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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 which can be related to dispersions of pure Janus colloids. Comparison
with chemically homogeneous neutral nanoparticles determines 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 in an even number of layers within one of

the block domains.

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 microstructure™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 block copolymer is energetically more favourable for the
particle, as a first approximation@. Furthermore, the orienta-
tional alignment of shape-anisotropic nanoparticles within the
block copolymer can be controlled by tuning the NP length scales
with respect to the block copolymer domain spacing. For in-
stance, Krook et al recently could control the orientation of
nanoplates dispersed in a lamellar-forming block copolymer.
CdSe nanorods have been shown to undergo co-assembly with
PS-b-PMMA to produce an ordered side-to-side configuration®©.

Colloids with patchy surfaces have attracted considerable at-
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tention in the last decadesZ'19 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 morphologieslﬁ], for instance, Iwashita
et al12 found different types of aggregation, along with alter-
nating 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 using Brownian
dynamics[mﬂz], Monte Carlo™ or Molecular dynamics[m.

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 domains?7*19, Similar results
have been found using Dissipative Particle Dynamics (DPD)2021
while the interfacial tension in the presence of Janus colloids was
studied by C. Zhou et al22,

Experiments involving JNP and block copolymers are compar-
atively rare. Recently, Yang et al?3 synthesized JNP such that
each side has an affinity towards one of the blocks of a PS-b-P2VP
block copolymer chain, in order to segregate them at the inter-
face between domains. Janus nanoparticles in block copolymers
have been shown to posses a higher interfacial absorption energy
compared to evenly coated nanoparticles2, which motivates its
use to arrange nanoparticles at block copolymer interfaces.

Similarly to binary mixtures, JNP in block copolymer have
been studied using DPD25126, Fyrthermore, the combination of
chemical-anisotropy and non-spherical shapes was studied by Yan
et al?Z, finding slowed-down timescale in the lamellar ordering.
Using SCFT, random copolymer and mixed brushed coated col-
loids at block copolymer interfaces were compared, finding that
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nanoparticles coeated with a mixed brush were more effectively
segregated at interfaces?®. SCFT/DFT simulations were used
to study JNP orientation at block copolymer interfaces. In that
case, two spheres of different size and chemical affinity are con-
sidered??. The ordering and positioning of JNP in a lamellar-
forming BCP have been investigated®? considering symmetric
and asymmetric JNP made of two spheres.

In this work we make use of a hybrid cell dynamic simula-
tion/Brownian dynamics approach to study JNP dispersed in BCP
mixtures. This in-grid/off-grid method combines a continuous
description of the block copolymer with a discrete description of
nanoparticles. This allows to simulate a considerably large num-
ber of BCP periods along with a large number of particles, in the
order of hundreds. Contrary to previous works (namely DPD sim-
ulations), we do not create Janus nanoparticles as a cluster of
isotropic nanoparticles, nor as a dumbbell-like combination of
two spheres. On the contrary, each JNP is considered as an in-
dividual object with inhomogeneous chemical behaviour.

The flexibility of the CDS/Brownian dynamics scheme allows us
to study systems with considerable generality, for instance, with-
out restrictions on the morphology of the block copolymer or the
chemical composition of the JNP. For this reason, we will attempt
to consider nanoparticles with very different surface chemistry, in
contrast with previous works in which JNP were mainly compati-
ble 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 homogeneous 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
a degree of richness in the assembly of JNP aggregates is defi-
nitely lost in two dimensions, the basic elements of the JNP/BCP
assembly are captured in 2D, namely, the combination of phase-
separated domains with a given periodicity in the block copoly-
mer, along with the orientational degree of freedom of each JNP.

