith particle with its closest neighbors given by
a cut-off distance that we can typically set as R∗ = 2.5R0.

In-cluster particle-to-center orientational order.

Clusters of aggregating JNPs can be identified as a set of parti-
cles connected with a distance r < d∗ with d∗ determined from the
radial distribution function. For a given cluster formed by several
nanoparticles, we can calculate the orientation of each particle
with the centre of the cluster. This is different from analyzing the
interparticle orientation as here we are interested on the scalar
product of the orientation of a particle with the particle-to-center
unit vector. To this end, we introduce

Yorient = 〈ni · (ri− rcentre)〉 (16)

with 〈∗〉 meaning an average over all particles in a cluster, and
then averaging over all clusters (excluding single-particle clus-
ters). Vector ri represents the position of a particle in a given
cluster while ni stands for its orientation and rcenter is the geomet-
ric center of the cluster (which is calculated taking into account
the periodic boundary conditions).

3 Results
We will subsequently analyse in detail the co-assembly of Janus
nanoparticles in block copolymer mixtures. In the simplest case,
we expect the particles to simply be segregated towards their
preferred region of the microphase-separated block copolymer.
Nonetheless, simulations44 and experiments45,46 have demon-
strated that, at high concentrations, the presence of nanoparticles
can induce transitions in the block copolymer morphology. In the
rest of this work, unless otherwise stated, we will use the stan-
dard set of parameters for the BCP τ0 = 0.35,u = 0.5.v = 1.5,A =

1.5,D = 1.0,B = 0.002 while a radius R0 = 2.0 will be used for the
NP, in grid points. The lattice spacing is unity a0 = 1. The choose
a value of α = 2 that tunes the cut-off distance of the BCP-NP in-
teraction to be R0 = 3.12. Furthermore, the temperature and the
friction constant is generally fixed to be kBT = 1.0 and η0 = 0.1.

Firstly, we can assert the segregation and ordering of JNPs in
a simple symmetric diblock copolymer mixture with f0 = 1/2. In
Fig. 2 we can see the time evolution of a system of Np = 300
JNPs with two antisymmetric sides, ∆ψ0 = 1 and ψ̄0 = 0, where
the positive side has an affinity towards the white phase, and the
negative has an exact same affinity towards the black phase. At
time step tn = 103 (top snapshot) an early stage of BCP phase
separation occurs, especially near a nanoparticle, which triggers
phase separation in its vicinity. At tn = 106 (right snapshot) the
lamella structure is well formed, while the JNPs are all anchored
at the interface between white and black domains. The orienta-
tion is always normal to the interface, as expected, and can be
tracked in time with the curve of S(t), where we can appreciate
the orientational order parameter S > 0 in the late stages of the

simulation. Visually, we can observe that the ψ+ red side of the
JNP is facing the white domains.

Fig. 2 Time evolution of a JNP suspension in a symmetric diblok copoly-
mer mixture. The orientation of the Janus particles, S(t), is plotted against
time, with two snapshots of early and late stages of the system.

A cylinder-forming (circle-forming in 2D) asymmetric BCP
( f0 = 0.35) can be mixed with Np = 800 Janus nanoparticles to
analyze the assembly of patchy particles at curved interfaces. The
time evolution of an asymmetric BCP ( f0 = 0.35) /JNPs mixture
can be found in Fig. 3, displaying the decrease in the number
of domains with time for the cases of pure BCP (Np = 0), homo-
geneous NPs and JNPs, as expected for a cylinder-forming BCP.
The JNPs are segregated to the interface and orient normal to it.
We observe a coexistence of circular-shaped BCP domains, with
several black domains joined due to the presence of the JNP, re-
sulting in elongated domains.

Figure 3 shows the number of black domains as a function of
time, in the case of pure BCP (Np = 0) and homogeneous nanopar-
ticles (∆ψ0 = 0, ψ̄0 = 0). We can observe that the the number of
black domains is reduced by the presence of JNP, but to a lesser
extend than in the case of homogeneous nanoparticles. In future
sections we will study this behaviour in detail, but it serves as an
introduction on the morphological changes induced by particles
at interfaces, and the differences in the behaviour of Janus and
chemically homogeneous nanoparticles.

