
2 3 … 3 1

Ithas

beendemonstratedthatthetopologicaldefectsdifferunder

variousgeometricalconfinements.Inthecaseofspherical

confinements,thetopologicaldefectsinthecylindricalor

lamellarphasesonthesphericalsubstrateshavebeentheore-

ticallyanalyzed.

3 2 … 3 7

Forthecylindricalphases,inadditionto

theirsix-foldcoordinatedsites,pairsoffive-fold(+1charged

disclination)andseven-fold( � 1 charged disclination) coordi-
nated sites can also be produced. For the lamellar phases, there
are at least four +1/2 disclination defects or two +1 disclination
defects, with the sum of disclination charges always being +2.
Additionally, the morphologies of these defect structures have
been studied using simulation methods. For example, we
studied the defect structures and ordering behaviors of the
cylindrical phases of block copolymers confined on spherical
substrates using the Landau…Brazovskii theory.37 It was discov-
ered that isolated disclinations and scars are generated on the
spherical substrates, and the number of excess dislocations in
a scar depends linearly on the radius of the sphere. For
the lamellar phases, Chantawansri et al. used a self-consistent
field (SCF) theory of inhomogeneous polymers to study the
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nanostructures of diblock copolymers confined on a sphere. 32

Defective lamellar phases containing four +1/2 disclinations or
two +1 disclinations were predicted. These defects are thermo-
dynamically stable and therefore cannot be eliminated.

However, these studies were based on the assumption that
the polymer shells have uniform thicknesses or that the thick-
nesses are far smaller than the spherical radii. Usually, these
requirements are technically di�cult to achieve in experiments.
In most of the reported experiments regarding this issue,
coil…coil block copolymers are confined between two spherical
interfaces, thus a polymer shell with the desired thickness
can be obtained.38…42Our previous experimental studies of
the PBLG-b-PEG/PS binary system revealed that PBLG-b-PEG
diblock copolymers can self-assemble into striped patterns on
PS spheres and produce wool-ball-like structures. In this system,
the PBLG blocks take a rigid a-helix form, while the PEG blocks
form flexible chains. Compared with the nanostructures ( e.g.,
lamellar and cylindrical phases) formed by the coil…coil block
copolymers on spherical substrates, the preparation of wool-
ball-like structures from rod…coil ones is technically facile (i.e.,
only one spherical interface is required and the confinement
between two spherical interfaces is not necessary). Accordingly,
the self-assembly mechanism that produces the wool-ball-like
structures and the topological defects of the striped patterns
may be different from the mechanism that produces lamellar
phases formed by the coil…coil block copolymers on spherical
substrates. However, experimental studies suffer from difficulties
in analyzing the details of the structures. The self-assembly
mechanism and topological defects of the striped patterns
remain unclear.

Theoretical simulations, which are capable of providing
molecular-level insights for understanding the self-assembly
behavior of complex copolymers, can be used to address these
challenges. Dissipative particle dynamics (DPD) simulations,
which are capable of dealing with systems with larger time and
length scales, are suitable for studying the self-assembly beha-
viors of complex copolymer systems. Using the DPD method,
it has been demonstrated that a variety of parameters such as
the composition, length and repulsive parameters of each
segment are critical to determining the assembled structures
of block copolymers.43…45For example, we investigated the
structural evolution from concentric multicompartment micelles
to raspberry-like multicompartment micelles self-assembled
from linear ABC triblock copolymers in selective solvents using
the DPD method.46 This structural transformation can be
controlled by changing either the length or the solubility of
the B blocks. Additionally, the DPD method has been applied to
investigate the self-assembly behaviors of block copolymers on
confined substrates.47…49For instance, Liu et al. studied the
structures of diblock copolymers confined in cylindrical tubes
using the DPD method.49 They found that the perpendicular
and parallel lamellar phases can be alternately produced as the
tube diameter is increased. In a preliminary study, we proposed
a possible mechanism for the cooperative self-assembly of
PBLG-b-PEG block copolymers and PS homopolymers, with the
assistance of DPD simulations.22 Accordingly, it is technically

feasible to use the DPD method to simulate the self-assembly
behavior of block copolymers on spherical substrates.

