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Janus nanoparticles possessing two spherical caps usually exhibit strong interfacial affinity, providing
the possibility to create nanocomposites with controlled arrangement of nanoparticles. Here we
extended the self-consistent field theory/density functional theory to study the position of the Janus
nanoparticles in block copolymer scaffolds. The results demonstrated that the Janus nanoparticles
exhibit a size-dependent distribution and orientation in block copolymer scaffolds. The smaller Janus
nanoparticles are almost uniformly dispersed in the matrix, while the larger Janus nanoparticles are
strongly attached to the interface. Meanwhile, the orientational order parameters of the Janus
nanoparticles increase with increasing their sizes. The relative size of the spherical caps also shows a
pronounced effect on the Janus nanoparticle distributions. As one of the spherical caps becomes
smaller, the Janus nanoparticles partly migrate to the domains preferred by the larger spherical caps,
but still remain strongly attached to the interface. The present study can provide an insight into the
effect of size on the interfacial activity of the Janus nanoparticles, guiding the design of functional
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materials with advanced properties.

Introduction

The combination of organic block copolymers and inorganic
nanoparticles is able to yield a nanocomposite with cooperative
properties.! Block copolymers can be harnessed as scaffolds to
position nanoparticles into ordered arrays with hierarchical
controlled size, particle density, and spatial location.””’
Meanwhile, the unique optical, electric, and magnetic properties
of nanoparticles can add significant functionality to such hybrid
nanocomposites, creating novel functional materials which may
find applications in solar cells, photonic crystals, and high-
density magnetic storage media.®'® To achieve materials with
advanced properties, control of the precise position of the
nanoparticles is essential. Of particular interest is controlling the
assembly of nanoparticles at the interface between different
domains of block copolymers. The Janus nanoparticle constitu-
tes an ideal particle for achieving this purpose due to its high
interfacial activity.

Janus nanoparticles, named after Roman God “Janus”, are
compartmentalized colloidal particles comprised of two surface
regions with different chemistry or polarity.!! Recent develop-
ment of chemical synthetic methods has permitted access to
Janus nanoparticles with various geometries, including Janus
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spheres, Janus discs, and Janus cylinders.'”>”'” Besides the
synthesis, the Janus nanoparticles aroused great interest in
finding their applications in modern materials and bio-related
fields, etc. One of the initial applications is using the so-called
Pickering effect for Janus nanoparticles with amphiphilicity.'s!?
In a Pickering emulsion, the amphiphilic Janus particles might
behave like surfactant molecules to adsorb at the water/air
interface, forming a monolayer that de Gennes described as
“skin that can breathe”.?® Although the Janus nanoparticles
tend to be adsorbed at the interface, their ordering in block
copolymer nanocomposites is usually not so simply controlled.
The ordering of Janus nanoparticles is determined by the
complex competition of enthalpic and entropic effects, which is
tuned by controlling the size, shape, and affinity of nanoparti-
cles.

Several publications have appeared concerning the positioning
of Janus nanoparticles in polymer blends and block copolymers.
For example, Miiller ez al. used the Janus nanoparticles for the
blend compatibilization of two polymers.?! It is shown that the
Janus nanoparticles are exclusively located at the interface of the
two polymeric phases despite of the high temperature and shear
conditions. Although the Janus nanoparticles have a tendency to
stick to the interfaces, the equilibrium position of Janus
nanoparticles is also influenced by the factors such as the
affinity and surface composition of Janus nanoparticles. Favis
et al. investigated the effect of the affinity of Janus nanoparticles
and found that the Janus nanoparticles consisting of polystyrene
(PS) and poly(methyl methacrylate) (PMMA) spherical caps
incline to locate at polypropylene (PP) domains due to the
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stronger affinity between PS and PP.'® Kim er al. studied the
influence of the surface compositions on the distributions of the
Janus nanoparticles created by the gold nanoparticles coated
with mixed PS and poly(2-vinylpridine) (P2VP) brushes within
PS-b-P2VP block copolymers. It was found that the Janus
nanoparticles move away from the center of the PS domain to
interfaces through varying the PS composition on gold surface.?