2 Model

In this section, we introduce a hybrid cell dynamic simulation/
Brownian motion method in which the block copolymer is de-
scribed by differences in concentration, while the nanoparticles
are individually resolved. Therefore, this is a coarse-grained
method that combines a continuous description of the block
copolymer with a discrete consideration of each colloidal particle.
The treatment of the BCP-colloidal coupling differs from previous
works21533 while the two-face character of the JNP is introduced
in a way that is different from previous approaches®#32/ mainly
because our coupling free energy will be shown to involve a vol-
ume (surface, in 2D) integral, as opposed to a surface ( line, in
2D) integral.

The BCP is modelled by the order parameter y(r,7) which is
related to the differences in the local monomer concentration
@4 (r,t) and ¢p(r,r) of block A and B, respectively,

l[/(l‘,t):(PA(I‘,I)—(])B(I'7I)+(1—Zfo) €9

where the composition ratio fy = Na/(Ns + Np) quantifies the

2|  Soft Matter, [yeat], [vol.], 1

overall monomer fraction of monomers N4 over the total amount
of monomers in the system. y(r,) is considered the local
order parameter, which has a value 0 for the disordered-or
homogeneous- state and |y| > 0 for microphase-separated re-
gions.

The time evolution of y(r,r) is dictated by the conservation of
mass, resulting in the Cahn-Hilliard-Cook equation26/37

AL [M }

+n(r,1) )

with M being a mobility parameter and 7 (r,z) being a Gaussian
noise that satisfies the Fluctuation-Dissipation theorem

(ME,om 1)) = —kgTMV*8(r—r')8(t —1') 3)

for which we have used the algorithm given by Ball®8. kzT sets
the thermal energy scale of the system.

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

Fror = Fox + Fepr + Fec 4

where the purely polymeric contribution Fpg is the standard
Ohta-Kawasaki free energy?. In fact, Fyx = F, + Fj, can be de-
composed in short ranged

1
Faly] = [ ar () + DIV )
and long-ranged contribution,
Flw) = 38 [ dr [ a6 )winwir) ©)

with G(r,v) satisfying V2G(r,r’) = —§(r—'),i.e., the Green func-
tion for the Laplacian. This term accounts for the connectivity of
the blocks which differentiates this model from binary mixtures.

The local free energy can be written as*%

1 1 . 1
H(y) = 57w+ 3v(1=2fo) v’ + quy’ )

where ' = —t+A(1 —2f)?, u and v can be related to the molec-
ular structure of the diblock copolymer chain®?. The local free
energy H(y) possesses 2 minimum values, y*/ and y‘/, which
are the values that y(r,r) takes in the phase-separated domains
and correspond to A-rich and B-rich domains. Parameter D in
Equationis related to the interface width, & = /D/7/, between
domains and B in Equation [f] to the periodicity of the system
H o< 1/+/B.

Contrary to the block copolymer described
continuously- JNPs are individually resolved. A suspension of N,
circular colloidal nanoparticles at positions R, in the BCP is intro-
duced by a coupling term in the free energy, which takes a simple
functional form

-which is

N,
Fop[w,{Ri,0:}] = Zlc / dr ye (r=Ry) [w(r.0) = wo(9,)]° (8)
=

with o a parameter that controls the strength of the interaction.
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y.(r) is a function that is attached to each JNP accounting for
the size and shape of the Janus nanoparticle. We will use

1

_( Irl )a
1 (Ref/
with y.(r > R.sr) = 0 because it provides a monotonically de-
creasing function with a vanishing derivative at the cut-off R.
Furthermore, R, sy 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 y,(Ry) = 1/2, identifying the particle size,

which results in R = Ry (1+1/ ln2)1/ ®. Therefore, o controls
the sharpness of the decay of y.(r).

