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ABSTRACT: The influence of star-like architecture on phase behavior of star-like block
copolymer under cylindrical confinement differs largely from the bulk (i.e., nonconfine-
ment). A set of intriguing self-assembled morphologies and the corresponding phase
diagrams of star-like (AB); diblock copolymers with different numbers of arms f (i, f = 3,
9, 15, and 21) in four scenarios (¢, = 0.3 and V> 0; ¢p, = 0.3 and V,, < 0; ¢, = 0.7 and V,
> 0; and ¢, = 0.7 and V,, < 0 (where ¢, is the volume fraction of A block) and V,, < 0 and
Vi > 0 represent that the pore wall of cylindrical confinement prefers the inner A block
(i.e, A-preferential) and B block (i.e., B-preferential), respectively) were for the first time
scrutinized by employing the pseudospectral method of self-consistent mean-field theory.
Surprisingly, a new nanoscopic phase, that is, perforated-lamellae-on-cylinder (denoted
PC), was observed in star-like (AB), diblock copolymer at ¢, = 0.3 and V,, > 0. With a
further increase in f, a single lamellae (denoted L,) was found to possess a larger phase
region. Under the confinement of A-preferential wall (i.e, V; < 0) at ¢, = 0.3, PC phase
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became metastable and its free energy increased as f increased. Quite intriguingly, when ¢, = 0.7 and V;, > 0, where an inverted
cylinder was formed in bulk, the PC phase became stable, and its free energy decreased as f increased, suggesting the propensity
to form PC phase under this condition. Moreover, in stark contrast to the phase transition of C; - L; — PC (C,, a single
cylindrical microdmain) at ¢b, = 0.3 and V;, > 0, when subjected to the A-preferential wall (¢, = 0.7), a different phase transition
sequence (i.e, C; > PC — L;) was identified due to the formation of a double-layer structure. On the basis of our calculations,
the influence of star-like architecture on (AB); diblock copolymer under the imposed cylindrical confinement, particularly the
shift of the phase boundaries as a function of f, was thoroughly understood. These self-assembled nanostructures may hold the
promise for applications as lithographic templates for nanowires, photonic crystals, and nanotechnology.

B INTRODUCTION

Due to their unique solution and solid-state properties, star-like
block copolymers have received much attention for potential
applications in additives, coatings, drug delivery, and supra-
molecular science.'”* Star-like (AB)f block copolymers are
often produced by copolymerization, for example, polystyrene-
block-polyisoprene (PS-b-PI) anions with divinylbenzene
(DVB) initiated by n-butyllithium.” The concentration of
diblock anion and the feed ratio of DVB to the diblock anion
end dictate the number of arms of the resulting star-like diblock
copolymers. Recently, a set of 2l-arm star-like block
copolymers, including coil—coil poly(acrylic acid)-b-polystyr-
ene (PS-b-PAA) and coil-rod poly(acrylic acid)-b-poly(3-
hexylthiophene) (PAA-b-P3HT), have been synthesized by
either sequential atom transfer radical polymerization (ATRP)®
or a combination of click chemistry with living polymerization.
It is notable that a broad range of functional nanoparticles (e.g.,
metallic, ferroelectric, magnetic, luminescent, and semiconduc-
tor, etc.) with well-controlled dimension and solubility,7 and
1D inorganic nanonecklace with desired functionalities and
properties comprising well-defined nanoscopic building blocks®
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were crafted using these intriguing star-like block copolymers as
templates.

