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Block copolymer nanocomposites including anisotropic nano-
particles have been previously found to co-assemble into complex
structures with nanoparticle alignment. Anisotropic nanoparticles
with large aspect ratios are found to modify the morphology of
block copolymers at modest concentrations, inducing a sphere-to-
cylinder phase transition by breaking the local symmetry in the
vicinity of a solid particle. This transition takes place over a wide
range of NP lengths comparable with the BCP spacing. Controlling
the orientation of uniaxial nanoparticles provides additional control
over the global orientation of the block copolymer, as previously
reported by experiments.

Block copolymer (BCP) materials offer a perfect matrix to
control the location and alignment of anisotropic nanoparticles
(NPs).! The convergence of several length scales® along with
tuning chemical BCP-NP interaction can result in hierarchical
materials. For instance, anisotropic NPs can display orienta-
tional order with respect to the BCP matrix,*> ® or colloid-colloid
ordered configurations.”® Achieving control over the BCP
assembly and the global orientation is essential for applica-
tions where long-range ordered structures are required. On the
other hand, anisotropic NPs such as semiconductive nanorods
(NRs) mixed with polymer matrices have applications for
photovoltaic devices.'® Additionally, the optical properties of
NR/polymer mixtures can be controlled by the NR loading.™* To
exploit the anisotropic properties of NRs, it is often desirable to
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achieve control over the NR alignment via external fields
(electric'>"® and shear flow'*), while the need for additional
methods to control the NR orientation has been pointed out."
While these works highlight the co-assembly possibilities of
anisotropic NPs mixed with BCP, various computational,*®*™°
theoretical®® and experimental*"** works have shown that the
presence of NPs can modify the BCP nanostructure.

Previous experiments®’ and simulations®® have shown NP-
induced phase transition due to the change in the BCP effective
composition using isotropic NPs. Contrary to that, this work
reports a BCP phase transition driven by the aspect ratio of
NPs, even at small NP loading (i.e. well below the corres-
ponding nematic phase transition concentration for a
given aspect ratio). Earlier experimental,*® theoretical®>**> and
computational®® studies have demonstrated the alignment of
anisotropic NPs in BCP domains. Nonetheless, the effect of a
low concentration of anisotropic NPs in the BCP morphology
has not been explored. This work reports a novel mechanism to
control the BCP morphology induced by NP anisotropy. We
present computational evidence of a body-centered cubic
spheres (BCC) to hexagonally-ordered cylinders (HEX) phase
transition driven by highly anisotropic majority-compatible
NPs. Highly elongated NPs break the local symmetry, privile-
ging an axial geometry, which in turn renders the spherical BCC
morphology unstable against the HEX morphology, in the weak
segregation regime. Previous experimental®” and compu-
tational®” works have described the circles-to-lamellar phase
transition in two-dimensional BCP in the presence of aniso-
tropic NPs acquiring nematic order, when NPs are compatible
with the minority phase. This work, instead, reports the effect
of a low concentration-well below the isotropic-nematic critical
value-of NPs compatible with the majority phase of BCC-
forming BCP.

In order to study the interplay between the NP anisotropy
and the BCP morphology and its orientation it is essential to be
able to simulate large systems containing several BCP domains.
To this end, we develop and exploit a coarse grained model to
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cover the time evolution of the system over a large number of
domains and over the time scales associated to the BCP domain
reorganisation, which are relevant to the kinetic of phase
separation.