Compared to the experiments, theoretical calculation and
computer simulation can provide a more comprehensive under-
standing of the polymeric composites filled with the Janus
nanoparticles. Kim and Matsen developed a self-consistent field
theory with a multi-coordinate-system scheme to study the
polymer-coated nanoparticles in lamellar scaffold.>* They not
only observed the phenomenon consistent with the experiments
carried out by Kim ez al.,”> but also provided the underlying
mechanism involving the transformation of polymer-coated
nanoparticles into Janus particles. In addition, Yan et al. have
carried out a mesoscale simulation to explore the geometrical
effect on the self-assembly of Janus nanoparticles in block
copolymers, which seems hardly systemically investigated in the
experiments due to the difficulty in synthesizing Janus nano-
particles with different geometries but same chemical nature.**
The results show that the geometry of Janus nanoparticles
dominates the interfacial stabilization of the nanoparticles and
kinetic pathway for structural evolution of the nanocomposites.
Despite these studies, establishing more detailed knowledge
regarding the effect of Janus nanoparticle natures on their
positions in block copolymer scaffold is still required for creating
nanocomposites with desired structures. For example, until now,
how the size of Janus nanoparticles influences the nanoparticle
distributions in nanocomposites is still not well understood.

We therefore undertook an investigation on the positioning of
the Janus nanoparticles in block copolymer scaffolds, in the
framework of self-consistent field theory/density functional
theory (SCFT/DFT) developed by Thompson et al.?® 3> It was
discovered that the nanoparticle size plays an important role in
determining the distributions of the Janus nanoparticles in block
copolymer scaffold. Larger Janus nanoparticles are found to be
strongly attached to the interface. However, when the Janus
nanoparticles are smaller or one spherical cap becomes smaller
than the other one, they are able to migrate from the interface to
the domain of block copolymers. The present study mainly
endows us with insight into the size effect of the Janus
nanoparticles in nanocomposites, and would provide valuable
information for designing structure-controlled hybrid nanocom-
posites.

Theoretical method

SCFT is a powerful tool for investigating the equilibrium phase
behavior of complex fluid.>*** Recently, Thompson et al.
developed a SCFT method for studying the nonpolymeric
systems such as the nanoparticle system, hard-rod system, and
N, system, through combining the DFT theory.>>® In what
follows, we extended the SCFT/DFT method for calculating the
phase behavior of the Janus nanoparticles in block copolymer
scaffolds.

The system considered is composed of 7y Janus nanoparticles
positioned in a diblock copolymer melt. The Janus nanoparticle

is constructed by connecting two different spheres, JA and JB, as
shown in Fig. 1. This Janus nanoparticle looks like a dumbbell
or snowman, and it is one kind of standard model often found in
the literature.*** The radii of JA and JB are Ry and Ryg,
respectively (Ryja = Rjp). The distance between the centers of
two spheres is Rj5. The concentration of Janus nanoparticle is cj.
The polymerization degree of AB diblock copolymers is N. The
volume fraction of A blocks in diblock copolymers is f5, and
thus the volume fraction of B blocks fg = 1 — fa.

Within the SCFT, the free energy density of the present system
is given by

NF 1 1
W B ;Jdr iu,ﬁzzgm,m ZapVa(x) 65 (r)
a#p
- Z @y (1), (1) — Z Wy (r)p,(r)
a=A.B a=JAJB (1)
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where the Flory-Huggins parameters . represent the interac-

tion between o and P species. QJ:Jdndrexp{—[wJA(r)-i-
oyp(r+nRys)]} is the partition function for a single Janus

nanoparticle, and Qc = [drq(r,l) is the partition function of a
single diblock copolymer chain. y, (¢ = JA, JB) is the sphere-to-
diblock volume ratio. The propagator ¢(r,s) represents the
probability to find s segment at position r, where r is rescaled by
R, (Rg:a\/fv_ V/6). The propagator ¢(r,s) and backward propa-
gator ¢(r,s) satisfy following diffusion equations

0
—q(r.5) = RgV?q(r.5) — 0, (r)g(r.s)
0s
3 2
- gQ(rss) = RgVZQ(rss) — Wy (l’)z](l’,s)
Here, o = A when s € [0,fa], and o« = B when s € [fa,1]. The
initial conditions are ¢(r,0) = 1 and g(r,1) = 1, respectively.