Imposing a geometric confinement on block copolymers has
been widely recognized as an alternative to creating novel
ordered nanostructures, compared to the other means that
involve the variation of chemical compositions, architectures,
and interactions between immiscible blocks in block copoly-
mers.””"> Many efforts in this area have been devoted to
exploiting self-assembled yet constrained nanostructures.'*'> In
this context, self-assembly of block copolymers, such as linear
AB diblock'®'” and ABC star'® in different confined geo-
metries'”*? including thin-film*' and cylindrical and hexagonal
nanopores, has been intensively investigated theoretically'”*>**
using self-consistent mean-field theory (SCMFT),"” Monte
Carlo simulation,""'*****~%¢ and dissipative particle dynamics
calculation,”’ etc. Notably, self-consistent field theory has been
extensively employed to explore the formation of nanostruc-
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tures under confinement as the corresponding free energy can
be readily calculated. Particularly, a powerful spectral method of
SCMEFT for solving the modified diffusion equation has been
developed,”*” with which the phase diagram of star-like block
copolymers with 1, 3, 5, 9, and 21 arms can be constructed.””>°
For the 9-arm star-like block copolymer, the phase regions of
gyroid and O’ phases were found to be larger than those in
linear diblock copolymer, and the phase diagrams of star-like
block copolymer were asymmetric. When further increasing the
number of arms to 21, the phase region of normal
morphologies, where the outer block forms the matrix, become
larger.™ It is not surprising that the phase behavior of star-like
block copolymer under cylindrical confinement would be
largely different between the normal and inverted phase region.
We note that there has been very limited study on the phase
behavior of f-arm star-like block copolymers under cylindrical
confinement, especially the difference of phase behavior under
confinement when the parameters are located in normal (e.g,
¢ = 0.3 and yN/f = 20) and inverted (e.g, ¢, = 0.7 and yN/f
= 20) bulk regions. Moreover, the effect of the number of arms
f on the phase equilibrium of star-like block copolymer under
confinement is of key importance, and the corresponding phase
transition sequence may be greatly impacted by the number of
arms f.

Herein, we report, for the first time, the self-assembled
morphologies of f-arm star-like (AB); diblock copolymers (A
and B are the inner and outer blocks, respectively) confined in
cylindrical nanopore by capitalizing on SCMFT. The influence
of the arm number f on the morphology and phase diagram of
star-like (AB)f diblock copolymers in four scenarios, namely, ¢,
=03 and V> 0; ¢p, =0.3 and V,, < 0; p, = 0.7 and V;; > 0; and
¢4 = 0.7 and V,, < 0 (the cylindrical pore wall prefers the inner
A block at V,, < 0 and attracts the outer B block at V;, > 0), was
scrutinized. A rich variety of three-dimensional (3D) phases,
including single cylindrical microdomain (C,), stacked disk
(Dk), single helix (H;), double helix (H,), alternating toroids
and spheres (TS), a double helix winding around a central
cylinder (H,C), and single-layer-lamellae (L,), were produced.
Phase diagrams of f-arm star-like diblock copolymers at
different pore diameter D were constructed by comparing the
free energy of phases. The free energy difference of
morphologies was also depicted. A new nanoscopic phase,
perforated-lamellae-on-cylinder (denoted PC), was observed in
(AB), diblock copolymer at f = 3, ¢, = 0.3, and V > 0. Rather
than PC, a single lamellae (L,) phase possessing a larger phase
region was found with further increasing f. Under the situation
where the pore wall of cylindrical confinement prefers the inner
A block (ie, A-preferential) at ¢, = 0.3, the perforated-
lamellae-on-cylinder phase became metastable due to the
decrease of effective A block as a thin A layer is formed near
the pore wall, and its free energy increased as f increased.
Conversely, when star-like (AB)f block copolymers were at ¢h,
= 0.7 and V; > 0, where an inverted cylinder was formed in
bulk, PC phase became stable, and its free energy was decreased
as f increased, suggesting the propensity to form the perforated-
lamellae-on-cylinder. Finally, the emergence and stability of 3D
phases in A-preferential wall at ¢, = 0.7 were also explored,
where a phase transition sequence of C; - PC — L; was
observed owing to the formation of a double-layer structure.
This is in sharp contrast to the phase transition of C; - L, —
PC at ¢p, = 0.3 and V;; > 0.
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B THEORY

In this study, a system consisting of incompressible melts of star-like
(AB); diblock copolymer under cylindrical confinement with pore
diameter D is considered, where f is the number of arms. In star-like
(AB);block copolymer, A and B blocks are the inner and outer blocks,
respectively. Each star-like polymer has an equal degree of polymer-
ization N, and the degree of polymerization of each arm is assumed to
be equal and thus N/f. The volume fractions of A blocks and B blocks,
¢ A and ¢y, are defined as N/N and Ni/N, respectively, where N and
Nj are the degrees of polymerization of A blocks and B blocks in star-
like block copolymer, respectively. The Flory—Huggins interaction
parameter y is used to characterize the interaction between two
dissimilar polymers. The length in SCMFT is expressed in the unit of
the radius of gyration of linear polymer, R, = (NV?2/6)"?, where b is
the Kuhn length. According to many-chain Edwards’ theory,®' ™° the
free energy functional F for a number of n Gaussian f-arm star-like
diblock copolymer chains under cylindrical confinement can be given
as follows:

1
= —nQ+ - [ AN ©y(6) — 0rw4, ()

nkgT
— 0p(0)gy(r) — n(0)[1 = ¢, (r) — dy(r)]

+ HO(0) — 4,01 )
where ¢,(r) and ¢y(r) are the monomer densities of A and B blocks,
respectively. Q is the partition function of a single polymer (ie., a star-
like diblock copolymer in the present study) interacting with the
mean-fields @, and wg produced by the surrounding chains. The
spatial integration is restricted to the pore volume V. A surface field is
then introduced to reflect the preference of the pore wall to different
blocks. Similar to our previous work,'®™"® this surface field is chosen to
have the following form,

Hg) = Vifexpl(o + el — R)/A] — 1}

)

for R — 6 < Il < R, while H(r) = 0 for Il < R — ¢. In this work, the
distance of surface interaction is chosen as 6 = 0.5R,, and the decay
length 4 equals 0.5R,. V, = 0 implies that there is no preferential
interaction between the pore and the A (or B) block. The pore wall
attracts the inner A block at V < 0, and prefers the outer B block when
V, > 0.

Minimization of free energy with respect to the monomer densities
and the mean fields leads to the following standard mean-field
equations for copolymer under confinement.

@y (r) = yNepy(x) + H(r) + n(r)
wy(r) = yNg, (r) — H(r) + n(r)
P(r) + ¢y(r) = 1

1
@m=a[;m%@9ﬂma

1
%m=a[;¢mmm&m

1
Q=§f¢%@94@9 ()

where gy (r,s) and gf(r,s) (K = A, B) are the end-segment distribution
functions, which are proportional 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 modified diffusion
equations.
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Figure 1. Schematic of nanostructured phases of f-arm star-like (AB); diblock copolymers under cylindrical confinement with the cylindrical pore
wall prefering the outer B blocks (V, = 0.2) at various pore sizes D. The parameters chosen in the calculations are ¢, = 0.3 and yN/f = 20. The upper
panels describe the density profiles of inner A blocks, while the matrix composed of B blocks is not shown for clarity. The C* with a superscript A
indicates the normal single cylinder, where the inner A blocks form the cylinder in the outer B block matrix. The same notations are used for the
other phases. The lower panels depict the top views of the corresponding phases, where the color ranges from deep red (A-rich regions) to deep blue
(B-rich regions).

Table 1. Summary of Four Types of Notations Used in This Study and the Corresponding Schematic Representations, Where A
and B Blocks Are Indicated by Red and Blue, Respectively”

Scenarios Notations N Vo Schematic
Representations

() c 0.3 02
@ ch 03 02

(i) B 0.7 0.2 *

) c? 0.7 -0.2

“, Notably, only a single cylinder was drawn as an example. The C* with a superscript A indicates the normal single cylinder, where the inner A

blocks form the cylinder in the outer B block matrix. The C* with an overbar implies a thin layer of A block is formed near the pore wall. The C®
with a superscript B indicates the inverted single cylinder (i.e., the outer B blocks form the cylinder in the inner A block matrix), and an overbar
implies a thin layer of B block is formed near the pore wall. The C® with a superscript B refers to the inverted single cylinder, where the outer B
blocks form the cylinder in the inner A block matrix.

aqK(r, 5) S boundary conditions are imposed automatically on the square cell in
— =V ‘iK(l'; s) — wg(r) ‘IK(I'; s) the split-step Fourier method. The cell is discretized into N, X N, = 64
Js X 64 and N, X N, X N = 64 X 64 X 64 for 2D and 3D, respectively.
0q;(r, 5) The total chain contour is divided into 1000 segments, which is