Ye(r)=exp |1— 9

The affinity parameter yy(¢;) in equation |8| represents the
chemical properties of the NP. Contrary to chemically homoge-
neous nanoparticles, the coating of a JNP is anisotropic, taking
two distinct values yy = y or yy = y_ for the negative and pos-
itive side of the JNP. Each Janus nanoparticle has a unit vector
n; that controls the spatial distribution of chemical anisotropy, as
in Fig. |1} pointing into the positive side of the JNP. In order to
characterize the JNP with generality it is useful to introduce two
parameters

Ay =y —yo (102)

1
Vo =5 (W +y-) (10b)

where Ay quantifies the chemical inhomogeneity of the par-
ticle, such that Ayp = 0 describes an homogeneous nanoparticle,
while y describes the mean of the affinity of each side of the JNP,
which is exactly equal to the affinity of a homogeneous colloid.
These two parameters will help to characterize the JNP, while at
the same time are useful to draw comparisons with homogeneous
counterparts to a JNP.

n Y

Fig. 1 Scheme of a modelled Janus nanoparticle. Two chemically distinct
sides appear with regard to its chemical composition, with a unit vector n
pointing into the positive half of the anisotropic nanoparticle.

The colloid-colloid interaction is introduced as a contribution

This journal is © The Royal Society of Chemistry [year]

to the total free energy F,; in equation

FCL»ZZV(I‘jfl‘j) (11)
iJ

where V(r) describes non-overlapping, purely repulsive colloids.
The interaction between colloids is chosen to be independent of
the orientations of a pair of particles n;, n; as the main intention
of this work is to study the interactions between particles that
are mediated by the BCP. A Yukawa-like potential is chosen to
describe the colloidal interaction

exp(1—r/Rip)

V="t r/Ria

1 (12)

with R}, = 2Ry and r being the center-to-center distance.

Colloids undergo diffusive dynamics, described by the Langevin
equation in the over-damped regime. The center of mass of each
colloid R; is considered to follow Brownian dynamics, that is,

vie 1y (f+ 174 /2R T7E ) (13)

with v the friction coefficient, kgT is the JNP thermal energy and
& is a random Gaussian term satisfying Fluctuation-Dissipation
theorem. The coupling force ifp = —V,F,p; accounts for the in-
teraction between the nanoparticle and the BCP medium, while
the colloid-colloid force arises due to the F.. contribution as in
fC = —V,Fp.

The order parameter time evolution presented in Equation [2|is
numerically solved using a cell dynamic simulation scheme4142
on a lattice, for which the laplacian is approximated as %[((X y) —

X] with

1 1
<<W>>:62V’+ﬁ Y v (14)
NN NNN

in two-dimensional systems. NN and NNN stand for nearest-
neighbour and next-nearest-neighbour, respectively, that is, sum-
mation over lattice points around the lattice point y;;. The lattice
is characterized by its spacing a.

Initially, y(r,# = 0) is randomly distributed, corresponding to
a disordered phase. In addition, the initial state for the colloidal
center of masses is a non-overlaping random distribution. The
system is then let to evolve following the dynamical Equations
and until a stationary state is approximately reached. Al-
though a true equilibrium profile can not be assured, the time
evolution of the microphase separation of the diblock copolymer
can be tracked® through (|y(r,7)|) . A typical simulation run of
a system sized 256 x 256 requires a few hours of serial computa-
tional time.

In summary, we use a cell dynamic simulation scheme coupled
with a Brownian description of the time evolution of the parti-
cles. Each JNP interacts with the surrounding block copolymer
via a shape function and a inhomogeneous affinity, which is split
into two parts along the diagonal of the JNP. Each side posses a
different affinity value y; and y_ which we will explore in the
following sections.
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2.1 Relevant order parameters
In order to quantify the different morphologies JNP and BCP give
rise to, we will use a number of order parameters

Nematic order parameter.

In order to characterize the local orientation of each colloid
with respect to the block copolymer domains we consider the
scalar product between the JNP orientation vector and the vec-
tor that is locally pointing normal to the interface of the BCP.

S=<2(P-n)>—1> (15)

with P e Vy, 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 JNP, for exam-
ple, when they form lamella-like arrangements. To this end, we
consider

i 2
Sinter—col =< S;nterfcol >i:1...N,,;Si = Z [2 (ni : nj) - 1] (16)
rij<R*

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

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 =<n;- (ri - rcentre) > (17)

with < * > meaning an average over all particles in a cluster, and
then averaging over all clusters (excluding single-particle clus-
ters). r; represents the position of a particle in a given cluster
while n; stands for its orientation. reenyer is the geometric cen-
ter of the cluster (which is carefully calculated according to the
periodic boundary conditions).