A BCP melt with chain composition f, = No/(Na + Ng) (i.e., A-
monomer ratio) is described by the differential concentration
field y(r, t) = Qalr, t) — ¢s(r, t) + (1 — 2f;), with diffusive
dynamics, which is described through the Cahn-Hilliard
equation®®° and the thermodynamic state given by the stan-
dard Ohta-Kawasaki® free energy, Fpol- The total free energy of
the system, Fio¢ = Fppo1 + Fee + Fepy, includes two additional terms
in the presence of N, number of NPs which account for the
NP-NP purely repulsive interaction F.., and the energetic cost
of embedding the NPs in the BCP matrix, F.p. The NP-NP
interaction is a totally repulsive Yukawa-like potential that
prevents NP overlapping. The coupling free energy can be
expressed as>”

Np

For = Yo drv ) @) - o ()

p=1

where (r) is an effective field which accounts for the NP
shape.?’ The shape of the NP is tuned to describe axisymmetric
super-ellipsoids of main axis @ > b = ¢ of arbitrary elongation,**
with an aspect ratio defined as e = b/a. The affinity parameter v,
dictates the coating of the NP surface, while the strength of the
coupling interaction is set by o. NPs follow overdamped Brow-
nian dynamics with translational and orientational degrees of
freedom which-along with the time-dependent Ginzburg-
Landau approach for the block copolymer-renders the method
as a hybrid mesoscopic model.>* Time and length units are set
to the microphase separation time scale t,, and the BCP
sphere diameter Ry, respectively. A systematic description of
the model, as well as computational details can be found in the
ESI,} sections A and B.

In order to capture the role of anisotropy, we compare the
effect of anisotropic nanoellipses (NEs) and isotropic nano-
spheres (NSs) in the BCP morphology. In Fig. 1 a small volume
fraction ¢, = 0.015 of NPs with an initially vertical orientation
and random position is mixed with a sphere-forming BCP
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(fo = 0.4, see ESIt for the rest of parameter details) in the
disordered state (ie, y(r, t) is randomly initialised). In the
absence of nanoscopic particles, the BCP is in the weak
segregation regime and self-assembles into a BCC spherical
structure. NPs are compatible with the majority phase of the
BCP leading to the segregation of NPs in the continuous phase
of the BCP for two distinct NP shapes: (a) NEs with aspect ratio
e =1/8 and (b) NSs with e = 1.

After relaxation, the BCP morphology is cylindrical in Fig. 1
(a) for NEs, and spherical for NSs in (b). The BCP HEX cylinders
in (a) are oriented along the initial direction of the NEs with NEs
maintaining their initial orientation in time, consistent with
experimental results.>® The transition in the BCP driven by the
anisotropic NPs can be quantified via the Euler characteristic yi of
the BCP structure, in (c). This quantity provides information on
the topology of the BCP mesophase.?® It takes values y = 1 for an
isolated sphere, yg = 0 for a torus, and negative values for highly
connected structures. The large positive value of yg in the
presence of NSs indicates that the BCP acquires a spherical
morphology with a number yz of independent domains (further
details on yg can be found in the Section B.3, ESIf). On the
contrary, in the presence of NEs yg decreases monotonously until
it vanishes, which indicates the formation of connected cylinders
via the periodic boundary conditions(equivalent to a torus).

Radical change in the morphological metric ;g with the NP
anisotropy shows that highly anisotropic NPs induce a sphere-
to-cylinder phase transition in the BCP, while isotropic spheres
do not. This transition in the presence of anisotropic NPs can
be rationalised assuming that the longer dimension of the NPs
promotes the preferential orientation of the BCP microstruc-
ture, specially in the early stages of the phase separation. Given
that the BCC sphere phase of the BCP does not have a
preferential direction, it becomes unstable against the uniaxial
HEX cylinder phase. In this context, given that NSs do not
promote any preferential direction, the BCP phase remains
BCC spheres. The promotion of anisotropic against isotropic
phases in systems doped with anisotropic NPs has been pre-
viously reported in liquid crystals.?”

