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Self-assembly of 21-arm star-like diblock
copolymer in bulk and under cylindrical
confinement

Yuci Xu,ab Weihua Li,*c Feng Qiuc and Zhiqun Lin*b

Phase behaviors of a 21-arm star-like diblock copolymer in bulk and under confinement were explored by

using the pseudo-spectral method of a self-consistent mean field theory. An asymmetrical phase diagram in

bulk was constructed by comparing the free energy of different structures. The gyroid phase was found to

possess a large phase region when the inner block in the star-like diblock copolymer has a small volume

fraction, suggesting the propensity to form the gyroid phase under this condition. Combined with the

early experimental work, a scaling law correlating the period of lamellae Dmultiarms formed from multi-

arm star-like block copolymers with the number of arms f was identified, that is, Dmultiarms ¼ D/f1/2,

where D is the period of a linear diblock copolymer with the same degree of polymerization N as a star-

like diblock copolymer. The scaling law was also substantiated by the scaling theory. The bridging

fraction of the lamellae formed in a star-like diblock copolymer was nearly 100%, which is advantageous

for improving its mechanical properties. Some interesting two-dimensional and three-dimensional

morphologies were yielded under the cylindrical confinement, where a 3D double helix was found to be

the most stable structure.
Introduction

Star-like block copolymers have garnered considerable atten-
tion over the past decades because their unique solution and
solid-state properties make them attractive candidates for
potential applications in additives, coatings, drug delivery, and
supramolecular science.1–4 The order-disorder phase transition
(ODT) of gra and star copolymers can be theoretically calcu-
lated5 by using the random phase approximation (RPA)
method.6 For the AfBf star copolymer where all A and B blocks
are connected to a common core, there is a critical point at (cN)c
¼ 10.5 for all values of f at the volume fraction f¼ 0.50, where c
is the Flory–Huggins interaction parameter, signifying the
interaction between A and B blocks, and N is the degree of
polymerization of the AfBf star copolymer. However, for the f-
arm star-like block copolymer (AB)f, where A and B refer to the
inner and outer blocks, respectively, there is no critical point.
The spinodal values (cN)s in this copolymer are equal to 8.86,
7.07, 5.32, and 4.33 for f ¼ 2, 4, 10 and 30, respectively, at f ¼
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0.5.5 It is worth noting that RPA can only calculate the ODT of
block copolymers, including linear and non-linear architec-
tures. For the order–order phase transition (OOT), the self-
consistent mean eld theory (SCMFT) is needed to obtain the
free energy of the molten block copolymers (both linear and
non-linear block copolymers).7 A powerful spectral method of
SCMFT for solving the modied diffusion equation was
developed,8,9 with which the OOT can be readily calculated,
and thus the phase diagram of star-like block copolymers with
1, 3, 5, and 9 arms were successfully constructed.9 Notably, for
the 9-arm star-like block copolymer, the phase region of gyroid
and O70 phases was found to be larger than that in a linear
diblock copolymer, and the phase diagram of the star-like
block copolymer was asymmetric. In addition to the SCMFT,
the dissipative particle dynamics (DPD) simulation was also
carried out to investigate the microphase separation of two
types of star-like diblock copolymers, i.e., A4B4 and (AB)4.10 A
series of nanostructures, including lamellae, perforated
lamellae, cylinders and body-centered-cubic spheres, and
gyroid, were identied. The phase diagrams of these two star-
like diblock copolymers were different. For the A4B4, the phase
diagram was symmetric, while an asymmetric phase diagram
was yielded for the (AB)4, which was consistent with the
SCMFT results.