4x —3x?
The hard sphere term (x) has the form of Y(x)= ﬁ
- —Xx

The “weighted”” nonlocal volume fraction ¢(r) is given by

Rja

(a)

Fig. 1 Sketches of the Janus nanoparticles with (a) equal and (b)
unequal spherical caps in SCFT/DFT calculations.
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The densities for A block, B block, J, sphere, and Jg sphere
are given by

$o(r)= “‘Qﬂj dsq(r5)q(rs)  a=AB  (6)
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where the weighting factor W(r) satisfies
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W(r)= 8
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Here, the o is chosen to be the maximum value of |r’|. The
prefactor C enforces the normalization condition

Jer(r) =1 ©9)

Minimization of the free energy F with respect to ¢.(r)(a =
A,B), p,(r)(z = JA,JB), and &(r) yields the following mean-field
equations,
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To find the numerical solutions of the SCFT equations, we
adopted a variant of the algorithm developed by Fredrickson
and co-workers.***” The calculations were performed in a two-
dimensional space. The initial random fields that satisfy the
Gaussian distributions were first used to seek the structures, and
then the “‘seeding” initial fields were adopted to obtain the
defect-free configurations.*® Therefore, the box for the calcula-
tions from initial random fields is larger (25.6R, x 25.6R, in 256

x 256 lattices), while the box for the calculations from “‘seeding”

initial fields is usually a unit cell. The spatial resolutions were
taken to be smaller than 0.1R, and the contour was discretized
with 100 steps. The diffusion eqn (2) were solved with the Baker—
Hausdorff operator splitting formula proposed by Rasmussen
et al.,***® and the eqn (4) and (5) were solved by Gaussian
quadratures. The potential fields w,(r) and pressure filed &(r)
were updated by means of a two-step Anderson mixing
scheme.>>2 The iteration continues until the relative accuracy
in the field is smaller than 10~ ¢ and a condition of incompres-
sibility is achieved. To guarantee that the observed morphologies
are stable, the free energy was minimized with respect to the sizes
of the simulation box, as proposed by Bohbot-Raviv and
Wang.>?

Results and discussion

In this work, we investigated the location of the Janus
nanoparticles in block copolymer scaffolds, under the influence
of the Janus nanoparticle sizes. To generate a lamellar scaffold, a
symmetric diblock copolymer (fo = 0.5) was adopted. Without
specification, the Janus nanoparticles studied bear two spherical
caps that are identical in size but opposite in chemical nature
(Fig. 1a); that is, one spherical cap is preferentially wetted by the
A blocks, while the other is similarly wetted by the B blocks. To
achieve such natures, the interaction strengths between the A (B)
blocks and JA (JB) spherical caps were set as yajaN = ygjpN =
0, and the interaction strengths between the dissimilar species
were set as yajpN = yrjalV = yaN = 20. For the cases of Ry =
Rjp, a unified Rj is used to represent the radius of each spherical
cap.