The BCP kinetic pathway in the presence of NEs in Fig. 1(c)
displays a monotonically decreasing Euler characteristic yg,

20 f—6— Nanospheres
o =2 Nancellipse
2 ]OJ
t/t
(b) * (o)

Fig. 1 Anisotropic driven BCC sphere to HEX cylinder transition in the BCP morphology. A volume fraction ¢, = 0.015 of NEs induce a sphere-to-
cylinder phase transition (a), while the same volume fraction of isotropic NS do not induce a morphological phase transition (b). The three main sizes of
the NP are a = 1.333, b = c= 0.167 for NE (a) and a = b = ¢ = 1/3 for NSs, in units of the BCP sphere diameter. (c) displays the Euler characteristic yg in time,
showing a distinct behaviour for NE and NS. The Euler characteristic is ¢ > 0 for a BCC morphology and yg¢ ~ O for a highly ordered cylindrical
morphology. The isosurfaces of the order parameter i are shown in gray and blue for values &, = 0.1 and 2, = —0.1, respectively, representing the
exterior and interior of the BCP interface. NPs are shown in red.
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(a) (b) (c (d) (e)

Fig. 2 Kinetic pathway of the BCP domains during breakup and formation of cylinders via intermediate spherical domains, corresponding to the NE
curve in Fig. 1(c) (blue squares). All parameters are the same as in Fig. 1(c) for the NE case, i.e., a = 1.333, b = ¢ = 0.167. The snapshots correspond to a
fraction of the full system and a black arrow indicates the evolution of a domain end defect. Snapshots correspond to times: t/t,c, = 8575 (a), 9800 (b),

11025 (c), 12250 (d) and 24500 (e).

consistent with the coalescence of several small spherical domains
into larger cylinders. An intermediate increase in yg can be
observed for a time of the order t/t,, ~ 10*, which is correlated
with domain breakage and coalescence: in Fig. 2(a) domains are
developed, but defects in the BCP equilibrium HEX phase can be
observed. In order to alleviate the energetic cost associated to the
defects, the BCP undergoes a breakage and coalescence mecha-
nism to eliminate defects (snapshot b and c), which leads to a
temporal increase in the Euler number as more disconnected
domains are created. This defect-removal mechanism occurs in a
small time scale, consistent with the weak segregation regime of
the BCP.*® Finally, in (d) the equilibrium HEX cylindrical phase is
achieved, corresponding to g = 0 in Fig. 1.

In order to characterise the sphere-to-cylinder phase transi-
tion we explore the concentration of NPs ¢,,. Fig. 3(a) shows the
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role of a volume fraction ¢, of NEs with e = 1/8 in the BCP
morphology, characterised by yg. The NE length-to-periodicity
ratio is 2a/H, = 1.44 where H, is the BCP periodicity in the BCC
morphology. Three regimes are clearly distinguishable, with a
low concentration displaying BCC spheres ¢, < (ng* ~ 0.006,
quantified by yg ~ 140, indicating many disconnected BCP
domains, as shown in (c). For a higher concentration
d)gx* <, < qbg* ~ 0.01 we observe a monotonic decay in yg
as the system transitions from BCC spheres to elongated HEX
cylinder domains. Visual inspection is consistent with coexis-
tence between HEX and BCC phase occurring for this inter-
mediate range, as shown in Fig. 3(d). For larger volume
fractions the system acquires a global HEX phase with yg ~
0, as shown in Fig. 3(e). The coexistence regime can be
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Fig. 3 Characterisation of the BCC sphere to HEX cylinder phase transition induced by NP anisotropy. The curve of the Euler characteristic yg vs. ¢y is
shown in (a) for an aspect ratio e = 1/8. The phase diagram in (b) shows the phase of the BCP as a function of the NP aspect ratio e and a NP volume
fraction ¢,. The diagram points are red circles for BCC spheres, yellow diamond for sphere/cylinder coexistence and blue squares for HEX cylinders.
Morphologies are classified based on the values of yg, which is averaged over 5 independent runs for each phase point, each simulation with a system size
V =10.7% x 5.3. Snapshots of a larger system size (V = 21.3% x 5.3) are shown in (c), (d) and (e) as representatives of the BCC, coexistence and HEX phase,
respectively, for concentrations ¢, = 0.002, 0.006 and 0.01 with an aspect ratio e = 1/8.
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rationalised as a consequence of the initial fluctuations in the
local NP densities, with regions of relatively high local density
qbp > qbrc,* inducing a HEX phase, and relatively sparse regions
inducing a BCC phase. After that, a process of HEX/BCC grain
growth occurs in a slower time scale, until a phase coexistence
regime is achieved as depicted in Fig. 3 (d), which is consistent
with the slower kinetics shown in Fig. S2 (ESIt) and the snap-
shots in Fig. S3 (ESIt). Shorter NEs with 2a/H, = 0.72 are shown
to induce an equivalent phase transition in the BCP morphol-
ogy, as plotted in Fig. S4 (ESIt). Furthermore, we can exploit the
generality of the model to simulate cuboid-shaped NPs to
observe the same BCC-HEX phase transition, indicating that
the phase transition can be triggered in the presence of various
generically anisotropic NPs, as shown in Fig. S5 (ESIf).