3.1 Phase diagram of BCP-JNP composites

A Janus nanoparticle can be weakly attractive with one of the
blocks while neutral to the other. This behaviour can be cap-
tured by the two affinities of the JNP, or, more suitably, by the
differences and mean values of those affinities, ∆ψ0 and ψ̄0, re-
spectively, as introduced in equation 9. For example, ∆ψ0 = 0 de-
scribes a homogeneously coated nanoparticle, while ψ̄0 describes
the overall affinity of the colloid. We will analyze the parameter
space in which the JNPs properties are dominant.

Figure 4 shows the JNP assembled phases in a low colloidal
concentration,φp = 0.05, such that the block copolymer assembly
is weakly influenced by the presence of colloids. We will control
the relative affinity of JNPs to BCP domains varying the mean
affinity ψ̄0 and the inhomogeneity parameter ∆ψ0.

4 | 1–11



Fig. 3 Time evolution of the number of BCP domains, along with several
images of the simulation results. The pure BCP is cylinder-forming ( f0 =

0.35) while the presence of the JNP favours domain merging. The curves
for pure BCP (Np = 0) and homogeneous neutral nanoparticles are also
shown for comparison.

At the bottom of the phase diagram in Fig. 4, we observe the
expected behaviour, as values of the affinity which are close to
zero lead to segregation of nanoparticles at the interface between
domains (squares). As ψ̄0 > 0 increases, colloids are asymmet-
rically placed at the interface, up to a point when the colloids
detach from it and segregate towards the centre of the positive,
white domains (circles). We calculate the distance d from the JNP
center of mass to the closest black domain to determine whether
a particle is detached from the interface (d > d0 = 3.3) or not. d0

is chosen following analysis the behaviour of d for several simu-
lations which agrees with the most relevant length scale in play:
2ξ , the width of the BCP interface. For values ψ̄0 > 1 the JNPs
are not perfectly compatible with their hosting domains and thus
free energy minimization leads to aggregation of colloids (circles
+ dots). Specifically, certain degree of aggregation takes place
whenever the number of first neighbors is larger than 1. Nega-
tive values of ψ̄0 would show an equivalent behaviour in which
colloids would segregate to the negative (black) BCP domains.

As we increase ∆ψ0 > 0 in Fig. 4, the Janus-like nature of
the particles becomes more dominant. When JNPs have an an-
tisymmetric positive/negative anisotropy (that is,when the two-
fold affinity follows ψ+ = −ψ− → ψ̄0 = 0), they segregate to the
interface (left-most part of the phase diagram), and the torque
orients them normal to the interface. The combination of segre-
gation to the interface and orientational order is marked in the
phase diagram with an asterisk. Orientational order is charac-
terised by the nematic-like order parameter, S > 0.5, defined in
equation 14.

JNP (∆ψ0 > 0) with ψ̄0 > 0 are not symmetrically placed at the
interface. Instead, we can expect that a small positive value in ψ̄0

results in a small displacement of the center of mass of the JNP

into the white phase, therefore, an asymmetrical placement in the
interface while maintaining an orientational order. This regime is
denoted by asterisks in the left-most part of the phase diagram.

As the displacement to the A domain becomes more prominent,
the particle will lose the orientational order (yellow squares) and
eventually detach from the interface into the white phase of the
BCP. Nonetheless, the assembly of anisotropic nanoparticles in
the positive, white phase of the block copolymer is distinct from
their homogeneous counterparts. Here, even if the overall cou-
pling energy favours detachment from the interface, one of the
sides of the JNP can be incompatible with the hosting BCP do-
main. In turn, this leads to close-packed clusters of JNPs even
at relatively lower values of ψ̄0, which explains the shape of the
dotted circle regime in the right part of the phase diagram.