Effect of overall size of Janus nanoparticles

The calculations were performed for the Janus nanoparticles
with various sizes of Ry. Fig. 2a shows the distributions of the
center of the Janus nanoparticles in the lamellar structures. In
the figure, the top image shows the corresponding two-
dimensional structures of block copolymers, where the red and
blue domains are the A and B domains, respectively. The z/D = 0
and z/D = 1.0 correspond to the middle of the B domain. When
the Ry is smaller (0.2 and 0.4), the Janus nanoparticles exhibit an
almost uniform distribution. The enlargement of these distribu-
tions, as presented in the insert, shows that the distributions tend
to exhibit small peaks both at the interface and in middle
domain. With increasing Rj, the peaks in middle domains
disappear, while the peaks at the interface become evident. In the
middle domain, the density of nanoparticle center decreases as
the Rj increases. At the larger Ry, the distributions exhibit sharp
peaks at the interface, implying that the Janus nanoparticles are
firmly anchored to the interfaces. Since the volume of the Janus
nanoparticles changes with increasing the R;, the density
distribution of the Janus nanoparticles should show some
difference. The result is shown in Fig. 2b. In Fig. 2b, only the
density of the JA spherical caps was presented due to the
symmetry of the Janus nanoparticles. As shown in Fig. 2b, the
density distributions are almost uniform at smaller R;. From the
insert of Fig. 2b, we can see that the peaks at the interfaces
interfere with each other. With increasing the Rj;, the peaks
become more overlapped, resulting in a single-peaked distribution
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Fig. 2 (a) Density distributions of the Janus nanoparticle centers as a
function of the displacement z/D normal to the lamella at various
nanoparticle sizes R;. The density p(z) is normalized by the mean density
of the particle centers. (b) Density distributions of the JA spherical caps
as a function of the displacement z/D normal to the lamella at various
nanoparticle sizes Ry. The z/D = 0 and z/D = 1.0 correspond to the
middle domains rich in the B blocks. The top images show the
corresponding two-dimensional structures, where the red and blue
regions are assigned to domains rich in A and B blocks, respectively.

in the middle domains at the larger value of Rj. These results
demonstrate that although the Janus nanoparticles stick to the
interfaces, their densities may show a primary distribution in the
middle domain due to their large volumes.

In addition to the displacements, the orientational ordering of
the Janus nanoparticles is also influenced by the size of the Janus
nanoparticles. This influence can be readily observed by
examining the angular distribution pg of the Janus nanoparticles.
The angular distribution pg is defined as the normalized volume
fraction of the Janus nanoparticles at angle 0, where the 0 is the
angle between the orientation direction (normal to the JA/JB
interface and point to the JA spherical cap) and the direction
normal to the lamella (point to the B domain). The definition of
0 can be viewed from the inset of Fig. 3. Fig. 3a shows the
angular distribution pg as a function of the position z/D for the
Janus nanoparticles (Ry = 0.6R,) in the lamellar scaffold. The z/
D =0 and z/D = 0.25 correspond to the interface and middle A

z=02z=0.25

2.0

0.34| (b)
0.32}
» 0.30}
0.28}
0.26 | Interface —=>  Mid-Domain

0.00 005 040 015 020 025
2D

Fig. 3 (a) Volume fractions pg of the Janus nanoparticles at various
angles 0 as a function of the displacement z/D normal to lamella. The
parameter is Ry = 0.6R,. The insert at the top right corner shows the
sketch of the definition of angle 0 (noting that for the intuitional
illustration the schematic Janus nanoparticles are spherical, although the
SCFT model looks like a dumbbell). (b) Order parameters S as a function
of the displacement z/D normal to lamella. The z/D = 0 and z/D = 0.25
correspond to the interface and middle A domain, respectively.

domain, respectively. As shown in Fig. 3a, the angular distribution
is narrower at the interface (z/D = 0). The highest volume fraction
of the Janus nanoparticles appears at 6 = r, indicating that each
spherical cap of the Janus nanoparticles is mainly distributed at
their preferential domains and along the direction normal to the
interfaces. As the position moves from the interface to the middle
domain, the angular distributions become broader. In the middle
domain (z/D = 0.25), the angular distributions are nearly uniform.
Using the information given in Fig. 3a, we can calculate the
orientational order parameters of the Janus nanoparticles.

The order parameter is given as S =(3<cos2 0>—1) /2, where
21 21

{cos? 9>=J cos” 0pyd0 pod0. The result is presented in
0

Fig. 3b. As ghown in Fig. 3b, the order parameter S first decreases
slowly and then decreases rapidly, when the position z/D moves from
the interface to the middle domain. Notably, the order parameter
only shows a slight change in the range of z < 0.05D. This range is in
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accordance with the order of one half of interfacial width, which
implies that the Janus nanoparticles at the whole interface retain an
almost identical higher orientation.