T \ qll(l‘r s) — g (r) ‘111(1‘: s) ) sufficient to give reasonable results® (see discretization test in
Supporting Information Figure S1).
The initial conditions are qf(r,1) = 1, g5(r,0) = [gi(r,0)¥~". The
split-step Fourier method was employed to solve the modified B RESULTS AND DISCUSSION
P P ploy

diffusion equations for the end-segment distribution functions.>>*®

Similar to our grevious work on linear block copolymers under On the ba-sis of.our previous study-on the [))’Elase diagram of 21-
confinement,'™"¥ the cross-section of pore is placed in a rectangular arm star-like diblock copolymer in bulk,™ where the phase
cell, which is slightly larger than the pore diameter. The periodic diagram is asymmetric due to the topological constraint of star-
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like architecture, we divide the parameters into two sets. One
set is that the inner A blocks have small volume fraction which
reflects in the left part of phase diagram. The other set
corresponds to the outer B block that has a small volume
fraction which is located at the right part of the phase
diagram.”® We note that for linear diblock copolymer under
cylindrical confinement, it is clear that there is no difference
between these two conditions described above. Interestingly, in
contrast, the morphologies of star-like diblock copolymer under
confinement are different dramatically as a direct consequence
of its star-like architecture. It is also important to note that we
concentrated our study that will be discussed below on
confinement imposed by narrow cylindrical pores with
diameter only a few L (i, the equilibrium distance between
two neighboring cylinders in the hexagonally packed cylindrical
structures in bulk) as 3D structures have been observed
experimentally for such narrow pore size,”'”’” and the
morphologies became more complicated at wide pores, making
it difficult to determine the stability of the resulting
morphologies.

l. ¢ = 0.3 Where Normal Cylinder Phase Is Formed in
Bulk, and V, > 0 (i.e., the Pore Wall of Cylindrical
Confinement Prefers the Outer B Block (B-Preferential)).
In this section, we focus on the outer B block with large volume
fraction. To ensure the formation of more interesting
morphologies, the parameters chosen were ¢, = 0.3 and yN/
f =20, which can be readily obtained in experiment by simply
controlling the monomer concentration of different blocks.” In
bulk, hexagonally close-packed cylindrical microdomains of
minor A blocks are formed, with a spacing of L, = 2.253R,,
1.601R,, 1.310R, and 1.130R, between the center of two
neighboring A-block-containing cylinders for 3-arm, 6-arm, 9-
arm, and 12-arm star-like diblock copolymers, respectively.
Interestingly, the imposed cylindrical pore confinement with
the pore attractive to outer B blocks led to the formation of
intriguing 3D either stable or metastable phases, including a
single cylindrical microdomain (C#; subscript 1 refers to single
cylinder), stacked disk (Dk"), single helix (Hf; subscript 1
refers to single helix), double helix (H3; subscript 2 refers to
double helix), perforated-lamellae-on-cylinder (PC*), alternat-
ing toroids and spheres (TS"), a double helix winding around a
central cylinder (H,C%; subscript 2 refers to double helix), and
a triple helix winding around a central cylinder (H;C%;
subscript 3 refers to triple helix) in star-like (AB)f diblock
copolymer with f = 3, 6, 9, and 12 by the application of varied
random initial fields. Figure 1 shows the side and top views of
the morphologies noted above. It is noteworthy that a new
stable morphology (i.e., phase), perforated-lamellae-on-cylinder
PC (ie, PC?), which formed in the bulk of self-assembled
linear ABC triblock copolymer,”® was for the first time observed
for star-like (AB); diblock copolymer under cylindrical
confinement. The C with a superscript A indicates the single
cylinder, where the inner A blocks forms the cylinder in the
matrix of the outer B block (see Table 1 for four types of
notations). The same notations are used for other phases in
Figure 1. The stability of each phase and the stable sequence of
these phases as a function of the pore size can be identified by
carefully comparing the respective free energy with other
candidate phases, as summarized in Figure 2. The 3D phase
sequence for star-like (AB), diblock copolymer, C} — Dk* —
HY —» PC* - H) — TS* — H,C*/H,C*, is consistent with
that of linear AB diblock copolymer under cylindrical
confinement; that is, C, - Dk - H; —» H, —» TS — H,C/
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Figure 2. Phase diagrams for f-arm star-like (AB); diblock copolymers
(f=3,6,9, 12) with ¢, = 0.3, yN/f = 20, and V, = 0.2 (ie, B-
preferential wall) confined in cylindrical pores of various diameters D
measured in units of the corresponding center-to-center distance, Ly,
between cylinders in the bulk.