(AB)f type star-like diblock copolymers were synthesized by
the copolymerization of polystyrene-block-polyisoprene (PS-b-
PI) anions with divinylbenzene (DVB) initiated by n-butyl-
lithium.11 The number of arms f can be controlled by the
This journal is © The Royal Society of Chemistry 2014
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concentration of diblock anion or the feed ratio of DVB to the
diblock anion end.11 The period of lamellae formed in the (AB)f
star-like copolymer (f < 77) were found to be the same as those of
the corresponding diblock arms.11 Recently, 21-arm, star-like
block copolymers, including coil–coil poly(acrylic acid)-b-poly-
styrene (PS-b-PAA) and coli-rod poly(acrylic acid)-b-poly(3-hex-
ylthiophene) (PAA-b-P3HT), have been synthesized by
sequential atom transfer radical polymerization (ATRP)12 and a
combination of click chemistry with living polymerization.13 All
diblock copolymer arms were grown from the b-cyclodextrin (b-
CD) core.12,13 These intriguing star-like block copolymers can be
utilized as nanoreactors to cra a wide range of functional
nanoparticles (e.g., metallic, ferroelectric, magnetic, lumines-
cent, semiconductor, etc.) with well-controlled dimension and
solubility. The inner PAA block in 21-arm star-like block
copolymers is hydrophilic and facilitates the precursors to be
preferentially incorporated into the interior space occupied by
PAA blocks through a strong coordination bonding between the
carboxyl groups of PAA and the metal moiety of precursors,
yielding nanoparticles that are intimately and permanently
tethered with the outer block of star-like block copolymers (e.g.,
PS).14We note that there is no study on the phase behavior of 21-
arm star-like block copolymers, especially the effect of the star-
like architecture on the phase behavior. Moreover, in compar-
ison to linear diblock copolymers, the bridge fraction of the
morphologies formed from 21-arm star-like block copolymers is
expected to be much higher due to a large number of arms.
Accordingly, the mechanical properties of materials built upon
them would be largely improved for use in thermoplastic
elastomers.15

Herein, we report the self-assembly of 21-arm star-like
diblock copolymers [denote star-like (AB)21, where A and B are
the inner and outer blocks, respectively] in bulk and under
cylindrical connement. The pseudo-spectral method of SCMFT
was employed to calculate the free energy and the periods of
different morphologies. The equilibrium ordered phases
determined by the molecular composition and architecture can
be explored by using this powerful theoretical framework. Once
the solutions of the SCMFT equations corresponding to the
morphologies are obtained, an asymmetric phase diagram of
21-arm star-like diblock copolymers can then be constructed by
comparing the free energy of phases, and the period of
morphologies can also be determined during the minimization
of free energy. The gyroid phase was found to exhibit a large
phase region when the inner block in a star-like diblock
copolymer has a small volume fraction, suggesting the
propensity to form the gyroid phase under this condition. The
distributions of the core that connect each AB arm together, the
chain end of B blocks, and the junction point between A and B
blocks were calculated. The bridging fraction of the lamellae
formed in the star-like diblock copolymer was nearly 100%,
which is highly desirable for improving its mechanical proper-
ties. When subjecting to the cylindrical connement, several
interesting two-dimensional and three-dimensional morphol-
ogies were found, where a 3D double helix was observed to be
the most stable structure.
This journal is © The Royal Society of Chemistry 2014
Theory

In this study, a system consisting of incompressible melts of a
star-like, coil–coil (AB)f diblock copolymer is considered,
where f is the number of arms (f ¼ 21 for a 21-arm star-like
diblock copolymer). A and B blocks are the inner and outer
blocks, respectively, in the star-like (AB)f diblock copolymer.
Each star-like polymer has an equal degree of polymerization
N and the degree of polymerization of each arm is N/f. The
volume fractions of A blocks and B blocks, fA and fB, are
dened as NA/N and NB/N, respectively, where NA and NB

are the degree of polymerization of A blocks and B blocks in
the star-like diblock copolymer, respectively. The interaction
between two dissimilar polymers is characterized by Flory–
Huggins interaction parameter c. The length in SCMFT is
expressed in the units of the radius of gyration of linear
polymer, Rg ¼ (Nb2/6)1/2, where b is the Kuhn length.
According to many-chain Edwards theory,16–19 the free energy
functional F for a number of n Gaussian 21-arm star-like
diblock copolymer chains in bulk and under cylindrical
connement are

F

nkBT
¼ �ln Qþ 1

V

ð
drfcNfAðrÞfBðrÞ � uAðrÞfAðrÞ

� uBðrÞfBðrÞ � hðrÞ½1� fAðrÞ � fBðrÞ�g (1)

and

F

nkBT
¼ �ln Qþ 1

V

ð
drfcNfAðrÞfBðrÞ � uAðrÞfAðrÞ

� uBðrÞfBðrÞ � hðrÞ½1� fAðrÞ � fBðrÞ� þHðrÞ½fAðrÞ
� fBðrÞ�g

(2)

respectively, where fA(r) and fB(r) are the monomer densities
of A and B blocks, respectively. Q is the partition function of a
single polymer (i.e., a star-like diblock copolymer in the
present study) interacting with the mean elds uA and uB

produced by the surrounding chains. For the conned melts,
the spatial integration is restricted to the pore volume V. A
surface eld in eqn (2) is introduced to characterize the pref-
erence of the pore wall to different blocks. Similar to our
previous work,20–23 this surface eld is chosen to have the
following form

HðrÞ
cN

¼ V0fexp½ðsþ jrj � RÞ=l� � 1g (3)

for R � s # |r| # R, while H(r) ¼ 0 for |r| < R � s. In this work,
the distance of the surface interaction is chosen as s ¼ 0.5Rg,
and the decay length l equals 0.5 Rg. V0 ¼ 0 implies that there is
no preferential interaction between the pore and the A (or B)
block. The pore wall prefers the inner A block at V0 < 0 and
prefers the outer B block at V0 > 0.