In order to quantify the combined role of the NP loading and
the anisotropy we explore a concentration ¢, of NPs in a fixed
fo = 0.4 BCP, with an aspect ratio e. The volume per particle is
kept constant while modifying the aspect ratio. In Fig. 3(b) we
distinguish three phase regions: BCC spheres in red circles,
yellow triangle for spheres/cylinder coexistence, and blue
squares for HEX cylinder phase. A cylinder phase is found only
for highly anisotropic NEs (e < 0.22) at the bottom-right region
of the phase diagram, while weakly anisotropic NEs do not
display a cylindrical phase, with yg > 1. For relatively large
concentrations ¢, ~ 0.02 the coexistence phase can be seen to
broaden, but visual inspection concludes that no hexagonal
phase is present in the system. Instead, the presence of a high
¢, promotes several tubular domains. These results confirm
the need of a critical concentration of particles ¢, that depends
on the aspect ratio e, in order to trigger the sphere-to-
coexistence and the coexistence-to-cylinder transition. It should
be noted that the BCC-HEX phase transition for a given e occurs
at a required concentration ¢, located well below the isotropic-
nematic phase transition,* e.g. ¢, ™ ~ 0.38 for e = 0.2 for hard
ellipsoids.*°

In order to address the metastability of the anisotropy-
driven HEX phase, we consider initial configurations with
disordered NEs’ orientation. Fig. S7 (ESIf) shows that both
the snapshots and yg display a different BCP morphology in the
presence of a concentration ¢, = 0.015 of NEs and isotropic
NSs, which shows that even initially randomised NEs promote
the formation of elongated BCP phases, although a global
hexagonal ordered is not achieved. The lack of a global ordering
in the cylindrical phase can be thought of as consequence of the
various initially seeded BCP orientations, which are not coop-
erating into a global director orientation. Instead, Fig. S8 (ESI{)
shows that NEs with a global but random initial orientation lead
to a clear yg ~ 0 value characterising an equilibrated HEX BCP
phase, with the initial orientation of NEs seeding the final global
BCP axis, as previously shown in experiments.*> The initial
orientation of the NEs does not influence the final HEX cylind-
rical morphology of the BCP (although it determines its orienta-
tion), which indicates the lack of system-shape dependence.

In order to address the role of the NP chemistry, in Fig. S10
(ESIt) a similar transition is explored for minority-compatible

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Phase diagram for the BCP morphology (BCC spheres in red
circles, yellow triangle for spheres/cylinder coexistence, and blue squares
for hexagonally ordered cylinder phase) in terms of the BCP composition
fo and the NP volume fraction ¢,. Highly anisotropic NPs e = 1/8 are
considered.

NEs. Contrary to majority-compatible NEs, yy decreases linearly
with ¢, indicating a progressive decrease in the total number
of isolated domains. This indicates that minority-compatible
NEs deform the hosting spherical domain and effectively
increase the overall composition of the BCP, which is a well
know behaviour.>® Contrary to that, majority-compatible NEs
distort the BCP mesophase not by directly deforming BCP
domains, but breaking the local symmetry around each NE.