3 Results

We aim to study 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, sim-
ulations®# and experiments#24 have demonstrated that, at high
concentrations, the presence of nanoparticles can induce transi-
tions in the block copolymer morphology. In the rest of this work,
unless otherwise stated, we will use the standard set of parame-
ters for the BCP 79 =0.35,u=0.5.v=1.5,A=1.5,D=1.0,B=0.002
while a radius Ry = 2.0 will be used for the NP, in grid points. The
lattice spacing ag is chosen to be unit. Furthermore, the tempera-
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ture and the friction constant is generally fixed to be T = 1.0 and
No = 0.1.

Firstly, we can assert the segregation and ordering of JNP in a
simple symmetric diblock copolymer mixture with fo = 1/2. In
Fig. |2 we can see the time evolution of a system of N, = 300
JNP with two antisymmetric sides, Ayp = 1 and {p = 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
1, = 10% (top snapshot) an early stage of BCP phase separation
occurs, especially near a nanoparticle, which triggers phase sep-
aration in its vicinity. At r, = 10° (right snapshot) the lamella
structure is well formed, while the JNP are all anchored at the
interface between white and black domains. The orientation is
always normal to the interface, as expected, and can be tracked
in time with the curve of S(z), where we can appreciate the orien-
tational order parameter S > 0 in the late stages of the simulation.
Visually, we can observe that the v red side of the JNP is facing
the white domains.

S(t)

AA.."

t,

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

A cylinder-forming (circle-forming in 2D) asymmetric diblock
copolymer mixture (fy = 0.35) can be mixed with N, = 800 Janus
nanoparticles to assert the assembly of patchy particles at curved
interfaces. The time evolution of an asymmetric BCP (fy = 0.35)
/JNP mixture can be found in Fig. [3] The decrease in the number
of domains can be seen as time evolves, 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, resulting in elongated domains.

Figure [3| shows the number of black domains as a functio of
time, in the case of pure BCP (N, = 0) and homogeneous nanopar-
ticles (Ayy =0, ¥y = 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.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Time evolution of the number of BCP domains, along with several
images of the simulation results. The pure BCP is cylinder-forming (fy =
0.35) while the presence of the JNP favours domain merging.

3.1 Phase diagram of BCP-JNP composites

Generally speaking, a Janus nanoparticle does not interact
equally with each block, for instance, it can be weakly attractive
with one of the blocks while neutral to the other. This behaviour
can be captured by the two affinities of the JNP, or, more suit-
ably, by the differences and mean values of those affinities, Ay
and Vj, respectively, as introduced in equation[I0} In this sense,
Ay = 0 describes a homogeneously coated nanoparticle, while
Wy describes the overall affinity of the colloid. We will analyze
the parameter space in which the Janus properties are dominant.

Figure [4] shows the JNP assembled phases in a low colloidal
concentration,@, = 0.05, such that the block copolymer assembly
is weakly influenced by the presence of colloids. We vary the
mean affinity W, and the inhomogeneity parameter Ayy.

At the bottom of the phase diagram in Fig. [4, we observe the ex-
pected behaviour, as values of the affinity which are close to zero
lead to segregation of nanoparticles at the interface between do-
mains (squares). As Py > 0 increases, colloids are asymmetrically
placed at the interface, up to a point when the colloids detach
from it and segregate towards the centre of the positive domains
(circles). We calculate the distance d from the JNP center of mass
to the closest black domain to determine whether a particle is de-
tached from the interface (d > dy = 3.3) or not. For values yp > 1
the nanoparticles are not perfectly compatible with their hosting
domains and thus free energy minimization leads to aggregation
of colloids (circles + dots). If the number of first neighbors is
larger than 1 we consider that a certain degree of aggregation is
occurring. Negative values of y would show an equivalent be-
haviour in which colloids would segregate to the negative BCP
domains.