In contrast to homogeneously coated nanoparticles, in Fig. 4
top-right snapshot, JNPs form orientationally-ordered clusters.
We exploit the order parameter introduced in Eq 16 to quan-
tify the in-cluster orientation. We consider that clusters with
Yorient > 0.7 have an internal orientational order, as the normal
vectors ni point into the center of the cluster. These clusters ac-
quire internal orientational order on top of a close-packed spatial
organization. For instance, in Fig. 4 the positive (red) side of the
JNPs is facing the interior of the cluster, which can be related to
aggregation in self-assembly of patchy particles in solvents11,12

3.2 Comparison between Janus and chemically homoge-
neous (neutral) nanoparticles

As we have seen in the previous section, JNPs have a strong
tendency to segregate to the interface because each side of
the particle is compatible with a different block. Chemically
homogeneous(∆ψ0 = 0) neutral (ψ̄0 = 0) NPs also tend to segre-
gate to the interface between domains as they are equally compat-
ible with both blocks. Nonetheless, both types of assembly differ
considerably, as JNP orient with n normal to the interface, while
neutral NPs are randomly oriented. We can compare neutral and
Janus nanoparticles, as in Fig. 5, where we simulate colloids in
a symmetric BCP. Here, we find that at low concentration, both
types of particles behave similarly, with neutral NPs segregating to
the interface while only JNPs also orient normal to the interface.
The BCP is barely changed by the presence of a small fraction
of particles, which can be tracked by the number of domains in
the system. A low number of lamellar domains is indicative of a
well-ordered periodic structure. Nonetheless, we know from sim-
ulations and experiments that interface-segregated nanoparticles
may form bridges across domains. This is a process of aggregation
that may be undesirable if we want to have a well dispersed set of
nanoparticles, to have an array of colloids, or even if destroying
the lamella structure is inconvenient.

We can measure the degree of destruction of the lamella struc-
ture by calculating the number of different BCP domains present
in the system. The lamella structure is characterized by having
fewer domains than any other morphology. We can observe that
neutral NPs form clusters that lead to the formation of many small
BCP domains. This does not occur with JNPs, which remain in the
interface forming arrays.

1–11 | 5



Fig. 4 Phase diagram of a small concentration of JNPs for different values of ∆ψ vs ψ̄0, as defined in equation 9. The Y axis determines the Janus-like
property of the colloid (smaller values meaning weakly Janus) while the X axis determines the interface-compatible or A-compatible overall compatibility
of the particle. Yellow squares indicate nanoparticles which are anchored at the interface while red circles stand for NPs segregated within the domains.
Yellow asterisks indicate orientational order of the colloids in the interface while black dots stand for nanoparticle aggregation. Finally, crosses indicate
internal orientational order in the NP clusters.

A similar analysis can be performed regarding JNPs and neu-
tral NPs in a cylinder-forming block copolymer. Fig. 1 in the
Supplementary information shows that JNPs are less prone to in-
duce unions of circular domains. In conclusion, JNPs are strongly
anchored at BCP interfaces and also tend to protect the BCP mor-
phology.

3.3 Orientational order vs thermal motion

A JNP with two antisymmetric sides (ψ̄0 = 0) is expected to seg-
regate to the interface and, if ∆ψ0 > 0, to orient with n pointing
normal to the interface, into the positive region of the BCP, as was
found in Fig. 4. This is clearly not true for homogeneous neutral
particles, for which no orientational degree of freedom exists. We
can also expect to find a regime of chemically inhomogeneous
particles in which the Janus-like nature is weak, therefore the
Brownian noise dominates. We have estimated this in the Sup-
plementary Information (Section 1), and obtained a parameter
that controls the ratio between energetic coupling and thermal
motion

χ =
∆Fcpl

kBT
=

16 A2√
2

σR2
ψ

2
bulk

ψ0

ξ̄ kBT
(17)

Fig. 5 Number of BCP domains as a function of the colloidal concentra-
tion. The block copolymer is symmetric f0 = 1/2. Homogeneous (neutral)
and Janus nanoparticles are shown in different curves.
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where ψ0 stands for the value of the affinity in the positive side of
the JNP, given that the two-face JNP has ψ+ = ψ0 and ψ− =−ψ0.
ψbulk is the value of ψ that minimizes the local free energy in
equation 6, that is, the (absolute) value of the BCP profile in the
bulk. A2 is a parameter related to the shape of the tagged function
ψc that is defined in the Supplementary Information Section 1.

