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ABSTRACT: Self-assembly of cylinder-forming diblock copolymers under spherical confinement is studied
using real-space self-consistent field theory calculations (SCFT). Various microstructures are found at different
confinement dimensions and surface fields. Most of these microstructures are center-symmetric and they could
not be formed in bulk or under planar and cylindrical confinements. It is also observed that the interactions
between the confinement surface and the polymers have a large effect on the self-assembly. When the spherical
confinement’s surface attracts the short blocks, the self-assembled structures become similar to those under a
neutral surface field. On the other hand, when the spherical confinement’s surface attracts the long blocks, the
equilibrium structures become different from those under a neutral surface field.

Introduction

Nanoscale structures assembled from block copolymers have
gained much attention owing to their potential application in
the production of polymeric nanostructured materials.' > In the
effort to develop methods to control structures, a number of
theoretical and experimental studies have focused on the self-
assembly of block copolymers under confined environments.
Confined self-assembly provides a novel method of fabricating
ordered structures which are not readily available in bulk
systems.® '® Previous studies mostly focused on the case of
one-dimensional (1-D) planar confinement, in which frustration
on the polymeric microstructures leads to different orientations,
as well as transitions from the bulk structures to other unusual
structures.'®'® Recently, experimental and theoretical studies
have been broadened to include the case of two-dimensional
(2-D) confinement for block copolymers."*”>* Wu et al.
examined silica—copolymer composite assembly upon 2-D
cylindrical confinement. They realized that the system would
employ a coiling strategy to pack in a limited cylindrical space.*
Russell’s group studied symmetric (lamella-forming) and asym-
metric (cylinder-forming) polystyrene-b-polybutadiene diblock
copolymers under 2-D cylindrical confinement. They found that
the structures transit from lamellae to a stacked-disk or toroidal-
type structure for a symmetric diblock copolymer, and helix
structures were formed from cylinders for an asymmetric diblock
copolymer.?*” The lamellae and helix structures are reproduced
by theoretical studies.”>*®7? Sevink et al. elaborately repro-
duced the toroidal-type structure using the dynamic density
functional theory (DDFT) method.* Theoretical studies have
predicted further complex microstructures under 2-D cylindrical
confinement. The confinement dimension d/L, that is, the ratio
of confinement diameter d versus polymer period in the bulk
L, is found to control the structure transition in the confinement-
induced block copolymer self-assembly.>®7*

Relatively fewer studies have been conducted on the self-
assembly of block copolymers under three-dimensional (3-D)
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spherical confinement. Thomas and co-workers examined the
self-assembly of block copolymers or copolymer and ho-
mopolymer blends in microdroplets. For the bulk lamella-
forming system, concentric shell structures in the droplet were
observed.*® Concentric structure was observed in our Monte
Carlo simulation.® Arsenault et al. observed similar structures
in their study of polystyrene-b-polyferrocenylethylmethysilane
self-assembly in silica spherical cavities.*® For the bulk gyroid-
forming system, Thomas et al. observed a honeycomb-like
structure in the droplet, suggesting a curvature-driven gyroid
to perforated-layer transition. For the bulk cylinder-forming
system, it seemed to pack into curved concentric arrays in the
droplets.*® Fraaije et al. studied the polymer surfactant droplet
in weakly selective solvent using self-consistent field theory
(SCFT) calculations. Their system is similar to a soft spherical
confinement case, but the solvent could be taken up or released
by the droplet. A series of unique structures were found under
the condition of different block ratios in their study.?” All these
previous studies predicted a rich variety of novel microstructures
under 3-D spherical confinements. Simultaneous with the
completion of our work, there were two interesting research
papers published. In a Monte Carlo study, Yu et al. systemically
examined the self-assembly of symmetric diblock copolymers
confined in spherical nanopores.*® They identified a sequence
of structures, from perpendicular lamellae to helices and/or
embedded structures and concentric-spherical lamellae with
surface preference increasing under this 3-D confinement. Feng
et al. studied symmetric and asymmetric diblock copolymers
in nanospheres using the dissipative particle dynamics ap-
proach.*® They found in some cases that polymer in a nano-
sphere can be utilized to mimic the polymer surfactant.
Polymer chains may be under more severe frustrations in 3-D
confinements as the constraint imposed by the environment
cannot be released by reorienting the structure along the
unconfined directions, in contrast to the 1-D and 2-D confine-
ment cases. On the other hand, surface fields are imposed in all
directions under 3-D confinement, causing the polymer system
to undergo different surface reconstructions in comparison with
the systems under 1-D and 2-D confinement. Therefore, it is
desirable to understand the manner in which copolymers would
respond under 3-D confinement. In this research, a systematic
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Figure 1. Schematic illustration of 3-D spherical confinement. L is
polymer repeat period of bulk cylinders.