The minimization of the free energy with respect to the
monomer densities and the mean elds leads to the following
standard mean-eld equations for copolymer in bulk and under
connement, respectively.
Nanoscale, 2014, 6, 6844–6852 | 6845
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Fig. 1 Lamellar periods of different multi-arm star-like diblock
copolymers as a function of the number of arms, f at the fixed N
(squares) and N/f (triangles), respectively, at cN/f ¼ 13.33 and fA ¼ 0.5.
The circles represent the estimated periods by the scaling law, D/f 1/2,
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uAðrÞ ¼ cNfBðrÞ þ hðrÞ
uBðrÞ ¼ cNfAðrÞ þ hðrÞ

fAðrÞ þ fBðrÞ ¼ 1

fAðrÞ ¼
1

Q

ð
s˛A

dsqAðr; sÞq†Aðr; sÞ

fBðrÞ ¼
1

Q

ð
s˛B

dsqBðr; sÞq†Bðr; sÞ

Q ¼ 1

V

ð
drqKðr; sÞq†Kðr; sÞ

(4)

and

uAðrÞ ¼ cNfBðrÞ þHðrÞ þ hðrÞ
uBðrÞ ¼ cNfAðrÞ �HðrÞ þ hðrÞ

fAðrÞ þ fBðrÞ ¼ 1

fAðrÞ ¼
1

Q

ð
s˛A

dsqAðr; sÞq†Aðr; sÞ

fBðrÞ ¼
1

Q

ð
s˛B

dsqBðr; sÞq†Bðr; sÞ

Q ¼ 1

V

ð
drqKðr; sÞq†Kðr; sÞ

(5)

In the equations noted above, qK(r, s) and q†K(r, s) (K ¼ A, B)
are the end-segment distribution functions, which are propor-
tional to the probability that a polymer segment, of contour
length s and with one free end, has its other end located at r.
These distribution functions satisfy the modied diffusion
equations.

vqKðr; sÞ
vs

¼ V2qKðr; sÞ � uKðrÞqKðr; sÞ

�vq
†
Kðr; sÞ
vs

¼ V2q
†
Kðr; sÞ � uKðrÞq†Kðr; sÞ

(6)

The initial conditions are q†B(r, 1) ¼ 1, qA(r, 0) ¼ [q†A(r, 0)]
f�1.

The split-step Fourier method was employed to solve the
modied diffusion equations for the end-segment distribution
functions.24,25 Similar to our previous work on the block copol-
ymers under the connement,20–22 the cross section of the pore
is placed in a rectangular cell, which is a little larger than the
pore diameter. The periodic boundary conditions are imposed
automatically on the square cell in the split-step Fourier
method. The cell is discretized into Nx � Ny ¼ 64 � 64 and Nx �
Ny � Nz ¼ 64 � 64 � 64 for 2D and 3D, respectively, which is
reliable to give accurate results according to our previous
work.20 The total chain contour (Ns) is divided into 1000
segments. We note that in the current system, the phase tran-
sition points of the system are found to be insensitive to the
variation in Ns from 1000 (transition point: cN ¼ 170, fA ¼
0.17778) to 2000 (transition point: cN ¼ 170, fA ¼ 0.17768),
suggesting that 1000 segments are sufficient to produce an
accurate phase diagram.
6846 | Nanoscale, 2014, 6, 6844–6852
Results and discussion
Period of the lamellar structure

The radius of gyration of a multi-arm star-like block copolymer
(Rg_Multiarm) can be written as follows:26

D
Rg

2
E
Multiarm

¼ Nb2

6

�
3� 2=f

f

�
¼

�
3� 2=f

f

�D
Rg

2
E
Linear

(7)

where N is the total degree of polymerization of a star-like block
copolymer and f is the number of arms. Clearly, Rg_Multiarm

decreases as f increases at the xed N, and it is smaller than that
of a linear diblock copolymer with the same N. As a result, the
characteristic distance (i.e., period) of the structures formed
from the multi-arm star-like diblock copolymer is anticipated to
be smaller than that of a linear diblock copolymer.