We can compare this theoretical prediction with simulations,
exploring different values of the temperature (0.1 < kBT < 5) and
different degrees of anisotropy (0.01 < ∆ψ0 < 5). Fig. 6 shows
the curve of the orientational order parameter S with an effective
parameter χ. We can see that the points approximately align into
a single curve. The lack of total order at χ >> 1 is explained as the
assembly can lead to imperfections such as curved domains and
defects in the BCP. The behavior clearly shows that for χ < 1 the
thermal component of the Brownian motion is dominant, and so
we find that disorder dominates S∼ 0. In the opposite regime, the
coupling is much stronger than the random fluctuation (S > 0).
These results can be related to SCFT/DFT simulations by Wang et
al29, who reported a monotonic growth of the order parameter S
with the JNP size.

Fig. 6 Orientational order parameter S of the JNP with respect to the
BCP interface. Each point represents a different value of ψ0 and kBT
resulting in an ordered (S > 0) or disordered (S∼ 0) configuration.

3.4 Co-assembly of JNP in BCP
In previous sections we have mostly considered a lamellar-
forming symmetric block copolymer by fixing f0 = 1/2. Nonethe-
less, we can address the effect of JNPs for other morphologies,
exploring the composition parameter f0 to study the effect that
JNPs a fixed chemistry will have on the equilibrium profile of a
BCP/JNP system. Hence, we approach the complementary sce-
nario to the one displayed in Fig. 4, where we fixed the BCP
composition and varied the JNP affinity to the BCP domains.

Fig 7 displays the morphology of the composite system as we
vary f0 -which quantifies the relative amout of A monomers in
the BCP- and φp, which controls the concentration of JNPs in the
system. For the parameters chosen for Fig. 7, BCPs can display
either circular domains (marked by circles) or lamellar (squares)

morphology. We have performed additional simulations without
particles to establish the reference phase-behaviour of the BCP. At
low φp the colloids are simply segregated to the interface, as we
have seen previously. The phase behaviour of the BCP is in this
case dictated by the polymeric properties of the system.

At high JNP concentrations, the presence of particles in the in-
terface leads to the union of different circular BCP domains if the
BCP is indeed in the cylindrical phase (| f0 − 1/2| > 0.05). Due
to this increase in the interface, a circular-to-lamellar phase tran-
sition is observed. At even higher surface fraction of JNP, the
lamellar domains are broken to accommodate a larger number of
colloids into newly created interfaces. If the number of particles
is increased, the BCP intrinsic order is strongly distorted, thus the
system becomes totally occupied by a single percolating array of
JNP. Due to the effective interaction mediated by the surrounding
BCP, the JNPs tend to orient side-to-side, with vectors ni ·n j ≈ 1
for two neighboring particles.

Figure 7 has shown the effect that perfectly antisymmetric
(ψ̄0 = 0) JNPs produce on an arbitrary morphology of BCP.
Nonetheless, we can extend this study to JNPs with stronger
affinities towards one of the BCP domains. As we have seen in
Fig. 4, such colloids can be detached from the interface or form
orientationally-ordered clusters, when the affinity towards one of
the domains is large enough. We can consider a rather extreme
case ∆ψ0 = 1.0 and ψ̄0 = 1.0. Each side of the JNP has an affinity
ψ− = 0.5 and ψ+ = 1.5. The ψ− = 0.5 side is weakly compati-
ble with the interface, while the larger affinity side is strongly
incompatible with all phases, but still preferentially compatible
with the positive phase (because ψ+ > 1). Earlier simulations32

have shown that this incompatibility is resolved by NP clustering,
which reproduced experimental results47.