The effect of the nanoparticle size on the angular distribution
and orientational ordering of the Janus nanoparticles can be
further viewed from Fig. 4. The results provided are restricted to
the situation at the interface. As shown in Fig. 4a, the angular
distributions are nearly uniform as the nanoparticle is smaller.
With increasing the R;j, the angular distribution becomes
narrower. At much larger values of Ry, the angular distributions
exhibit a sharp peak around 0 = m. The results reveal that the
Janus nanoparticles become more highly-oriented as the
nanoparticle size increases. This can also be found from the
calculation of the order parameters. As shown in Fig. 4b, the
order parameter S first slowly increases to about 0.3, then
rapidly increases to about 0.8, and finally slowly increases to
about 0.88, as the R; value increases. From these results, we
learned that the Janus nanoparticles at the interface are freely
oriented at smaller size and highly oriented at larger size.

The change of the displacement and orientation of the Janus
nanoparticles has a marked effect on the lamellar spacing. Fig. 5
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Fig. 4 (a) Volume fraction py of the Janus nanoparticles at the interface
as a function of the angles 0 at different sizes of the Janus nanoparticles.
(b) Order parameters of the Janus nanoparticles at the interface as a
function of the nanoparticle size Rj.
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Fig. 5 Lamellar spacing D/R, as a function of the size R; of the Janus
nanoparticles.

shows the lamellar spacing as a function of the size of the Janus
nanoparticles for the Janus nanoparticles in lamellar scaffold. As
shown in Fig. 5, the response of the lamellar spacing to the
variation of the nanoparticle size is complicated. At smaller
values of Ry, the lamellar spacing is about 3.78R,. As the R;
increases to 0.4R,, the lamellar spacing is almost unchanged.
With further increasing the Rj, the lamellar spacing somewhat
decreases and then increases rapidly. When the size of the Janus
nanoparticles increases to 1.1R,, the lamellar spacing shows
another decrease and subsequently increases. To clearly view
such changes of the lamellar spacing, we provided the
representative sketches of the nanocomposites at different stages
of Ry (see the insets of the Fig. 5). From above results, we can see
that the first decrease of the lamellar spacing occurs when the
Janus nanoparticles tend to migrate from the middle domains
(see also Fig. 2a), and the second decrease appears when the
density of the JA spherical caps are overlapped into a single peak
(see also Fig. 2b). When R; =~ 1.2R, (second decrease), the
lamellar spacing (4.08R,) is nearly equal to 4R; minus the
interfacial width ~0.9R,, implying that almost all the Janus
nanoparticles at the interface are overlapped with the Janus
nanoparticles at the neighboring interface.

The variation of the Janus nanoparticle distributions as a
function of the nanoparticle size can be understood by
considering the complex interplay of enthalpic and entropic
effects. For ease of understanding, we classified the distribution
of the Janus nanoparticles in block copolymer scaffolds into
three modeled states, which are illustrated in Fig. 6. First, when

(a) Translational Entropy

(b) Polymeric Entropy (c) Interaction Enthalpy
Fig. 6 Sketches of three different distributions of the Janus nanopar-
ticles in the block copolymer scaffolds: (a) distribution favored by
translational entropy, (b) distribution favored by polymeric entropy, and
(c) distribution favored by interaction enthalpy.
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the translational entropy of the Janus nanoparticles dominates
the behavior of the systems, the Janus nanoparticles prefer to
disperse uniformly, as shown in Fig. 6a. The Janus nanoparticles
may be freely oriented to shield the unfavorable spherical caps
from the domain through forming micelles.* This is the main
case for smaller Janus nanoparticles. Second, when the
polymeric entropy is dominant, the Janus nanoparticles may
be located in the central domains, as shown in Fig. 6b. In this
case, the stretching required by the polymer to circumvent the
Janus nanoparticles can be effectively reduced. This may be the
reason that the distribution of nanoparticle centers shows a peak
in the middle domain at smaller size. Third, when the interaction
enthalpy determines the position of the Janus nanoparticles, the
Janus nanoparticles tend to be attached to the interfaces, as
shown in Fig. 6¢. Such a distribution can give rise to a decrease
of the interaction between dissimilar blocks but higher config-
urational entropy losses of the block copolymers. This is the case
for the larger Janus nanoparticles.