As the lamellar structure is one of the most common nano-
structures seen in diblock copolymers, the period of this
morphology was rst investigated. We xed cN/f¼ 13.33 and fA

¼ 0.5. The periods in SCMFT are normalized with respect to the
radius of gyration of linear polymer, Rg ¼ (Nb2/6)1/2. The varia-
tion of the period of lamellae as a function of f is shown in
Fig. 1. For the squares, the period decreases with the increase in
f at the xed N; this is obvious as the increase of f leads to the
decrease of N/f (i.e., the degree of polymerization of each arm).
Additionally, there is a scaling law correlating the period of a
star-like diblock copolymer, Dmultiarms to f, that is, Dmultiarms ¼
D/f 1/2, where D is the period of linear a diblock copolymer with
the same N. The circles are the estimated values from the
scaling law. Obviously, the scaling relationship can be estab-
lished as the squares and circles overlap one another.

On the other hand, when the degree of polymerization of
each arm (i.e., N/f) for different number of arms f is xed, the
period of (AB)f would be the same as that of a linear diblock
copolymer, as clearly evidenced in Fig. 1 (triangles). It is inter-
esting to note that this calculated result is in good agreement
with the experimental observation in which the characteristic
distance of star copolymers was the same as that of the
where D is the period of a linear diblock copolymer with the same N.

This journal is © The Royal Society of Chemistry 2014
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corresponding linear diblock copolymers.11 On the basis of the
results noted above, the following relationship between f and
Dmultiarms can be easily obtained.

Dmultiarms ¼ D/f1/2 at the fixed N (8)

Dmultiarms ¼ D at the fixed N/f (9)

Notably, the degree of polymerization of the corresponding
linear diblock copolymer in eqn (8) is N, while it is N/f in eqn (9).
These two equations can also be corroborated by the scaling
theory discussed below.
Fig. 2 Segment density distributions of normal cylindrical morphology
from 21-arm star-like diblock copolymers (cN ¼ 250 and fA ¼ 0.35).
Density distribution of (a) the A blocks (deep red), (b) the core (deep
red), which resembles the b-cyclodextrin (b-CD) core in ref. 12 and 13,
(c) the junction points between A and B blocks (deep red), and (d) the
chain end of B blocks (deep red). The white arrow in each figure marks
these segments accordingly. Only six representative arms (not a total
of 21 arms) are shown for the reason of clarity.
Scaling theory

In this section, a simple scaling theory can be used to account
for the relationship between the period, both D and Dmultiarms,
and the number of arms, f. Considering the simple lamellae
morphology in the star-like diblock copolymer (AB)f, the
framework of strong segregation theory (SST)27 can be applied to
describe this system. A and B chains form two brushes with the
heights of hA.0 and hB.0, respectively.

hA:0 ¼ fNn

fAr0
¼ fN

fSr0
(10)

hB:0 ¼ ð1� fÞNn

fAr0
¼ ð1� fÞN

fSr0
(11)

Dmultiarms ¼ 2� ðhA:0 þ hB:0Þ ¼ 2N

fSr0
(12)

where S is the interfacial area per molecule, S h A/n, and r0 is
the segment density.

According to the free energy of the lamellae-forming linear
diblock copolymer,28 the free energy (F) of a star-like diblock
copolymer with a lamellae morphology can be written as:

F

nkBT
� Sr0b

�c
6

�1=2

þ ðDmultiarms=2Þ2
ðN=f Þb2 (13)

� 2N

Dmultiarms f
b
�c
6

�1=2

þ ðDmultiarms=2Þ2
ðN=f Þb2 (14)

The rst term is the interfacial free energy.28 The second
term, representing the total stretching energy, is obtained from
the free energy of the ideal chain. The interfacial energy term
favors the large Dmultiarms by decreasing the interfacial area,
while the stretching term prefers the small Dmultiarms. Thus, the
equilibrium period can be identied by the minimization of F
with respect to Dmultiarms:

Dmultiarms � 22=3ðN=f Þ1=2b
�
cN

6f

�1=6

(15)

D � 22=3ðNÞ1=2b
�
cN

6

�1=6

when f ¼ 1 (16)
This journal is © The Royal Society of Chemistry 2014
When cN/f is xed, the scaling law can be determined:
Dmultiarms¼ D/f 1/2. While at the xedN/f, it shows Dmultiarms¼ D.
These ndings agree well with those obtained using SCFT as
well as the experimental observations.11 We note that for the
periods of other complex structures, including cylinders, gyro-
ids, and spheres, because of the effect of the spontaneous
curvature, the relationships between D and f are more complex.
Moreover, due to the nature of star-like architecture, the period
between the normal (where the outer B blocks form the matrix)
and the inverse (where the inner A blocks constitute the matrix)
structures would be different. Nonetheless, we will not discuss
them much as the present work focuses on the phase behavior
of a 21-arm star-like diblock copolymer.
Distributions of some special segments