H,C." 1t is interesting to note that PC* was observed as a
stable phase in star-like (AB); diblock copolymer. The
formation of PC* can be attributed to the fact that PC*
phase needs a larger volume fraction of B block (¢, = 0.3)
than the helix phases. The relative stability of H,C* and H,C*
phases are difficult to determine because the free energy
difference is subtle, which correlates well with the result in the
literature. We will use H;C to denote H,C and H;C phases
later. The appearance of the larger region of C% with increasing
f can be ascribed to the star-like architecture of diblock
copolymer, which is similar to the structure of imposed
cylindrical nanopores. Notably, 2D phases, L, and L,, were
found as stable morphologies and possessed a large phase
region with a further increase of f (Figure 2). The phase
transition and free energy behaviors of 15- and 21-arm star-like
diblock copolymers are expected to be similar to those of 12-
arm star-like diblock copolymer and thus are not shown here.

To gain a better understanding on these phase behaviors, the
free energies of 3-arm, 6-arm, 9-arm, and 12-arm star-like (AB)f
diblock copolymers as a function of cylindrical pore size at the
fixed yN/f = 20 and ¢, = 0.3 for different stable and metastable
phases were calculated and compared, as shown in Figure S2.
For clarity, a free energy difference, AF, defined as the value of
the free energy of a phase subtracted by that of L%, was used to
identify the relative stability among all these phases. As
evidenced in Figure S2a, PC* has a lower free energy in the
diameter (D/L,) range from 2.1 to 2.56. This phase region
became wider with increasing f (Figure S2b). Figure S3c shows
that a 2D L phase has the lowest free energy when the number
of arms f is 6. The emergence of L} can be ascribed to the fact
that the large volume fraction of B block (¢ = 0.7) leads to the
compression of polymer chain in Dk* Hf, and Hj phases.
Particularly, with the increase of f, the compression of chain
became more important as the chain density increased with
larger arms. Consequently, L} possesses a larger phase region
with a further increase of f, as clearly shown in Figure S2.

Il. ¢ = 0.3 Where Normal Cylinder Phase Is Formed
in Bulk, and V, < 0 (i.e,, the Pore Wall of Cylindrical
Confinement Prefers the Inner A Block (A-Preferential)).
It is well-known that the pore wall interaction exerts profound
influence on the formation of nanostructures,'® which was
clearly manifested in the self-assembled phases under cylindrical
nanopores with A-preferential wall (Figure 3). In comparison
to the structures formed in a B-preferential wall as discussed
above, a thin layer of A block formed near the cylindrical pore
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Figure 3. Schematic of nanostructured phases of f-arm star-like (AB); diblock copolymer under cylindrical confinement with the pore wall prefering

the inner A block (V

= —0.2) at various pore sizes D. The parameters chosen in the calculations are ¢, = 0.3 and yN/f = 20. The upper panels

compare the density profiles of inner A blocks, while the matrix composed of B block is not shown for clarity. The C* with a superscript A indicates
the normal single cylinder, where the inner A blocks form the cylinder in the outer B block matrix (an overbar implies a thin layer of A block formed
near the pore wall). The same notations are used for the other phases. The lower panels illustrate the top views of the corresponding phases, where
the color ranges from deep red (A-rich regions) to deep blue (B-rich regions).

wall, where Cf, DkA, Hf\, H?, TSA, and H3CA with an
overbar were used to designate these phases.'® It is not
surprising that a thin layer was formed near the pore as the pore
attracts A blocks. The stable and metastable 3D phases and

their phase transition sequence were summarized in Figure 4. It

CA Dk* HA HA TSA  H,CA
(AB) Il Il Il L 1
3 2.859 2.978 3.372 4.001 4.077
CA DA HA HA TSA H,CA
(AB) L Il Il Il L
4 3.000 3.116 3.500 4.144 4.136
A DR A Jra 5 W08
(AB)]S L 1 1 1 1
3.061 3.179 3.571 4.207 4.305
CA D HZA a7 TSh ;08
(AB)21 L 1 L L L
3.150 3.225 3.613 4.260 4.345
DIL,

Figure 4. Phase diagrams of f-arm star-like diblock copolymers with ¢,
=0.3and yN/f=20 (f=3,9, 15, and 21) confined in cylindrical pores
of varied diameter D measured in units of the corresponding center-to-
center distance, L), between cylinders in the bulk. V, = —0.2 reflects
that the pore wall prefers the inner A blocks.