In this study, we performed dissipative particle dynamics
simulations to investigate the self-assembly behavior of rod…
coil diblock copolymers on spherical substrates in selective
solvents. The details of the self-assembled structures as well as
the topology and surface density profile of the defects were
examined. To study the self-assembled structures under different
conditions, we performed the simulations on the system upon
varying the rigidity of rod blocks, sphere radii, and the hydro-
phobicity of rod blocks. Additionally, the simulated results were
compared with our previous experimental observations, and the
results are shown to agree.

2. Simulation methods

In this study, we constructed a system containing one large
rigid sphere, and a number of rod…coil diblock copolymers and
solvents. One of the copolymers and the rigid sphere are
illustrated in Fig. 1. The solvents are not shown for simplicity.
The diblock copolymer consisted of a hydrophobic rod block
and a hydrophilic coil block, colored green and red, respectively.
The polymer segmentswere coarse-grained into beads connected
with neighboring ones by harmonic spring bonds. The sphere was
simplified to a hollow spheric al substrate formed by beads,
colored blue. Dissolved in solvents, the copolymers could self-
assemble on the surface of the hard sphere. To guarantee a
uniform arrangement of the beads forming the substrate, we
adopted the maximal volume arrangement of points on the
sphere proposed by Neil et al.50 The beads were set close enough
to avoid the copolymer and solvents permeating into the ball.

Dissipative particle dynamics (DPD) is a mesoscopic simula-
tion method originating from Hoogerbrugge and Koelman 51,52

and developed by Robert and Patrick.53 In this method, several
neighboring molecules are coarse-grained into a single particle.
Newton•s equations of motion are applied to calculate the
trajectories of beads in the system. A modified velocity-Verlet
algorithm is used for the propagation of the positions and
velocities of the beads.

According to the DPD method the force Fi acting on a coarse-
grained DPD bead i is the sum of the conservative force,

Fig. 1 Schematic of the simulation system consisting of rod–coil block
copolymers and a sphere. The rod block, coil block, and spherical substrate
are colored green, red, and blue, respectively.
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formation of a striped pattern with two +1 charged disclinations
remaining and all of the +1/2 ones eliminated. In this case, the
striped pattern is a ring-like templet.

The striped patterns are thermodynamically stable and the
defects are unavoidable. The surface densities of defects
remain unchanged and cannot be reduced to 0rc

� 2 at the
equilibrium state. Constrained by the Euler characteristic wE = 2
of the spherical substrate, +1/2 and +1 charge disclinations are
produced with the sum of the disclination charges always equal
to +2, which can never be completely eliminated.32…37The � 1/2
charged disclinations are produced to reduce the sum of
disclination charges to +2. This phenomenon is unlike that
on flat substrates, where the disclinations are topologically
dispensable.24…27On the other hand, due to the conformational
entropy of polymer chains, dislocations are produced to mini-
mize the local free energy.28 For example, there is a dislocation
in the ring-like templet, shown in Fig. 4(l), which cannot be
eliminated. Moreover, in Fig. 5, the surface density of the
dislocations stays above 0rc

� 2 at equilibrium states. We also
studied the effect of polymer length on the appearance and
morphology of the topological defects in the striped patterns.
The number of beads on the rod block was varied from 4 to 7,
and the coil length was varied from 3 to 10. It was found that
the nature of the defects remains unchanged. In addition, by

increasing the polymer density (N/s), we found that the striped
patterns remained on the spherical substrates. But the stripe
widths were increased and the copolymer shells became
thicker.

3.2 Effect of the rigidity of the rod blocks

The existence of rod segments in the block copolymers may
result in unique self-assembly features. To reveal the role played
by rod blocks in the self-assembly of rod…coil copolymers on
spherical substrates, we examined the effect of the rigidity of the
rod blocks (kc) in this subsection. Fig. 6 presents the simulated
structures for various rigidities of rod blocks and the surface
densities of defects as functions of kc. Fig. 6(a…d) and (e…h) show
the morphologies of rod…coil block copolymers self-assembled on
the spherical substrates and volumetric map images of rod
blocks, respectively, for kc = 0, 2, 4, and 20kBT. When the rigidity
of the rod blocks is small ( kc o 4kBT), the copolymers cover
the sphere substrate homogeneously, with rod and coil blocks
forming the inside and outside layers, respectively. As the rod
blocks become more rigid, the copolymers tend to become phase-
separated on the spherical substrate. When the rigidity increases
further ( kc Z 4kBT), separated domains are transformed into

Fig. 5 Evolutionary surface densities of the four types of defects during
the simulation for (a) R = 10rc and (b) R = 14rc. The dashed lines indicate
the times when the structures reached equilibrium.