In the following text, we focus on the cylinder morphology
formed in a 21-arm star-like diblock copolymer. There are two
types of cylindrical phases. In the rst type, the cylinder is
composed of the inner A blocks, while the outer B blocks form
the matrix. Fig. 2a shows the density distribution of A block of a
typical cylindrical phase, which is denoted C (normal cylindrical
phase). The second type of cylinders is shown in Fig. 3a, which
is designated as �C (inverse cylindrical phase), indicating that
the cylinders comprise the outer B blocks and the inner A blocks
form the matrix. The same notations are used for the gyroid and
sphere phases.

To understand the formation mechanism of these two types
of cylindrical phases in a star-like diblock copolymers, the
density distributions of some special segments, including the
Nanoscale, 2014, 6, 6844–6852 | 6847
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Fig. 3 Segment density distribution of inverse cylindrical morphology
from the 21-arm star-like block copolymer (cN ¼ 250 and fA ¼ 0.65).
Density distribution of (a) the A blocks (deep red), (b) the core (deep
red), which resembles the b-cyclodextrin (b-CD) core in ref. 12 and 13,
(c) the junction points between A and B blocks (deep red), and (d) the
chain end of B blocks (deep red). The white arrow in each figure marks
the corresponding segment. Only six representative arms are shown
for the reason of clarity.
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core that connects 21 arms, the junction points between A and B
block, and the chain end of B blocks are calculated and depicted
in Fig. 2 and 3, which are otherwise difficult to be observed in
experiment. The parameters chosen are cN ¼ 250, fA ¼ 0.35.
Compared with a linear diblock copolymer, the cN needed for
the microphase separation to occur is very large due to the star-
like architecture and the large number of arms. However, the
star-like diblock copolymer has a large degree of polymeriza-
tion,11–13 thus a high cN can be easily realized.

The colored bars in each gure represent the densities of
the corresponding special segments, ranging from the rich
region (deep red) to the poor region (deep blue). The archi-
tecture of a 21-arm star-like block copolymer is also illustrated
in each gure. As it is hard to place all 21 arms in the cylin-
drical morphology, only six representative arms are shown in
each gure. The special segments in the 21-arm star-like
diblock copolymer are indicated by the white arrows. Fig. 2a
displays the density distribution of A blocks in the cylindrical
morphology. The distribution of core that connects the 21
arms is shown in Fig. 2b, in which the core resembles the b-CD
core in ref. 12 and 13. Clearly, the diameter of the core
distribution is smaller than that of A block. The colored bar in
Fig. 2a varies from 0.0503 to 0.955, while the highest density in
Fig. 2b is only 0.12. This is not surprising as only the
concentration of one special segment (i.e., core) is depicted in
Fig. 2b, while the concentration of the whole A block is illus-
trated in Fig. 2a. The distribution of the junction points
between A and B blocks, which are located at the A block/B
block interface, is shown in Fig. 2c. Fig. 2d describes the
density distribution of the chain end of B blocks, which is
6848 | Nanoscale, 2014, 6, 6844–6852
located at the center of B blocks. From the density distribution
of these special segments noted above, the arrangement of
star-like diblock copolymers in the rst type of cylindrical
phase can be well understood.

For the second type of the cylindrical phase (i.e., inverse
cylinders), the distribution of these segments are expected to
be quite different due to the packing frustration where the
inner A blocks constitute the matrix. Such a packing frustra-
tion would lead to the largely different distributions of special
segments as compared to those shown in Fig. 2. To investigate
the formation of this frustrated cylindrical morphology, the
distribution of the special segments of the inverse cylinders at
cN ¼ 250 and fA ¼ 0.65 was calculated and is shown in Fig. 3.
Obviously, as the inner A blocks form the matrix, the distri-
bution of the core dispersed in the A block (Fig. 3b) is
completely different from that in Fig. 2b. Similar to the case of
normal cylindrical morphology (Fig. 2c and d), the junction
points between A and B blocks are located at the A block/B
block interface, and the chain end of B blocks is centered in
the B blocks (Fig. 3c and d).
Free energy and the corresponding periods of normal and
inverse phases