study on self-assembled microstructures from a bulk cylinder-
forming diblock copolymer under spherical confinement using
SCFT calculation is presented. The schematic illustration of 3-D
spherical confinement is shown in Figure 1, wherein the
cylinder-forming diblock copolymer is confined in a spherical
cavity. The effects of surface field and confinement space
diameter on the diblock copolymer self-assembly are considered.
The self-assembled structures and phase behavior of the diblock
copolymer under 3-D spherical confinement are discovered to
be far more complex than those under the 1-D and 2-D confined
environments.

Theory

The self-consistent field theory (SCFT) is a successful
theoretical method for investigating block copolymer phase
diagrams. The real-space approach scheme introduced by
Fredrickson and Drolet**~*? in solving self-consistent equations
is employed in this study.

An incompressible melt of diblock copolymer with a degree
of polymerization N is chosen for this research. The copolymer
chain is composed of two blocks (A- and B-blocks), and the
volume fraction of the A-block is specified by fa (0 < fa < 1).
A Flory—Huggins interaction parameter yap is used to charac-
terize the repulsion between the A- and B-blocks. Periodic
boundary conditions are imposed in all three dimensions to
obtain the bulk structure of the diblock copolymers. For the
3-D spherical confinement case, there is no periodic boundary
condition in any direction in the calculation. Under the confine-
ment case, the diblock copolymer is confined in a spherical
cavity of diameter d and volume V. The SCFT free energy per
chain in the unit of kg7 has the form

F= _ln(‘g/) + ‘l/f dr [xsgNpaPs — WpPs — g T hgpPp +
hsgpg — P(Py — Pp — ¢p)] (1)

where ¢a and ¢p are the monomer densities and ¢o = ¢a + ¢p
is the total monomer density. The single-chain partition function
Q = [dr g(r,1) is the partition function of a single diblock
copolymer chain in the mean fields, wa and wg, which are in
turn produced by the surrounding chains. The end-segment
distribution function, ¢(r,s), is the probability that a chain
segment of contour length s containing a free chain end has its
“connected end” located at r. The function ¢(r,s) and its
conjugate ¢'(r,s) satisfy the following modified diffusion equa-
tions:

L 40,9 = RXTP(r,5) = Nogr, ) @)

8 I I I
= 2.4 (.9) =R T’q'(r.5) = Nog'(r.5) 3)

with the initial conditions ¢(r,0) = 1 and ¢'(r,1) = 1. In these
expression, R, is the gyration radius for an ideal Gaussian chain.
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For 0 = s < fa, ® = wa, and fao < s < 1, o = wp. The
Crank—Nicholson scheme for solving these modified diffusion
equations is used.

In eq 1, hsa and hgsp represent the surface field that the inner
surface of the confinement acts on A- and B-block, respectively.
P is a Lagrange multiplier (as a pressure) used to ensure the
incompressibility condition. Minimizing the free energy with
respect to the densities and mean fields leads to the following
SCFT equations:

W (1) = Y ap(@(r) = fg) T hgp(r) + P(r) 4
05(1) = Las(@a(r) — ) + () + P(1) s)
A= f1 b5 409 4 ,9) ©)
B =g 45 40.5) 4 9 )

These equations can be solved self-consistently.
The surface—polymer interaction is assumed to be short-
ranged and is represented by the following contact interactions:

i _JHumy on the lattices next to the surfaces
s~ 0 bulk ®)

Here, Hap) is the strength of the surface field, which has the
same unit as the Flory—Huggins interaction parameter yag. To
present the fact that polymer densities should approach zero at
the confinement surface, the incompressibility condition is
modified as ¢a(r) + ¢p(r) = ¢o(r), where ¢o(r) is set at 0.5 on
the lattices next to the surfaces and 1 everywhere else. On the
surface sites of the confinement, the end-segment distribution
functions and polymer densities are set to zero.