In addition to the NP properties (volume fraction, size,
shape and chemistry), the phase transition can be charac-
terised in terms of the BCP properties. The phase behaviour
of pure BCP melts is controlled by the composition f, along
with the degree of segregation yN, the Flory-Huggins para-
meter. In Fig. 4 f; is explored against a volume fraction ¢, of
e = 1/8 NEs. The transition from BCC (red circles) to HEX (blue
squares) via a coexistence phase (yellow diamonds) is shown to
occur over a wide range of BCP composition, well below the
critical pure BCP composition f5“HFX = 0.412. At moderate
volume fractions ¢, > 0.05 the coexistence is shown to
broaden. The presence of NEs is shown to enhance the HEX
phase by lowering the critical composition.

Finally, in Fig. 5(a and b) the role of the degree of segrega-
tion yN is studied to assert the effect of polymer-polymer
incompatibility. Since modifying N for a fixed value of f, leads
to changes in the critical composition (i.e., the BCP morphol-
ogy), the complete phase diagram of the BCP is explored with
and without NEs. The parameters used are the same as in
Fig. 3(a). Beyond the weak segregation, the phase transition
does not occur for yN > 39, as shown by comparing Fig. 5(a
and b), respectively for no NEs and a volume fraction ¢, = 0.05.
This can be rationalised by analysing the contributions to the
free energy Fiot & Fpor + Fepl, assuming a negligible contribution
from the repulsive colloid—colloid potential in the highly dilute
regime that is considered in this work. In the weak segregation
the BCP is not completely demixed, with || < 1 in the center

Soft Matter, 2022, 18, 3638-3643 | 3641
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Fig. 5 Phase diagram for the BCP morphology (BCC spheres in red
circlesand blue squares for hexagonally ordered cylinder phase) in terms
of the BCP composition fo and the Flory—Huggins parameter yN indicating
the degree of segregation. Two regimes are considered: (a) no NEs ¢, = 0
and (b) moderate volume fraction ¢, = 0.05.

of BCP domains. Therefore, a purely majority-coated NE with
affinity 1, = 1 introduces a disturbance in the surrounding BCP
profile, which is dictated by the NE shape, given by . (see
eqn (1)). The morphology of the overall system is then con-
trolled by the competition between the polymeric and the
coupling free energy, which leads to the presented phase
transition. On the other hand, in the strong segregation the
coupling free energy becomes negligible (see Fig. S11a, ESIt), as
V¥ = Y, within the continuous (majority) phase and the phase
behaviour of the system is dominated by the pure-BCP free
energy minimisation Fix & Fpo. Therefore, the origin of the
sphere-to-cylinder phase transition can be placed in the entro-
pic effect introduced by the anisotropic NPs, which break the
local symmetry in the vicinity of the anisotropic NP, favouring
unixial BCP morphologies. This entropic contribution domi-
nates in the weak segregation of the BCP.

The role of NP anisotropy in BCP composites has shown that
highly nonspherical particles can control the BCP mesophase,
even in the dilute regime, for weakly segregated BCP melts. A
mechanism to control the BCP morphology has been described
which, contrary to previous works, is due to NP anisotropy.
Highly anisotropic NPs are found to break the local symmetry
in their vicinity, rendering uniaxial cylindrical domains stable
against more isotropic spherical BCC domains. A small concen-
tration of highly anisotropic NPs induced a sphere-to-cylinder
transition which can result in a global hexagonally ordered
cylinder morphology.

The BCP phase transition in the presence of anisotropic NPs
highlights the complex behaviour of BCP/nanorod mixtures,
where several length scales converge, leading to highly orga-
nised systems with emerging structures. Further work could
explore the effect of oblate NPs with two main axis which can be
tentatively better matched in a lamellar phase.
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