For the inverse cylinders, because of the packing frustration, the
free energy in this morphology is certainly larger than that in
the normal cylinders. To gain a better understanding on this
phase behavior, the free energy as a function of volume fraction
at the xed cN ¼ 250 for different stable morphologies is
calculated and summarized in Fig. 4a. The close-ups of dash-
boxed regions in Fig. 4a are shown in Fig. 4b–d, respectively. As
the volume fraction of the inner A blocks increases, the emer-
gence of stable phases follows D / S / C / G / L / �G /
�C/ �S/ D. The order–order phase transitions (OOTs) between
the neighboring phases are indicated by the arrows. For the
disordered phase (D), which is the black curve with square
symbols, the free energy curve is symmetric as there is only
enthalpic energy in the disordered phase, and the free energy
can be expressed as F ¼ cNf(1 � f). The free energy is only
dependent on the volume fraction and cN, but independent on
the polymer architectures. However, for the ordered phases (i.e.,
lamellae, gyroid, cylinder, and sphere), the free energy curve is
asymmetric. The S, C, and G without an overbar indicate the
normal sphere, cylinder, and gyroid, respectively, where the
outer B blocks form the matrix. The �S, �C, and �G with an overbar
imply the inverse morphologies, where the inner A blocks form
the matrix because of the spontaneous curvature. Notably, the
inverse morphologies have higher free energy than the normal
morphologies (Fig. 4a). The region of the inverse phases
becomes much narrower. The increase of free energy of inverse
phases relative to the normal phases can be rationalized by the
fact that it is energetically unfavorable for the inner A blocks to
form the matrix, thus leading to the increase in stretching
energy.

It is well known that the period of phases is closely related to
the stretching of polymer chains,29 which is clearly manifested
in the period shown in Fig. 4e. In comparison to the normal
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4nr01275e


Fig. 4 (a) The free energy and (e) the corresponding period of different structures at different volume fractions with cN ¼ 250. D, S, C, G and L
denote phases of disordered, sphere, cylinder, gyroid, and lamella, respectively. An overbar in �G, �C, and �S indicates the inverse morphologies of
gyroid, cylinder, and sphere, respectively. The arrows indicate the order–order phase transitions between two neighboring phases. The close-
ups of dash-boxed regions in (a) are shown in (b), (c), and (d), respectively.
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phases, for the gyroid and lamellar phases, the periods of
inverse phases do not change appreciably, indicating that
polymer chain is not stretched too much in the inverse phases.
For the spheres and cylinders, the inverse morphologies
possess the larger period than the normal structures, signifying
This journal is © The Royal Society of Chemistry 2014
a large stretching of polymer chains in these inverse morphol-
ogies. Consequently, both the free energy and the period are
increased.

The results noted above suggest that the star-like architec-
ture is favorable for the formation of the normal morphologies.
Nanoscale, 2014, 6, 6844–6852 | 6849
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When the volume fraction of inner A blocks is increased, they
have to be stretched to form the matrix. The delicate balance
between the topological constraint and the spontaneous
curvature leads to the formation of inverse phases.
Phase diagram of a 21-arm star-like block copolymer

To gain further insight into the formation of each phase, the
phase diagram of a 21-arm star-like diblock copolymer was
calculated by comparing the free energy among possible
candidate structures (Fig. 5). As we only focus on the inuence
of star-like architecture on the conventional morphologies (i.e.,
S, C, G, and L), the O70, A15 and perforated lamella are not
considered in our calculation.30 The degree of polymerization of
the 21-arm star-like diblock copolymer is N, and thus, the
degree of polymerization of each arm is N/21. To the best of our
knowledge, there has been no experimental phase diagram of a
21-arm star-like block copolymer reported in literature to date.
However, the lamellae morphology was found in the (PS-b-PI)25
star-like block copolymer, where f is 0.527.11 It is anticipated
that a lamellae morphology would form in the 21-arm star-like
block copolymer at f ¼ 0.527, which is located in the calculated
L phase region in the present study. It is noteworthy that when
compared to a linear diblock copolymer, the phase diagram is
asymmetric,8 which is consistent with the previous work on the
phase diagram of a 9-arm star-like block copolymer.9,30 The
phase region of normal S, C, and G morphologies is larger than
that of inverse �S, �C, and �G morphologies, which is also in good
agreement with the free energy calculations shown in Fig. 4a.
The appearance of a larger phase region is attributed to the star-
like architecture.