Fig. 6 (a–d) and (e–h) Morphologies of the rod–coil block copolymers
self-assembled on the spherical substrates and volumetric map images
of rod blocks, respectively, for various kc: (a and e) kc = 0kBT, (b and f)
kc = 2kBT, (c and g) kc = 4kBT, and (d and h) kc = 20kBT. (i) Densities of
defects as functions of kc.
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striped patterns. Topological defects of the striped patterns can
be observed in the morphologies for the case of kc Z 4kBT. As the
rigidity of the rod blocks increases, the striped patterns become
more ordered, and the surface density of the defects decreases.
Fig. 6(i) shows the surface densities of the three types of
defects as functions of kc. One +1 charged disclination is
counted as two +1/2 ones because they are topologically
identical. 55 Because there are no striped patterns or defects
for the case of kc o 4kBT, only the surface densities of the
defects for the case ofkc Z 4kBT are shown. Askc increases, the
surface densities of +1/2 and � 1/2 disclinations decrease for
kc o 10kBT and almost remain unchanged for kc Z 10kBT.
Meanwhile, the surface density of the dislocations is indepen-
dent of kc. The high densities of disclinations for small kc

values are attributed to the unordered packing of the rod
blocks, which results in rotated stripes (disclinations are pro-
duced by rotated stripes). Askc increases, the packing of the rod
blocks becomes ordered. The stripes are straightened, and the
densities of disclinations decrease as a consequence. However,
the continuity of stripes remains unchanged when kc is
increased. In this case, the numbers of stripe free ends are
almost invariant and the surface density of dislocations is
independent of kc.

The primary reason for the transf ormation from homogeneously
packed polymer layers to striped patterns is the redirection of rod
block orientation vectors as the chain sti�ness increases. To verify
this assumption, we calculated the probability distribution profile of
the angle y between rod block orientations and the radial direction.
The results are presented in Fig. 7. The schematic illustration of the
angle y is shown in the inset of Fig. 7. The horizontal and vertical
axes in Fig. 7 indicate values ofy ranging from 0 1to 1801and the
percentage of the corresponding angley, respectively. When the rod
blocks have low chain sti�nesses (kc = 0kBT), the probability
distribution curve has two peaks at approximately 501 and 901.
As the chain sti�ness increases, both peaks move to the right, as
seen in Fig. 7, where both peaks move to larger values ofy.
In addition, the intensity of the second peak increases sharply as
the chain sti�ness increases. As kc increases to 4kBT, a peak

located at 971 with a probability of 14% is shown. These results
indicate that as the chain rigidity increases, the rod blocks have a
tendency to reorient perpendicular to the local normal vectors
and an increasing number of rod blocks orient themselves
parallel to the tangent plane.

The enhanced capability of the formation of striped patterns
as the rigidity of the rod blocks increases is enthalpically
favorable. The schematic of this transformation mechanism
is illustrated in Fig. 8. As shown in Fig. 8(a), when the rod
blocks have weaker chain sti�nesses, they are packed densely
on the spherical substrate, with coil blocks forming the outer
layer. The solvents do not make contact with the spherical
substrate, and the system has low free energy. As the chain
sti�ness increases, the rod blocks stretch. If they were to
continue aligning along the radial directions, a loose packing
manner would be obtained. Thus, the spherical substrates
would be exposed to the solvents, as shown in Fig. 8(b). Because
the beads constructing the spherical substrate (P) are strongly
hydrophobic (aPS = 120), the interaction enthalpy would
increase in this situation. Although the solvents and polymers
have higher translational entropy, the free energy of the system
would increase due to its increased free space. As a result, the
polymers reorient, as shown in Fig. 8(c). Some of the rod blocks
lie down and are packed densely, clinging to the substrate. The
solvents do not make contact with the substrate any more,
leading to reduced enthalpy. Although the solvents and polymers
have lower translational entropy, the free energy in the system is
reduced. Consequently, the transformation from a homogenous
polymer shell to striped patterns as the rigidity of the rod blocks
increases is enthalpically favorable.