Five types of confinement surfaces are considered: (a) neutral
surfaces, wherein the surface has no preference for any block
(Ha = 0 and Hg = 0, or in short H = 0); (b) weak A-attractive
surface, wherein the confinement surface weakly attracts A-
blocks (Ha = —7 and Hg = 0); (c) strong A-attractive surface,
wherein the confinement surface strongly attracts A-blocks (Ha
= —14 and Hg = 0); (d) weak B-attractive surface, wherein
the confinement surface weakly attracts B-blocks (Ha = 0 and
Hg = —7); and (e) strong B-attractive surface, wherein the
confinement surface strongly attracts B-blocks (Hx = 0 and Hp
= —14).

In these calculations, chain contour length is divided into 200
segments and the lattice constant is taken as 0.2R,. For the
spherical confinement case, the calculation is performed in a
cubic lattice with a 3-D spherical boundary (where diameter is
d). The calculation started from random homogeneous initial
mean fields wae). Under different surface fields, the spherical
cavity diameter is varied to obtain systematic self-assembled
structures of a bulk cylinder-forming diblock copolymer melt
under spherical confinement.

Results and Discussion

The diblock copolymer chosen has a volume fraction of
A-block fa = 0.2 and a Flory—Huggins parameter yN = 40.
This copolymer forms a hexagonally arranged cylindrical
structure in the bulk.** From the bulk calculation, the polymer
repeat period L is found to be 3.96R,. This block copolymer
system is confined in a closed empty spherical cavity with
diameter d, as shown in Figure 1. Under different surface fields,
the self-assembled structures are displayed as a function of
confinement dimension d/L. The results are summarized in
Figure 2, where only the A-blocks are shown for clarity.

Neutral Surface (H = 0). The neutral surface case exhibits
the influence of pure confinement on the equilibrium structures.
As shown in the first row of Figure 2 (H = 0), the self-assembled
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Figure 2. Spherical confinement induced microstructures of the cylinder-forming diblock copolymer under different surface fields (H) as a function
of confinement dimension d/L (ratio of spherical cavity diameter d versus polymer repeat period L). Only A-blocks are shown, and some inner

structures are shown under the full structures by cut views.

structures for this case are very complex. For convenience of
description, the overall structures in Figure 2 are classified in
terms of the number of A-monolayers (the monolayer structure
formed by A-blocks), i.e., one layer (d/L < 1.77), two layers
(1.97 = d/IL = 3.79), and three layers (d/L = 3.99). It was
noticed that the two- and three-layer structures started to form
at around d/L ~ 2.0 and 4.0, that is, when the confinement
diameter is an integer multiple of the polymer period.

As seen in the first row of Figure 2 for the neutral surface
case, for small values of d/L < 0.76, an irregular A-block droplet
is pasted on the inner surface of the confined spherical cavity.
The remaining space is filled with B-blocks. With the confined
space volume increasing to d/L = 0.96 (approximately 1.0), i.e.,
when the size of the confined space is near a polymer period,
four small A-block droplets are found to be symmetrically
arranged on the inner surface of the sphere. This symmetric
structure evenly distributes the block copolymer chains in the
confined space, maximizing the configurational entropy. With
increasing d/L, the distribution and number of droplets are
adjusted to fit in the confined space volume. Concurrently, the
droplets maintain a well-ordered symmetric dispersion in the
spherically confined space.