It is interesting to note that the �Gmorphology was previously
experimentally observed in the 18-arm star-like block copolymer
and was regarded as an ordered bicontinuous double-diamond
Fig. 5 The phase diagram of a 21-arm star-like diblock copolymer.
N is the total degree of polymerization of the star-like diblock
copolymer, and thus, the degree of polymerization of each arm is
N/21. The disordered phase is labeled as D. The normal ordered
phases are labeled as S (spheres), C (cylinders), G (gyroids), and L
(lamellae). The G, C, and S with an overbar represent the inverse
phases.

6850 | Nanoscale, 2014, 6, 6844–6852
(OBDD) phase.31,32 The phase behavior of 18-arm block copoly-
mers is similar to that of 21-arm block copolymers in this study,
indicating that the �G morphology obtained experimentally was
in a very narrow phase region.31,32 The formation of �G benets
from the close period between the G and �G morphologies
(Fig. 4b). On the basis of the phase diagram of the 21-arm star-
like diblock copolymer, it can be anticipated that the formation
of G would become much easier in the 18-arm star-like block
copolymer if the inner block has a small volume fraction and is
located at the G phase region. Specically, the O70, which is not
observed in our calculations because this structure is sensitive
to the chosen parameters (i.e., box size), can be expected to form
in the region where the inner block has a small volume fraction.
More importantly, the disordered phase has a large phase
region (Fig. 5), implying that the microphase separation in star-
like diblock copolymers is more difficult than that in linear
diblock copolymers with the same N. In particular, when the
inner A blocks have a large volume fraction, the microphase
separation becomes much harder. This can be ascribed to the
fact that the high free energy of inverse morphology results in
the formation of the disordered morphology.
Bridging fraction in the 21-arm star-like diblock copolymer

It has been reported that in the morphologies formed from ABA
triblock copolymers, there are looped and bridged congura-
tions.15 Although these congurations have little effect on the
equilibrium phase behavior, the mechanical properties of
materials are strongly affected by the presence of bridges as the
separated interfaces can be covalently linked together. For the
multi-arm system, the bridging fraction would increase with the
increase in the number of arms. In what follows, we concentrate
on the calculation of the bridging fraction in multi-arm star-like
diblock copolymers.

According to the previous studies,15,33 we constrained one
junction point to a unit cell and then calculated the proba-
bility of one of the other junction points forming the loop
conguration. As one of the junction points is xed at a
region, we have

qðr; fC1Þ ¼
�
qðr; fC1Þ; if r˛1st cell
0; otherwise

(17)

where fC1 is the segment of one junction point constrained
to the rst unit cell. Once this initial condition is determined,
the distribution of the whole chain can be obtained by
solving the modied diffusion equation (eqn (6)). Then, the
distribution of the ith junction point with one junction point
in the rst unit cell can be achieved by using the following
equation.

rðr; sCiÞ ¼ 1

Q
qðr; sCiÞq†ðr; sCiÞ; (18)

where sCi is the ith junction point, and i s 1.
When the other junction is also in the rst unit cell, the loop

conguration is formed. Thus, the fraction of the looped
conguration can be given as
This journal is © The Royal Society of Chemistry 2014
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flp1 ¼ 1

Vcell

ð
1st cell

drrðr; sCiÞ (19)

where Vcell is the volume of a unit cell. The bridging fraction is
dened as fbr ¼ 1 � ( flp1)

f�1 where f is the number of arms.
Fig. 6 shows the bridging fraction in a lamellar morphology as a
function of f. It is clearly evident that the bridging fraction in 21-
arm star-like diblock copolymers is almost 100%, making it a
promising candidate for a wide variety of potential applications
(e.g., thermoplastic elastomers).
Self-assembly under cylindrical connement

Compared to the variation of the chemical compositions, the
architectures, or the interactions between immiscible blocks in
block copolymers, the introduction of geometric connement
has been recognized as an alternative approach to fabricating
novel ordered nanostructures. In the following, we turn our
attention to the self-assembly of 21-arm star-like block copoly-
mers under cylindrical connement (i.e., cylindrical nanopores)
for the rst time.

According to previous work,20–22,34,35 the use of connement
on the cylinder-forming block copolymer in bulk leads to the
creation of many intriguing morphologies. In this work, we
chose the volume fraction of a 21-arm star-like block copolymer,
fA ¼ 0.2, and cN ¼ 250, which can be readily obtained in the
experiment by controlling the monomer concentration of
different blocks.12 In bulk, such a star-like diblock copolymer
forms hexagonally close-packed cylinders composed of the A
blocks with a spacing of L0 ¼ 0.743Rg between the center–center
distance of two neighboring cylinders. The strength of the
surface eld is chosen as V0 ¼ �0.20 to exert a strong attraction
to the outer B blocks and a strong repulsion to the inner A
blocks.