is worth noting that the 3D phase sequences in the A-attractive
wall, that is, C}* - DK* - H - Hj — TS" - H3CA, was
different from that in the B-attractive wall case (C{A - DK -
H} - PC* - H} - TS = H,C"). The PC* and L} phases
did not appear in the stable phase sequence. These two phases
were metastable, and their arrangement became more frustrated
due to the decrease of effective volume fraction of A blocks as
some A blocks formed a thin layer near the pore wall. We note
that the phase transition sequences were the same with only a
slight shift toward larger D/L, as f increased, which can be
ascribed to the restriction of star-like architecture. The
corresponding free energies of star-like (AB);, (AB),, (AB);s,
and (AB),, diblock copolymers were summarized in Figure S3.
For clarity, a free energy relative to a selected reference phase

(ie., PCA), AF, was plotted to demonstrate the relative
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stability of these phases. The free energy of Ef and DK were

not shown in Figure S3 as the PC* phases cannot be observed
in such a narrow nanopore, so that the free energy difference

cannot be obtained. Strikingly, the free energy of PC* phase
increased as f increased, and L!* phase cannot be observed in

the calculations. The increase of PC* free energy may be due
to the fact that it was energetically unfavorable for the outer B
blocks to form the perforated area, in which the polymer
arran§ement was similar to the inverted cylinder morpholo-
gies.”” Consequently, high free energy was achieved, and
increased as f increased.

lll. 5 = 0.7 Where Inverted Cylinder Phase Is Formed
in Bulk, and V,, > 0 (B-Preferential Wall). In this and the
following sections, we turn our attention to the formation of
inverted phases. The volume fraction of ¢, = 0.7 and the
repulsive interaction yN/f = 20 were chosen. The strength
parameter of the surface field was selected as V= 0.2 to offer
strong attraction to B blocks and strong repulsion to A blocks.
The corresponding bulk cylinder-to-cylinder distances, Ly, of
star-like (AB)3, (AB)y, (AB);s, and (AB),; diblock copolymers
are 2.554, 1.501, 1.173, and 0.993, respectively. First, we
considered the phases that form in a B-attractive pore wall, and
the results for A-preferential wall will be discussed in section IV.
The stable and metastable nanostructured phases found under
this condition are shown in Figure 5. The Cf’, DE, Hf, HZB,
PC®, TS®, and H3CB, in which a superscript B refers to the
inverted phases, were obtained, where the outer B blocks form
C, Dk, H;, H,, TS, and H;C phases because of the spontaneous
curvature. An overbar signifies a thin layer of the B blocks forms
near the pore wall.

Similarly, the stability of each phase as well as their stable
phase sequences as a function of the pore size can be achieved
by carefully comparing the respective free energy with other
candidate phases. The corresponding phase transition sequen-
ces of these phases with f are summarized in Figure 6. Clearly,

the phase region of PCP became wider as fincreased. For star-
like (AB); diblock copolymer, the phase transition sequence of

E?_,ﬁqﬁfqﬁfq PCB—>E§—>T_SB—>H3CBwaS
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Figure 5. Schematic of nanostructured phases of f-arm star-like (AB); diblock copolymers under cylindrical confinement with the pore wall prefering
the outer B blocks (V, = 0.2) at various pore sizes D. The parameters chosen in the calculations are ¢, = 0.7 and yN/f = 20. The upper panels depict
the density profiles of the outer B blocks (deep blue), while the matrix composed of A block is not shown for clarity, which can be clearly observed in

the corresponding top view. The C” with a superscript B indicates the inverted single cylinder, where the outer B blocks form the cylinder in the
inner A block matrix. An overbar implies a thin layer of B block formed near the pore wall. The same notations are used for the other phases. The
lower panels display the top views of the corresponding nanostructures, where the color ranges from deep red (A-rich regions) to deep blue (B-rich

regions).
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Figure 6. Stable sequences of phases formed in f-arm star-like (AB);
diblock copolymers (f =3, 9, 15, and 21) at ¢, = 0.7, ¥N/f = 20, and
Vo = 02, where the pore wall prefers the B blocks, under the
cylindrical confinement with the varied diameter D of nanopores. The
D was normalized by the corresponding bulk cylinder-to-cylinder
distance, Ly = 2.554R,, 1.509R,, 1.174R,, and 0.993R, for 3-arm, 9-arm,
15-arm, and 21-arm star-like diblock copolymers, respectively.