Based on the above analysis, we speculated that the migration
of the Janus nanoparticles from uniform state to the interface
with increasing the nanoparticle sizes can effectively reduce the
interaction enthalpy, accompanied by a sacrifice of the polymeric
entropy and translational entropy. To prove this hypothesis, we
decomposed the free energy into five contributions, including the
enthalpy Up/nkgT between the A and B blocks, the enthalpy Up,/
nkpT between the Janus nanoparticles and block copolymers, the
configurational entropic loss —Sp/nkg of the diblock copoly-
mers, the translational entropic loss —Sjt/nkg of the Janus
nanoparticles, and the steric entropic loss —Sjs/nkg of the Janus
nanoparticles, to examine the enthalpic and entropic changes.

In Fig. 7, the enthalpic and entropic contributions to the free
energy are plotted as a function of the Janus nanoparticle sizes.
As shown in Fig. 7a, the interaction enthalpies Up/nkgT and Up;/
nkgT decrease, while the configurational entropic loss —Sp/nkg
increases, as the size of the Janus nanoparticles increases.
Meanwhile, the translational entropic loss —Syr/nkp of the Janus
nanoparticles shows an increase, as the Ry increases (Fig. 7b).
These results are in good agreement with our hypothesis that the
migration of the Janus nanoparticles from uniform state to the
interface with increasing the Rj decreases the interaction
enthalpy and increases the losses of configurational entropy
and translational entropy. In addition, it was found that the
steric entropic loss —Sys/nky of the Janus nanoparticles decreases
as the size increases, due to the reduced number density of the
Janus nanoparticles (inversely proportional to cubic size). It
should be noted that, when the R; increases from 1.1R, to 1.2R,,
the Up/nkgT and —Sp/nky show an increase and a decrease,
respectively. This may be due to the high overlap of the Janus
nanoparticles in the middle domains (Fig. 2b).

Effect of relative size of two spherical caps

The above calculations were performed for the Janus nanopar-
ticles with equal spherical caps in size. In addition to the overall
size of the Janus nanoparticles, the change of the relative sizes of
two spherical caps (see Fig. 1b) can also cause the distribution
changes of the Janus nanoparticles. A representative result is
presented in Fig. 8, for the center density distributions and order
parameters of the Janus nanoparticles with fixed size of JA

spherical cap (Rya = 1.0R,) and varying sizes of JB spherical cap
in the block copolymer scaffold. In the figures, z/D = 0 and z/D =
0.5 correspond to the middle B domain and middle A domain,
respectively. As shown in Fig. 8a, the Janus nanoparticles are
located near the interface when Rjg = Rja = 1.0R,, because of
their higher interfacial activity. With decreasing the R;g, the
Janus nanoparticles move away from the interface into the
domains preferred by the JA spherical caps. When the Rjp is
smaller, this trend becomes more pronounced. Moreover, the
position at which the maximum density of the nanoparticle
center appears shifts from the interface to the preferred A
domain, as the Ryp decreases. However, the Janus nanoparticles
still remain strongly attached to the interface as the Ryg changes.

These results are in qualitative agreement with the experi-
mental observations reported by Kim et al They prepared
gold nanoparticles coated with mixed ligands of PS and P2VP in
PS-b-P2VP block copolymers.”?> The two mixed ligands can

1.8+ (a)

y
[ O G §
N A O

1.0}

—o-U Jnk T
8 -o0--S./nk,
~A-U, Jnk T

Enthalpy & Entrop

02 04 06 08 10 1.2 14
R

J

02 04 06 08 10 12 14

R

J

Fig. 7 (a) The contributions of interaction enthalpy Up/nkgT between
the Janus nanoparticles and diblock copolymers, Up/nkgT between the
dissimilar diblocks, and configurational entropic loss —Sp/nkg of the
diblock copolymers to free energy as a function of the size of the Janus
nanoparticles. (b) The contributions of the translational entropic loss
—Syr/nkyg and steric entropic loss —Sys/nkg of the Janus nanoparticles to
free energy as a function of the size of the Janus nanoparticles.
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Fig. 8 (a) Density distributions p(z) of the Janus nanoparticle centers as
a function of the displacement z/D normal to the lamella for the Janus
nanoparticles with various Rjg. The density p(z) is normalized by the
mean density of the particle centers. (b) Order parameters as a function
of the displacement z/D normal to the lamella for the Janus nanoparticles
with various Ryg. The Ry, is fixed as 1.0R,. The z =10,z =0.25, and z =
0.5 correspond to the middle B domain, interface, and middle A domain,
respectively.