For the two-layer structures, the inner layer structures could
be solid structures (such as a solid sphere or short cylinder) or
empty structures (such as an empty sphere or perforated cubic).
When 1.97 < d/L < 2.58, the second A-monolayer, a solid
sphere, forms in the center of the confined space. In most cases,
the outside structures are evenly dispersed droplets (d/L = 1.97,
2.37, and 2.58), while at a suitable confinement diameter, such
as d/L = 2.17, the outside layer is in the form of 6-fold
symmetric circles. It was observed that at d/L = 2.78 a shorter
cylinder, which is not a center-symmetric structure, forms
surrounded by a number of droplets and stripes. Afterward, when

A-block

0366414
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0244276

Figure 3. Inner empty sphere structure at d/L = 2.98, H = 0. The
color bar shows the density values.

2.98 < d/L < 3.79, the inner A-monolayer structures become
empty structures. The empty structure here means a B-rich
domain in the center, separated (or partially separated) from
the rest of the structure by a layer of A-blocks. Such as the
inner empty sphere structure at d/L = 2.98, as Figure 3 shows,
a B-block droplet in the center is covered by a A-block spherical
cavity, in short an empty sphere. Such an empty sphere is
prevalent in most inner layer structures, except at d/L = 3.18,
which is a perforated cubic. As Figure 4 shows, the inner layer
perforated cubic is strictly symmetric, which could be taken as
a cubic evenly perforated in every direction. In Sevink’s study,
they also found perforated droplet structures.** Different from
the perforated cubic structure, those structures are not cubic.
With the large confinement space (d/L > 2.98), a larger number
of stripes form on the outside layer. Such stripes may connect
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Figure 4. Inner layer perforated cubic structure at d/L = 3.18, H = 0.
The color bar shows the density values.

into closed circles as d/L equals 3.38 and 3.79. In addition, the
outside layer may still be dispersed droplets, as in the case of
d/L at 3.59, or a complex of droplets with closed circles with
d/L = 3.18. When d/L = 3.99, the third A-monolayer (inner
layer), which is a solid sphere, forms in the confinement center,
the second layer (intermediate layer) is an empty sphere, and
the outside layer is a complex of six circles and a closed net. It
seems that, under 3-D spherical confinement, outside structures
of block copolymers are very arbitrary and are strongly
dependent on the confined space volume, while inner structures
robustly transit from solid sphere to empty sphere as the space
volume increases. It can also be noted that the inner perforated
cubic structure may appear under certain conditions (such as at
d/L = 3.18).

In 2-D cylindrical confinement studies, the structure transition
is well correlated with the confinement frustration. As the ratio
of confinement diameter d versus polymer period L, d/L, changes
from a half-integer to an integer, the structures turn from
perpendicular cylinders to parallel cylinders.?® In contrast, in
the 3-D spherical confinement case, the structure transition is
more or less arbitrary and the correlation with confinement
frustration is weak. We consider that the reason for this is
because 3-D confinement geometry produces more severe
frustration on copolymer chains than those in 1-D or 2-D
confinement. Spherical confinement prohibits the formation of
long-range structures. At the same time, self-assembled struc-
tures in the spherical cavity possess a strong capacity to be
center-symmetrical in order to fulfill entropy maximization of
chain stretching. From the severe confinement effect and center-
symmetrical confinement geometry, copolymers chains are
forced to evenly disperse within the limited confined space, and
gather into droplets, stripes, solid spheres, or empty spheres
which vary from a bulk cylinder’s structure.