3.3 Effect of spherical substrate radii

In this subsection, we studied the e�ect of the spherical
substrate radius because it is an important geometrical para-
meter in determining the self-assembled structures. In the
simulations, the amount of copolymers is varied synchronously

Fig. 7 Probability distribution of the angle y for kc = 0kBT, 2kBT, 3kBT, and
4kBT. A schematic of angle y between the orientation of the rod blocks and
the direction of the radius is illustrated in the inset.

Fig. 8 Schematic of the packing manner of diblock copolymers on the
spherical substrate as the rigidity of the rod blocks increases. The rod
block, coil block, spherical substrate, and solvents are colored green, red,
blue, and yellow, respectively. (a) Packing manner when rod blocks have
weak rigidity. (b) and (c) Packing manner in which the rod blocks are
packed loosely or densely on the spherical substrate, respectively, when
the rod blocks have strong rigidity.
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upon increasing the spherical substrate radius to keep the
surface density constant at N/s = 1.4rc

� 2. This variation guar-
antees constant thickness of the polymer layer under various
sphere radii. Here, we increased the spherical substrate radius
gradually from 7 rc to 14rc by a step of 0.1rc, so that the precise
statistical profile of the defects can be captured.

The morphologies of the simulated structures under spheri-
cal radii R = 7, 9, 11, and 13rc are shown in Fig. 9(a…d),
respectively. We also present the Miller cylindrical projections
of the structures in Fig. 9(e…h),56 so that the full morphologies
of the self-assembled structures on the spherical substrates can
be viewed. As the sphere radius increases, more stripes are
produced on the substrate, while the stripe width and pattern
pitch are almost unchanged (ESI,† Section S1). Defects can be
found in the striped patterns at any spherical radius. Among
the simulated morphologies, we observed the spiral-like and
ring-like striped patterns alternately with varying sphere radii.
The sum of disclination charge is always +2, but the amount
of defects varies. To determine the quantitative relationship

between the topological defects and the sphere radius, we
examined the surface densities of the three kinds of defects
(dislocations and +1/2, � 1/2 charged disclinations) as functions
of the sphere radius. The results are presented in Fig. 9(i). Again,
one +1 charged disclination is counted as two +1/2 ones. The
surface density of dislocations is almost constant at 0.0012rc

� 2,
however that of the +1/2 and � 1/2 disclinations decreases
gradually.

The decrease in the surface density of the disclinations and
the consistency of the density of dislocations as the sphere
radius increases are attributed to the geometrical constraints of
the spherical substrate and the fixed surface density of
the polymers, respectively. Defect-minimized striped patterns
(having only four +1/2 or two +1 charged disclinations) are
produced regardless of the spherical substrate radii. Therefore,
the surface densities of the disclinations decrease as the sphere
radii increase. However, as the surface density of the polymers
is fixed, the probability of the production of dislocations is
almost constant. The surface density of the dislocations for
various spherical substrate radii is consequently invariant.

In addition, we can predict the defect densities when the
radii of spherical substrates are increased to infinite ( R - N ),
by means of extrapolation. As shown in Fig. 9(i), because the
surface density of the dislocations almost remains unchanged
at about 0.0012rc

� 2 upon increasing the radius of the spherical
substrate, it can be inferred that the dislocation density main-
tains this value with further increasing radius, even to infinite.
The invariableness of the surface density of dislocation is due
to the fixed surface density of the polymers, because the
dislocation density is proportional to the polymer density. 61

While for the surface densities of the +1/2 and � 1/2 charged
disclinations, they would continually decrease with increasing
radius. When the radius reaches to infinite (corresponding
to a flat surface), the density of the disclinations would be
decreased to almost zero. According to the Poincare´ …Hopf
theorem, the disclinations with the sum of charges equal to
+2 (the Euler characteristic of a sphere wE = 2) should be
maintained on a spherical substrate. Consequently, upon
increasing the radius to infinite, the disclination densities
would be decreased to extremely close to zero.

3.4 Effect of rod block hydrophobicity aRS

In addition to the rigidity of the rod blocks and spherical
substrate radii, we further examined the e�ect of rod block
hydrophobicity ( aRS) on the self-assembled structures. In the
simulations, the value of aRS was increased by a step of 5
gradually from 50 to 80 with all the other parameters kept
constant.