As we increase Ay > 0 in Fig. [4] the Janus-like nature of the

This journal is © The Royal Society of Chemistry [year]

particles becomes more dominant. When Janus particles have
an antisymmetric positive/negative anisotropy (that is,when the
two-fold affinity follows y, = —y_ — yp =0 ) the JNPs segregate
to the interface (left-most part of the phase diagram), and the
torque orients them normal to the interface. This occurs as Janus
particles try to minimize the coupling free energy, which is satis-
fied when the positive side of the JNP is placed in the positive part
of the phase-separated lamella. The combination of segregation
to the interface and orientational order is marked in the phase
diagram with an asterisk. Orientational order is characterised by
the nematic-like order parameter, S > 0.5, defined in equation

JNP (Ayp >> 0) with > 0 are not symmetrically placed at
the interface. Instead, we can expect that a small positive value
in Y results in a small displacement of the center of mass of the
JNP into the A 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 A-phase of the BCP.
Nonetheless, the assembly of anisotropic nanoparticles in the A
phase of the block copolymer is distinct from their homogeneous
counterparts. Here, even if the overall coupling energy favours
detachment from the interface, one of the sides of the Janus NP
can be incompatible with the hosting BCP domain. One can con-
sider, for example, a particle with a yy = 1. For a chemically
homogeneous particle, both sides would have had the same affin-
ity, wo = 1, and therefore it would be perfectly solvable into the
A phase of the BCP. Instead, in a Janus NP both sides are intro-
ducing an energetic penalty that leads to distortions into the BCP
profile. This distortion is minimized when particles form close-
packed clusters. In turn, this leads to close-packed clusters of
Janus NP even at relatively lower values of {p, 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, JNP form orientationally-ordered clusters. We
can use the order parameter defined in Equation [17|to quantify
the in-cluster orientation. We consider that clusters with Yy jen: >
0.7 have an internal orientational order, as the normal vectors n;
point into the center of the cluster. These clusters acquire internal
orientational order on top of a close-packed spatial organization.
For instance, in Fig. [4] the positive (red) side of the JNP is facing
the interior of the cluster, which can be related to aggregation in
self-assembly of patchy particles in solvents-1112

In summary, we have identified the regions of phase space in
which the Janus nature of the particles are relevant but also the
different and characteristic assemblies of Janus particles in block
copolymer mixtures. This serves as an introduction to the rich
phase assemble structures that can be formed in BCP-JNP com-
posite system, in the limit of low concentration.

Soft Matter, [year], [vol.], 1 |5
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Fig. 4 Phase diagram of a small concentration of JNPs for different values of Ay vs , as defined in equationsand 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.

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

As we have seen in the previous section, Janus NPs have a strong
tendency to segregate to the interface due to the inhomogeneous
chemical coating on its surface, in which each side is compati-
ble with one block. Chemically homogeneous(Ayy = 0) neutral
(W = 0) NPs also tend to segregate to the interface between do-
mains as they are equally compatible with both blocks. Nonethe-
less, both types of assembly differ considerably, as JNP orient
with n normal to the interface, while neutral nanoparticles are
randomly oriented. We can compare neutral and Janus nanopar-
ticles, as in Fig. where we simulate colloids in a symmetric
diblock copolymer. Here, we find that at low concentration, both
types of particles behave similarly, with neutral NPs segregating
to the interface while only JNP also orient normal to the inter-
face. The block copolymer 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 regimes is
indicative of a well-ordered periodic structure. Nonetheless, we
know from simulations and experiments that interface-segregated
nanoparticles may form bridges across domains. This is a process

6| Soft Matter, [year], [vol.], 1

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 nanoparticles 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.