In Fig. 8 we study a range of f0 values of the polymeric chain
ratio and the fraction of particles in the system. Initially, at low
particles concentrations, JNPs are simply segregated within the
BCP. In the bottom-left snapshot we can observe that JNP are
weakly attached to the interface, with most particles dispersed in
the positive BCP phase. Similarly, the ψ+ side of the JNP min-
imises the coupling free energy by creating clusters, but the ψ+

value is not high enough to create more than a few weakly linked
coupled particles. In both cases the thermal motion dominates.

In the region f0 < 0.45, at high concentrations the nanoparti-
cles are always occupying the majority phase. For this reason no
phase transition is observed and the morphology of the BCP is
always cylindrical (red circles). Nonetheless, JNPs do undergo
a disorder-to-order transition as the concentration is higher. A
lamellar-like arrangement of JNPs occurs, which is explained as
JNPs minimize the free energy by self-organizing as in Fig. 8
bottom-right snapshot. Again, the thermal motion is also strong
enough to avoid the formation of any long-range order of JNPs.

Contrary to that, in the top-half of the phase diagram ( f0 > 0.5)
JNPs are compatible with the minority phase. As a result, JNPs are
segregated to the minority, white domains induding a cylinder-
to-lamellar transition (see the circle to square transition and the
enhanced square region in the phase diagram). Additionally, the
geometric constraint induced by the minority-phase domain leads
to a string organization of JNPs, in order to maximize alike side-
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Fig. 7 Phase behaviour of the BCP as a function of a JNP concentration φp. The morphology of the BCP is changed along the Y axis through the
composition ratio of the chain f0. The JNP here are symmetrical ψ̄0 = 0. Symbols describe the BCP morphology as: blue circles ◦ for cylindrical phase
with white block as minority phase; red circles ◦ for cylindrical phase with black block as minority phase; black squares for lamellar phase. Furthermore,
a black cross × represents points in which the interparticle orientational order parameter is larger than 0.1.

to-side contacts between JNPs. Because of this constrain, JNPs are
highly organized forming sheets or bilayers (snapshot top-right)
or 4-layers (snapshot center-right). In both cases defects in the
JNP array-like assembly are strongly correlated with BCP defects.

Starting from a lamellar-forming ordered BCP, Fig. 9 (a) dis-
plays the long range JNP order that develops in the absence of
curved interfaces. JNPs self-assemble in a triangular lattice, which
suggests a close-packed arrangement of colloids within the minor-
ity phase. In 3D, we would expect to observe a bilayer of JNPs in
a 2D sheet with a thickness roughly corresponding to 4R0. Fig.
9 displays (b) a simple scheme of the used JNP, while Fig. 9 (c)
shows the configuration. This colloidal configuration is mediated
by the block copolymer coupling that leads to highly ordered col-
loidal assembly. In summary, we have found a translational and
orientationally ordered JNP configuration which is a consequence
of BCP asymmetry ( f0 6= 1/2) and a precise choice in the JNP in-
homogeneity. Indeed, the BCP undergoes a phase transition to-
wards a lamellar morphology, while the JNPs self-organize into
lamellar-like arrangement.

4 Conclusions

We have used a hybrid Cell Dynamic Simulation/Brownian Dy-
namics method to study the dynamics and equilibrium proper-
ties of a system of Janus Nanoparticles in a diblock copolymer
mixture. A combination of segregation, orientation and aggre-
gation of particles within the mixture leads to a rich variety of
assemblies, ranging from the expected interface-compatible an-
tisymmetrical JNPs, to aggregation of colloids within one phase,
in close resemblance with JNP suspended in a single solvent. In
our study the Janus-like character of the particles has been ex-
plored ranging from completely Homogeneous particles, to parti-
cles with a clear two-face behaviour.