For a 21-arm star-like diblock copolymer conned in cylin-
drical nanopores, many equilibrium solutions of the SCMFT
equations at the xed set of parameters in the 2D space can be
obtained by the application of varied random initial elds. The
Fig. 6 The bridging fraction plotted as a function of the number of
arms, f. The cN/f is fixed at 10 for this 21-arm star-like diblock
copolymer.

This journal is © The Royal Society of Chemistry 2014
stability of each structure as well as their stable phase sequence
as a function of the pore size can be identied by comparing its
free energy with other candidate structures. The stable and
metastable 2D structures and their phase sequence are
summarized in Fig. 7a and b, respectively. The complexity of the
phases, reected in both the number of cylinders and rings,
increases as the pore diameter increases. The 2D phase
sequence, C1/ C3/ C4/ C1–6/ C1–8, is consistent with that
of the linear diblock copolymer in the cylindrical connement,
C1 / C3 / C4 / C5 / C1–6 / C1–8.21 Because of the restric-
tion of the star-like architecture, some phases such as C5 cannot
be observed. The L1 morphology, which does not appear in the
stable phase sequence, is a metastable phase in which the
arrangement becomes more frustrated due to the compression
of large outer B blocks in the core of nanopore.

Similar to the self-assembly of linear diblock copolymers
under cylindrical connement, there is another possible way for
star-like copolymers to produce microphases. The star-like
diblock copolymer chain tries to release its stretching through
the third dimension, thereby leading to the formation of three-
dimensional phases, such as the helix phase. By inputting a
large number of random initial conditions, we only obtained
the double helix phase (H2) from the 3D SCMFT calculation
under this condition. This further demonstrates that the phase
separation of 21-arm star-like diblock copolymers is harder
than that of linear diblock copolymers because of the restriction
of the star-like architecture. The isosurface density plot of H2

and the comparison of the free energy of new stable phase
sequences are shown in Fig. 8. For the reason of clarity, a free
energy difference, DF, dened as the value of the free energy of a
morphology subtracted by that of H2, is used to identify the
relative stability among these morphologies. As evidenced in
Fig. 8, the 3D structure has a lower free energy than the corre-
sponding 2D structures shown in Fig. 7. This can be attributed
to the release of polymer stretching in the third dimension in
3D phases. In addition, the free energy difference has a
decreased tendency with the increase of pore size. Notably, this
observation is consistent with the results of ABC star triblock
copolymers under cylindrical connement.22
Fig. 7 (a) Density plots of the stable and metastable morphologies
formed in the cylinder-forming 21-arm star-like diblock copolymer at
fA¼ 0.2, cN¼ 250, and V0¼�0.20, under the cylindrical confinement
with the varied diameter (D) of nanopores, normalized by the bulk
cylinder-to-cylinder distance, L0 ¼ 0.743Rg. (b) Stable phase sequence
of the morphologies as a function of D/L0.

Nanoscale, 2014, 6, 6844–6852 | 6851
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Fig. 8 Comparison of the free energy between two-dimensional
structures and three-dimensional structures with the varied pore size.
For clarity, the free energy relative to that of double helix (H2) is shown
in the figure. The inset gives the isosurface density plot of H2.
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Conclusions

In summary, the phase behavior of a 21-arm star-like diblock
copolymer in bulk and under cylindrical connement was
explored by using real space SCMFT. In comparison with a linear
diblock copolymer of the same N, a larger cN is needed for the
microphase separation of a 21-arm star-like diblock copolymer.
An asymmetric phase diagram was constructed by comparing the
free energy of different structures. The inverse morphologies
exhibit a narrow phase region because of the frustration between
the inverse morphology and the star-like architecture. In partic-
ular, the normal gyroid possesses a large phase region when the
inner block in star-like diblock copolymer has a small volume
fraction, suggesting the propensity to form the gyroid under this
condition. In addition, a scaling law correlating the period,
Dmultiarms, with the number of arms f, Dmultiarms ¼ D/f 1/2, was
identied. The bridging fraction of the lamellae formed in the
star-like diblock copolymer was nearly 100%, offering improved
mechanical properties. Some interesting two-dimensional and
three-dimensional morphologies were produced under the
cylindrical connement. The 2D phase diagram suggested that
the phase sequence is consistent with that of a linear diblock
copolymer under the cylindrical connement. Moreover, instead
of a 2D structure, a 3D double helix, in which the star-like diblock
copolymer chain tends to release its stretching energy in the third
dimension, became more stable.
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