A-Attractive Surface (Hy, < 0). When the confinement
surface attracts A-blocks, a behavior similar to that observed
in the neutral surface cases is obtained. The confinement
dimension d/L for the formation of similar multilayer structures
is the same: one layer (d/L < 1.77), two layers (1.97 < d/L <
3.79), and three layers (d/L = 3.99), as shown in the second
(Ha = —7) and third (Hy = —14) rows of Figure 2. The inner
layer structures in A-attractive surface cases could also be a
solid sphere, an empty sphere, or a perforated cubic, which are
similar to those in neutral surface cases. The outside layer
structures in A-attractive surface cases, owing to the surface
preference effect, are always slightly varied from those in neutral
surface cases.
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However, as exhibited in some local details, the surface fields’
effects on the equilibrium structure under 3-D spherical confine-
ment are rather complicated. For example, at d/L = 2.78, the
asymmetrical structure under a neutral surface field is recon-
structed to be center-symmetrical under A-attractive surface
fields. On the other hand, at d/L = 3.18, the center-symmetrical
structure under a neutral surface field changed into asymmetrical
ones under A-attractive surface fields. Furthermore, structures
could remain unaffected under different surface fields, such as
the structures at d/L = 3.38. Such inconsistent phenomena that
the structures are unmovable or adjustable under different
surface fields could be attributed to the effect of confinement
on the self-assembly process. It is probably that in some severe
frustration condition, wherein the equilibrium structure is highly
strengthened; thus the surface field could hardly affect the self-
assembled structure. Meanwhile, in some relaxed frustration
condition, the equilibrium structure is easily reconstructed by
the surface field; as a result, the copolymer chains could adjust
themselves to adapt to the surface preference.

Until now, the detailed analysis of the 3-D confinement effect
on the structure formation remains to be determined. As Sevink
et al. demonstrated in the study of block copolymers confined
in a nanopore,33 there are several factors acting, both kinetic
and thermodynamic, on the polymer self-assembly in the curving
and frustrating flatland. Further study to determine the structure
formation under spherical confinement should combine the
kinetic and thermodynamic data.

B-Attractive Surface (Hg < 0). Studies on diblock copoly-
mer self-assembly under 2-D cylindrical confinement*®*° re-
vealed that cylinder-forming diblock copolymers systems
experience similar phase behaviors in all kinds of surface field
cases, indicating that self-assembled structures under an A-
attractive surface field also form under a B-attractive surface
field or a neutral surface field. Contrary to this phenomenon,
this research discovered that in spherical confinement self-
assembled structures under a B-attractive surface field are
different from those under neutral and A-attractive surface fields.

For the weak B-attractive surface case (Hg = —7) seen in
the fourth row of Figure 2, the A-blocks are repelled from the
surface in comparison to the neutral surface and A-attractive
surface cases. When the confined space is small (0.76 < d/L <
1.56), either droplets form or a complex of droplets with stripes
(d/L = 1.36) appears. A perforated cubic structure arises at d/L
= 1.77, similar to the inner perforated cubic structures at d/L
= 3.18 under neutral (H = 0) and weak A-attractive surface
field (Ha = —7) cases. Moreover, it resides between the regions
for one-layer and two-layer structures. When 1.97 < d/L < 2.78,
two-layer structures mainly composed by droplets are formed.
With an increase in confinement diameter, that is, when 2.98
< d/L =< 3.79, most inner layer structures become empty spheres,
just like the ones in the neutral and A-attractive surface cases.
However, at a certain condition, such as d/L = 3.59, a structure
totally composed of droplets is formed. In neutral and A-
attractive surface field cases, when the confinement diameter is
large enough for inner empty sphere structures to form, no
structure composed mainly of droplets appears. The formation
of droplet structure at d/L = 3.59 (B-attractive surface cases)
indicates that the phase behavior of block copolymer under a
B-attractive surface field is different from those under neutral
and A-attractive surface fields.

A close inspection of the self-assembled structures under a
strong B-attractive surface field (Hg = —14) in the fifth row of
Figure 2 provides a clearer impression of the unique phase
behavior of block copolymers under B-attractive surface fields.
At d/L = 1.56, it forms a solid sphere in the center of spherical
confinement, which, in spite of the smaller space (0.96 < d/L
=< 1.36) and larger space (d/L = 1.77), are both apt for the
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separated structures. As it is different from the neutral and
A-attractive surface cases, and even the weak B-attractive
surface case (Hg = —7), when d/L = 2.78, the inner empty
sphere structure is very seldom formed in a strong B-attractive
surface case (Hg = —14). Only at d/L = 3.38 for the strong
B-attractive surface case (Hg = —14) does the inner empty
sphere and six symmetrical circle structure outside retain the
same as that of all other surface fields cases (H = 0, Hy = —7,
Hp = —14, and Hg = —7). The structures of the complex of
droplets are prevalent in a strong B-attractive surface case (Hp
= —14). Even at greater confinement diameters, such as 3.79
< d/L = 3.99, the structures are the complex of outside droplets
and inner distorted cylinders.