JNPs have been shown to anchor at interfaces for a wider range
of parameters than their homogeneous counterparts, in accor-
dance to previous results28. The particles are found to orient
normal to the interface between domains, with each face point-
ing into the preferred domain. Furthermore, JNPs are less prone
to form bridges along BCP domains. These two properties are re-
lated, as JNPs are less likely to escape the interface and connect
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Fig. 8 Phase behaviour of the BCP in the presence of a concentration φp of Janus Nanoparticles with ψ̄0 = 1.0 and ∆ψ0 = 1.0. Symbols are as follows:
Circles stand for cylindrical phase with color determining the majority (red circles indicate white monomer as the majority and blue circles indicate the
opposite); lamellar phase is denoted by black squares; A further cross indicates a high degree of particle-to-particle orientational order.

with other JNPs to create a broad, NP-rich area. This also means
that the BCP structure is less affected by the presence of JNPs
than with neutral nanoparticles. Therefore, using JNPs can be an
effective way to segregate colloids at block copolymer interfaces,
without inducing a break-up of lamellar-domains.

For interface-compatible JNPs, the degree of orientation with
respect to the block copolymer interface can be tracked and com-
pared with the thermal fluctuations present in the Brownian mo-
tion. We have characterised the role of the temperature in the
colloidal orientational order, to establish under which conditions
the JNP orientation is dominated by its thermal random motion.
This opens a way to control the properties of the JNP by tuning
their thermal motion. As has been shown, the BCP lamellar tex-
ture is also strongly dependent on the anisotropy of the JNPs.

Away from the interface, JNP are found to easily aggregate into
clusters, as compared to homogeneously-coated colloids. This is
due to one of the sides of JNP always being incompatible with
its hosting phase. The BCP-induced aggregation can be related to
instances of clusterisation of homogeneous nanoparticles within
a incompatible environment47, while the organization is in close
resemblance with several experiments and simulations of JNP in

suspensions. It is worth noing that we have not included any
explicit attractive interaction between colloids, nor does the in-
terparticle potential include any angular dependence. Thus, this
orientational aggregation is solely induced by the presence of the
block copolymer.

Exploring the surface fraction of JNPs in BCP mixtures with ar-
bitrary f0 we have been able to determine different phase regions,
as the presence of JNPs leads to transitions in the morphology of
the BCP. Moreover, the morphology of the BCP also depends on
the chemical properties of the JNP. While antisymmetric JNPs are
segregated to the interface, a large amount of them can induce a
transition in order to create a larger amount of interface in which
they can anchor. Once this lamellar-to-cylindrical transition is
completed, the JNPs dominate the morphology of the overall sys-
tem, with JNP forming an almost totally connected network of
colloids in an attempt to form maximize the interface.

Asymmetric JNP in BCP display a richer phase diagram. When
one of the sides is compatible with the interface (neutral) and the
other is strongly incompatible with one of the phases, the JNP
have a weak tendency to form clusters within the less incompati-
ble domain. When the fraction of particles is large the NPs form
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Fig. 9 Co-assembly of an asymmetric diblock copolymer / asymmet-
ric JNP mixture. The BCP undergoes a JNP-driven phase transition to-
wards lamella due to the presence of the JNP in the interior of the white
domains. The JNP form a bilayer due to their directional aggregation.
Highly ordered simulation (a); scheme of the JNP (b) ; and scheme of
the configuration (c).

a bilayer in order to minimize the BCP-JNP coupling. The param-
eter space of this type of assembly is given not only by the frac-
tion of particles in the system, but also by the block copolymer
morphology, as this assembly is driven by the level of constrain
induced by the BCP. At even higher fraction of particles, the JNP
are again dominating the co-assembly, and tend to form larger
even number of layers, with (1− 3− 5− ..)-layers being prohib-
ited by the JNP two-face nature, along with the presence of the
block copolymer. This lamellar-like organisation of JNP can be
easily compared with sheet-forming assembly of Janus particles
in solvents. At the same time, the organisation within the BCP
(all nanoparticles are oriented normal to the interface) is similar
to shape-anisotropic particles such as nanorods5.

In summary, the co-assembly of JNP within block copolymer
has been found to result in a large variety of highly-ordered con-
figurations, both for the BCP and the colloids, in contrast to a
mixture of chemically homogeneous colloids/BCP or a simple sus-
pension of JNP in a fluid. The combination of JNP anisotropy and
the inherent periodic morphologies of the diblock copolymer has
proved to be essential to create new structures in which a precise
control over the JNPs position and orientation can be achieved.
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