A similar analysis can be done regarding JNP and neutral NP in
a cylinder-forming block copolymer. Fig. 1 in the Supplementary
information shows that JNPs are less prone to induce unions of
circular domains. In conclusion, JNPs are strongly anchored at
BCP interfaces and also tend to protect the BCP morphology.

3.3 Orientational order vs thermal motion

A JNP with two antisymmetric sides () = 0) is expected to seg-
regate to the interface and, if Ay > 0, to orient with n pointing
normal to the interface, into the positive region of the BCP, as
was found in Fig. This is clearly not true for Homogeneous

This journal is © The Royal Society of Chemistry [year]



Fig. 5 Number of BCP domains as a function of the colloidal concentra-

tion. The block copolymer is symmetric fo = 1/2. Homogeneous (neutral)
and Janus nanoparticles are shown in different curves.

neutral particles, for which no orientational degree of freedom
exists. We can also expect to find a regime of anisotropic particles
in which the Janus-like nature is weak, therefore the Brownian
noise is dominates. We have estimated this in the Supplementary
Information (section 1), and obtained a parameter that controls
the ratio between energetic coupling and thermal motion
Ay 1642 5 5 W

2=t = 2 K VaE s
where y stands for the value of the affinity in the positive side of
the JNP, given that the two-face JNP has y; = yp and y_ = —yy.
Ve, is a the equilibrium value of the BCP order parameter, that
is, the (absolute) value of the BCP profile in the bulk. A, is a
parameter related to the shape of the tagged function y, that is
defined in the Supplementary Information Section 1.

We can compare this with simulations, exploring different val-
ues of the temperature (0.1 < kgT < 5) and different degrees of
anisotropy (0.01 < Ay < 5). Fig. [6] shows the curve of the ori-
entational order parameter S with a single parameter . We can
see that the points approximately align into a single curve. The
lack of total order at y >> 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 y < 1 the thermal com-
ponent of the Brownian motion is dominant, and so we find that
disorder dominates S ~ 0. As opposed to the right-most region, in
which the coupling is much stronger than the random fluctuation
(S > 0). These results can be related to SCFT/DFT simulations by
Wang et al??, where the order parameter S grows monotonically
with the size of the JNP.

(18)

3.4 Co-assembly of JNP in BCP

In previous sections we have mostly considered a lamellar-
forming symmetric block copolymer by fixing fy = 1/2. Nonethe-
less, we can consider the effect of Janus NP in a general case,
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Fig. 6 Orientational order parameter S of the JNP with respect to the
BCP interface. Each point represents a different value of yy and kgT
resulting in an ordered (S > 0) or disordered (S ~ 0) configuration.

exploring the composition parameter f; to assert the effect that
a JNP with a fixed chemistry will affect the equilibrium profile
of a BCP/JNP system. Thus, we are studying the complementary
case to Fig. |4} where for a fixed block copolymer we asserted the
different JNP chemical surfaces.

The BCP morphology can be studied by exploring the A to B
monomer fraction fj, while the importance of the JNP is charac-
terized by the fraction of particles present in the system ¢,, as
shown in Fig. The phase of the BCP system is characterised
as circular domains (circle) or lamellar (squares). We have per-
formed additional simulations without particles to establish the
reference phase-behaviour of the block copolymer. At low ¢, 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 (|fy — 1/2| > 0.05). Due to
this increase in the interface, a circular-to-lamellar phase is ob-
served (blue circles to squares). At even higher surface fractions,
the lamellar domains are broken to accommodate a larger num-
ber of colloids into newly created interfaces. If the number of
particles is increased, the BCP intrinsic order is destroyed, thus
the system becomes totally occupied by a single percolating array
of JNP. Due to an effective interaction mediated by the surround-
ing block copolymer, the JNPs tend to orient side-to-side, with
vectors n; -n; ~ 1 for two neighboring particles.