As asserted above, in 3-D spherical confinement, self-
assembled structures under B-attractive surface fields are clearly
different from those under neutral and A-attractive surface fields,
especially for equilibrium structures under strong B-attractive
surface fields. Such a phenomenon is not consistent with that
in 2-D cylindrical confinement. Under 2-D cylindrical confine-
studies indicate that outside layer structures could
screen out the surface field; hence, inner layer structures are
less affected by the surface field. As a result, the equilibrium
structures, except for those in the outside layer, are similar to
those under all kinds of surface fields. This research attributes
the difference between 2-D cylindrical confinement and 3-D
spherical confinement to two factors. First, the surface field
under 3-D spherical confinement which rises in all directions
thus causes the block copolymer’s phase behavior to suffer more
from the surface field. Second, the 3-D spherical confinement
geometry causes the inner layer polymers to experience more
severe frustration than the inner layer polymers do in 2-D
confinement.

Structure Transition with d/L Increasing. Within the scope
of this study, the general trend of structural transition is from
one layer to several layers. We number the structure layers by
counting the separated A-block domain as 7. It is easily assumed
that the value of n must have a maximum because the confined
system would act like a bulk one when the confinement
geometry gets large enough. Limited by computer capability,
however, the value of n could not be asserted. From Figure 2,
we found that the structures’ transition points for increasing
layers have the following expression: d/L =~ 2(n — 1). Forn =
2, dIL = 2; for n = 3, d/L ~ 4. In ref 38, when a symmetric
diblock copolymer is confined in a spherical state, the expression
d/IL =~ 2(n — 1) seems to fit the case of strong surface-preference
limit. For the A-block domain, the two-layer structure started
at d/L = 2, while the three-layer started at d/L = 4.2 (a =~ 1 in
Figure la, ref 38).

The expression could be changed to n ~ 1/2(d/L) + 1.
According to this, in the spherical confinement state, the
experimental research can control the number of structural layers
by setting the confinement geometry dimensions.

Comparison with Experimental and Simulation Observa-
tions. To this date, few experiments have concentrated on
asymmetric diblock copolymer self-assembly under 3-D spheri-
cal confinement. The study by Thomas’s team on a bulk cylinder
polymer system in a microdrop indicates that there are several
layers of curved concentric arrays formed.*> However, in our
research, the cut view (in ref 35, Figure 12-C) may arise from
several conditions, such as a mixture of droplet structures (i.e.,
d/L = 3.59 in Hg = —7 and —14) or the complex of outside
stripes, middle empty sphere, and inner solid sphere structures
(ie., dIL =399 in H= 0, Hy = —7, Hy = —14, and Hz=
=7.

In Feng et al.’s dissipative particle dynamics (DPD) approach
on the self-assembly of asymmetric A3B; and A;Bg diblock
copolymers, they discovered bended sticks and polygon struc-
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tures.> Such structures are less regular, partially because the
DPD study of Feng et al. is dynamic, as kinetic trapping is
known to easily happen in the dynamic process. However, the
transition from monolayer to multilayer structures is consistent
with the observations in this study. Moreover, the spheres or
peanut-like structures in their study are comparable with the
complex structure of droplets in this work.

Conclusions

In conclusion, the self-assembly of cylinder-forming diblock
copolymers under 3-D spherical confinement can produce more
complex and fundamentally different structures from bulk
cylinders. These structures could not be produced in bulk or
other 1-D or 2-D confinement geometries. The self-assembled
structures under B-attractive surface fields are clearly different
from those observed under neutral and A-attractive surface
fields. It is demonstrated that the self-assembly of asymmetric
diblock copolymers under 3-D spherical confinement is rather
complicated, and in some cases, the self-assembled structure is
arbitrary and the transition sequence is difficult to identify. The
calculation results in this study should be instructive for the
experimental research and subsequent theoretical exploration
in related fields.
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