First, we studied the simulated structures at various rod
block hydrophobicity values (aRS). The morphologies and Miller
cylindrical projections under aRS = 50, 60, 70, and 80 are
presented in Fig. 10(a…d) and (e…h), respectively. Striped patterns
on spherical substrates can be observed in each structure. All
four types of topological defects (dislocations and +1, +1/2, � 1/2
charged disclinations) can be found in the morphologies.
At the smallest value of aRS (aRS = 50), the structure is the most

Fig. 9 (a–d) and (e–h) Morphologies and Miller cylindrical projection,
respectively, of rod–coil block copolymers self-assembled on spherical
substrates with various radii: (a and e) R = 7rc, (b and f) R = 9rc, (c and g)
R = 11rc, and (d and h) R = 13rc. The surface density of the copolymers is
fixed at N/s = 1.4rc

� 2. (i) Densities of the three types of defects in the
striped patterns as functions of sphere radii.
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with increasing temperature). According to the formula of repul-
sive parametersaij = aii + 3.27wij,

53 an increase of aCSbetween the
coil blocks and solvents in the simulation corresponds to the
increase of temperature in the experiments.21,57,58 In this study,
aCS is varied from 20 to 40 (aCS = 20 denotes negativewPEG…water

and a strong hydrophilicity of PEG, while aCS = 40 represents a
weak hydrophilicity of PEG), corresponding to the temperature
varying from 5 1C to 40 1C in the experiments. In addition, a
model of the coarse-grained diblock copolymer was built such
that the relative length of the blocks matches the experimental
data.59,60 In the present simulations, the model of R 4C4 rod…coil
block copolymers (containing 4 rod beads and 4 coil beads) was
adopted, which can capture the essential features of the PBLG141-
b-PEG112 block copolymers in the experiments (ESI,† Section S2).

After setting the parameters, we performed the simulations.
The results are shown in Fig. 11(d…f). As can be seen, asaCS

increases, the structure on the spherical substrate is trans-
formed from a smooth monolayer to striped patterns. When aCS

is small (aCS = 20), the coil blocks are well dissolved, tending
to stretch significantly in the radial orientation, and the rod
blocks of the copolymers cannot align in an orderly manner.

Consequently, no striped patterns are formed. As aCSincreases,
which corresponds to increasing of the self-assembling tem-
perature, the block copolymers are almost uniformly arranged
on the spherical substrate and stripes are formed. When aCS =
40, these striped patterns remain on the spherical substrate.
We can find a good qualitative agreement between the simulations
and experiments. In addition to reproducing the experimental
observations, the present simulations provide information about
the self-assembly behavior and packing details of rod…coil diblock
polymers on spherical substrates. As shown in the insets of
Fig. 11(e) and (f), the rod blocks aggregate into stripes covered
by coil blocks, and they are oriented perpendicular to the stripe
axis, resembling the structure of smectic liquid crystals.

The simulations also provide comprehensive information
about the topological defects in the self-assembled striped
patterns. Four types of defects were observed in the striped
patterns, as shown in Fig. 11(e) and (f), which are dislocations
and +1, +1/2, and � 1/2 charged disclinations. Compared with
our previous experimental results, two additional types of
defects (+1 and � 1/2 charged disclinations) were observed in
the simulations. In an additional experiment, we found that

Fig. 11 (a–c) SEM images of spheres prepared from the PBLG141-b-PEG112/PS664 mixtures at various temperatures: (a) 5 1C, (b) 20 1C, and (c) 40 1C. Scale
bars: 500 nm. The insets in (b) and (c) are the enlarged SEM images of one sphere. Squares with red dashed lines in (b) and (c) indicate the spheres
magnified in the insets. (d–f) Morphologies of simulated structures for rod–coil diblock copolymers self-assembled on spherical substrates with various
aCS: (d) aCS = 20, (e) aCS = 30, and (f) aCS = 40. The structural details are illustrated in the insets of (d–f). Topological defects are marked in both the insets
of the SEM images and simulated morphologies. A part of the spiral-like templet is indicated by the green dashed lines in the inset of (b). The SEM images
were reproduced with permission from ref. 21. Copyright 2013, Wiley-VCH.
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