segregate into opposite spherical caps to form the Janus
nanoparticles. It was found that the positions of such Janus
nanoparticles shift from the interface between PS and P2VP
domains to the center of the PS domains by increasing the
fraction of PS from 0.80 to 0.92. It should be noted that the
P2VP spherical caps become smaller than PS spherical caps with
increasing the PS fraction from 0.80 to 0.92. Consistent with the
experimental observations, in our study, the Janus nanoparticle
are also found to move away from the interface into the
polymeric domains as one spherical cap becomes smaller than
the other one. This result also agrees with recent theoretical
results reported by Kim and Matsen that the Janus nanoparticles
shift to the appreciated domain centers as the compositions
deviate from the symmetry composition, by implementing a
SCFT which is different from the present SCFT/DFT methods,
with a multi-coordinate-system scheme.?® They predicted that
the particle distributions are more localized at/near the interface
than in the domains, as also shown in Fig. 8a.

Fig. 8b shows the effect of the relative sizes of the spherical cap
on the orientational order parameters of the Janus nanoparticles.
For equal Ry and Rja, the order parameters are symmetric
about the interface (z/D = 0.25). The order parameters persist at
higher values for broad range of z/D, and decrease when
approaching the central domains. When the R;p decreases, the
order parameters become asymmetric about the interface. The
maximum order parameters appear in the B domains, where the
smaller JB spherical caps prefer. In addition, the order
parameters decrease more rapidly when the position increases
from about z/D = 0.1. Such a phenomenon can be explained as
follows. The Janus nanoparticles are able to form micelles (lower
orientational order parameter) in order to shield the spherical
caps from their dissimilar domains.>* In the polymeric domain,
the Janus nanoparticles with smaller dissimilar spherical caps
easily form micelles that are covered by larger similar spherical
caps, and vice versa. As a consequence, the order parameters for
the Janus nanoparticles with smaller Ryg decrease rapidly in/near
the A domain, and remain a higher value in the B domains.

While turning our attention to the Janus nanoparticles with
larger sizes (Rya = Rjp), we discovered an interesting phenom-
enon as the interaction strength between the Janus nanoparticles
and block copolymers is higher than that between the A and B
blocks, i.e, yajsN = ypjaN > yapN. Fig. 9a shows the structures
obtained for the Janus nanoparticles with yaygN = ygjaN = 30 in
the block copolymer scaffolds with yagN = 20. As shown in
Fig. 9a, the Janus nanoparticles are segregated at the interface of
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Fig. 9 (a) Equilibrium structures formed by the Janus nanoparticles
with Ry = 1.4R, in symmetric diblock copolymers. The interaction
strengths are yajgN = ypjaN = 30 and yapN = 20. (b) One-dimensional
density profile of total A and B blocks as a function of the displacement
z/D normal to lamella. (c) Sketch of a ferrochemical material containing
the dipolar Janus nanoparticles and block copolymers, where the Janus
nanoparticles are lined up in a ferro-like arrangement. (d) Sketch of the
materials without ferrochemical properties, where the polarity was
counteracted at macroscopic length scales due to the centrosymmetric
distribution of the dipolar Janus nanoparticles.
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the block copolymer scaffold, forming a hierarchical cylinder-in-
lamella structure. Moreover, the Janus nanoparticles are only
anchored at one selective interface between the A and B domains
and line up into a ferro-like arrangement, different from the case
in Fig. 2. In fact, the cylinder-in-lamella only appears when the
size of the Janus nanoparticles is larger, and the Janus
nanoparticle distributions at the interface can change back into
the homogeneous states as the nanoparticle size decreases.