Figure |7] has shown the effect that perfectly antisymmetric
(¥ = 0) JNPs produce on an arbitrary morphology of BCP.
Nonetheless, we can extend this study to off-center Janus col-
loids. As we have seen in Fig. |4} such colloids can be detached
from the interface or form orientationally-ordered clusters. We
can consider a rather extreme case Ayy = 1.0 and @y = 1.0. Each
side of the JNP has an affinity y_ = 0.5 and y; = 1.5. The neg-
ative side (in fact in this case it is positive) is weakly compatible
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with white block as minority phase; red circles o for cylindrical phase with black block as minority phase; black squares for lamellar phase. Furthermore,
a black cross x represents points in which the interparticle orientational order parameter is larger than 0.1.

with the interface, while the positive side is strongly incompatible
with all phases, but still preferentially compatible with the posi-
tive phase (because y; > 1). Simulations32 have shown that this
incompatibility is resolved by clustering of nanoparticles, which
reproduced experimental results4Z.

In Fig. |8l we study a range of f; values of the polymeric chain
ratio and the fraction of particles in the system. Initially, at low
particles concentration, JNPs are simply segregated within the
BCP without inducing any transformation in their hosting do-
mains. 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 ’positive’ side of the JNP
minimises the coupling free energy by creating clusters, but the
v value is not high enough to create more than a few weakly
linked coupled particles. In both cases the thermal motion domi-
nates.

In the region fy < 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
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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.
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 (£, > 0.5)
JNPs are compatible with the minority phase. Therefore, an ad-
ditional effect of constrained has to be taken into consideration.
Furthermore, JNPs are segregated into the positive BCP domains,
therefore inducing a CYL — LAM phase transition (see the circle
to square transition and the enhanced square region in the phase
diagram). Because of this constrain, JNPs are highly organized
forming sheets or bilayer (snapshot top-left) or 4-layers (snap-
shot top-right). In both cases defects are strongly correlated with
BCP defects.

In Fig. |§| (a) we have simulated an initially-ordered BCP. By do-
ing so we can examine the long-range JNP order in the absence
of curved interfaces. JNPs are placed in the nodes of a triangu-
lar lattice, which suggests a close-packed arrangement of colloids
within the white phase. In 3D, we would expect to observe a bi-

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 Phase behaviour of the BCP in the presence of a concentration ¢, of Janus Nanoparticles with §, = 1.0 and Ay, = 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.

layer of JNPs in a 2D sheet with a thickness roughly corresponding
to 4Ry. In Fig. |§| (b) a simple scheme of the used JNP is shown
while in Fig. El (c) the configuration is shown. This colloidal
configuration is mediated by the block copolymer coupling that
leads to highly ordered colloidal assembly. In summary, we have
found a translational and orientationally ordered JNP configura-
tion which is a consequence of BCP asymmetry (fy # 1/2) and a
precise choice in the JNP inhomogeneity. Indeed, the BCP under-
goes a phase transition towards a lamellar morphology, while the
JNPs self-organize into lamellar-like arrangement.

4 Conclusions

We have used a hybrid cell dynamic simulation/Brownian dynam-
ics method to study the dynamics and equilibrium properties of a
system of Janus Nanoparticles in a diblock copolymer mixture. A
combination of segregation, orientation and aggregation of par-
ticles within the mixture leads to a rich variety of assemblies,
ranging from the expected interface-compatible antisymmetrical
JNPs, to aggregation of colloids within one phase, in close resem-
blance with JNP suspended in a single solvent. In our study the
Janus-like character of the particles has been explored ranging

This journal is © The Royal Society of Chemistry [year]

from completely Homogeneous particles, to particles 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 results?®. The particles are found to orient
normal to the interface between domains, with the A-compatible
side pointing into the A-rich domain. Furthermore, JNPs are less
prone to form bridges along BCP domains. These two proper-
ties are related, as JNPs are less likely to escape the interface and
connect 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
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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).

its thermal motion. As has been shown, the BCP lamellar texture
is also strongly dependent on the anisotropy of the particle.

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 environment4Z, 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 fy 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
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

10| Soft Matter, [year], [vol.], 111]

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 nanorods=.

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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