At this point, it should be mentioned that the excluded-volume
effect may be not treated very accurately in the SCFT/DFT
method, since the present method allows the polymers to
penetrate the space occupied by the Janus nanoparticles.
However, from the Fig. 9b, we found that the polymer density
in the particle centers is very small, implying that the polymers
are almost excluded from the Janus nanoparticles. From this
viewpoint as well as the consistency with available findings, we
rather think the present calculations can capture the essential
feature of the self-assembly of Janus nanoparticles in block
copolymer scaffolds. Indeed, a more accurate treatment of the
excluded-volume effect may further improve the prediction
power of the method. Recently, Kim and Matsen proposed a
SCFT approach for studying the positioning of Janus nanopar-
ticles in block copolymer scaffolds, by treating the nanoparticles
as an impenetrable spherical particle.”® Therefore, the exclude-
volume problem was overcome in their approach. However, their
approach ignored the particle—particle interactions, since an ideal
gas limit was assumed. This has limited a further study for multi-
particle systems. In contrast, the present SCEFT/DFT approach is
suited for the study of the multi-particle system. To solve both
these problems, ie., excluded-volume and multi-particle pro-
blems, a development of new approach is required in future. For
example, the approach can be developed by treating the particles
as rigid bodies with smooth profiles and solving the equations of
motion that couple the hydrodynamics and rigid-body dynamics
(or as in the work carried out by Sides et al.).>>® This will be a
future topic for predicting the behavior of Janus nanoparticles
more accurately.

Another aspect we have to mention is that, although the
present work is focused on the lamellar scaffolds of the block
copolymers, the morphology of the block copolymer scaffolds
should have an effect on the distributions of the Janus
nanoparticles, especially for the Janus nanoparticles with larger
sizes. For example, for cylindrical scaffolds formed by the block
copolymers, the symmetric Janus nanoparticles may not stick to
the interface, because the Janus nanoparticles become easily
overlapped in the minor cylindrical domains and the exclude-
volume effect would drive them away from the interface (or even
a morphological transformation).

The nanocomposites with the structures shown in Fig. 9a may
be applied to the design of ferrochemical materials with
interesting nonlinear optical, ferroelectric, or ferromagnetic
properties.”” In the noncentrosymmetric structures shown in
Fig. 9a, the Janus nanoparticles line up side by side into a ferro-
like arrangement along one direction, as illustrated in Fig. 9c. As
a result, the macroscopic materials can exhibit ferroelectric/
ferromagnetic properties if the electric/magnetic dipoles are
carried by the Janus nanoparticles. However, such ferrochemical
materials can only be prepared from nanocomposites with larger
Janus nanoparticles. When the Janus nanoparticles are smaller,

the distribution of Janus nanoparticles becomes centrosym-
metric. In this case, the Janus nanoparticles stack in a head-to-
tail/antiferro-like arrangement in every structural period, and
therefore the polarity is counteracted at macroscopic length, as
illustrated in Fig. 9d. This results in a macroscopic material
without ferroelectric/ferromagnetic properties. We here offered a
general theoretical model for advanced materials with ferro-
chemical properties.

Conclusion

The self-consistent field theory/density functional theory was
extended to study the equilibrium distribution of the Janus
nanoparticles in block copolymer scaffolds. It was discovered
that the capability of the Janus nanoparticles to stick to the
interface is dependent on their sizes. With increasing the
nanoparticle size, the Janus nanoparticles change from an
almost uniform distribution to aggregation at the interface. As
the nanoparticle sizes are much larger, the Janus nanoparticles
become strongly attached to the interface. At the interface, the
Janus nanoparticles are highly oriented, leading to a higher value
of the orientational order parameters. The order parameters of
the Janus nanoparticle at the interface increase as the nanopar-
ticle size increases. While in/near the middle domain, the Janus
nanoparticles are freely oriented, and therefore they form micelle
structures to shield the unfavorable spherical caps from the
polymeric domains. In addition, the change of the relative size of
the spherical caps can also incur a variation of the Janus
nanoparticle distributions. When one of the spherical caps
becomes smaller, the Janus nanoparticles migrate to the domain
that the larger spherical caps like, but still show a dominating
distribution near the interface. We anticipated that the present
study could provide valuable information for designing and
creating structured nanocomposites.
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