observed, where PC” possesses a very tiny phase region. It is
interesting to note that when further increasing f, the phase

transition sequence changed to C - DK - H} — pC® -

H3CB, where PC” has a large phase region and its phase region
increased as f increased (Figure 6). For linear diblock
copolymer AB (ie, f = 1), the phase transition sequence at
¢a = 0.3 for the case of wall attracting A blocks is exactly
identical to that with ¢, = 0.7 for the case of wall attracting B
blocks. PC* was a metastable phase, and its free energy

increased as f increased. In stark contrast, pC® was, however,
found to be more stable (Figure 6). This is not surprising as the
perforated area in PC® was formed by the inner A blocks
(Figure 7), which matched well with the star-like architecture,
thereby leading to the decrease of free energy. Nonetheless, this
mechanism was clearly demonstrated in the chain arrangement

of PC* and PC® (Figure 7). In addition, the phase region of

B B . . .
H; and H;C" became narrower as f increased. This observation
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£,=0.3 and V;=-0.2 £,=0.7 and V;=0.2

Figure 7. Schematic illustration of the arrangement of star-like (AB)f
diblock copolymer in PC* and PC® phases. For clarity, only parts of

the corresponding matrix are shown. The perforated area in PC* is
filled with the outer B blocks (blue), where the outer B blocks are
compressed and the inner A blocks are stretched to adjust this chain
arrangement, which is similar to that of an inverted cylinder in the

literature.** For the PC* phase, the inner A blocks form the

perforated area, which is energetically favorable for the star-like
architecture. Only six representative arms are shown for clarity.

was consistent with the results that PC has a larger phase
region.

In order to understand the phase diagram shown in Figure 6,
the free energies of the stable and metastable phases were
summarized in Figure S4. A free energy difference, AF, defined

as the value of free energy of a phase subtracted by that of EB,
was used to evaluate the relative stability among these phases.

Since PC® cannot be formed in such a narrow pore, the free
energy difference between C; phase and PC® cannot be

obtained. Thus, the free energy of E? was not shown in Figure
S4. However, the phase transition can be obtained by

comparing the free energy between Ef and D¥ phases. For
the free energy of 3-arm star-like (AB)f diblock copolymer (f =

3) (Figure S4a), the free energy of PC® was always high.
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Figure 8. Schematic of nanostructured phases of f-arm star-like (AB); diblock copolymers under cylindrical confinement with the pore wall prefering
the inner A blocks (V, = —0.2) at various pore sizes D. The parameters chosen in the calculations are ¢y = 0.7 and yN/f = 20. The upper panels
describe the density profiles of the outer B blocks, while the matrix composed of inner A block is not shown for clarity. The C® with a superscript B
indicates the inverted single cylinder, where the outer B blocks form the cylinder in the inner A block matrix. The same notations are used for the
other phases. The lower panels depict the top views of the corresponding phases, where the color ranges from deep red (A-rich regions) to deep blue

(B-rich regions).

However, as f increased to 9, the free energy of PC® decreased
and its phase region became wider (Figure S4b). A further
increase of fled to the unstable helix. As a result, these phases
cannot be observed, even as metastable phases (Figure S4c,d).
On the basis of the free energy difference, the phase transition
sequences described in Figure 6 were thus fully understood.
IV. ¢pp = 0.7 Where Inverted Cylinder Phase Is Formed
in Bulk, and V, < 0 (A-Preferential Wall). For the case in
which the pore wall preferentially attracts the inner A blocks at
@4 = 0.7, a thin layer near the pore wall was not formed (Figure
8). Notably, a 2D lamellae phase (L) at the larger number of
arms (i.e, f > 4) was obtained. To reveal the relative stability of
these stable and metastable phases, the phase diagram was
shown in Figure 9. Interestingly, the largest number of arms f
calculated in Figure 9 was only 6. This is because the 3D
phases, such as disk and helix, were unstable when f was larger
than 6 (Figure SS). L? showed a larger phase region, especially
when f was larger. On the basis of this trend, the phase
transition sequences of larger f are expected to be similar to that

C:® DKB PCB LB
'l Il '}
(AB); 7 446 1.499 2.444
CcB PCB LB H,C?
'l 'l 'l
(AB), 1.474 2.051 2.518
CBPCB LB
Ll
(AB)s 1.488 1.526
CcB LB
'l
(AB)g 1.494
DIL,

Figure 9. Stable sequences of phases formed in f-arm star-like (AB)f
diblock copolymers (f = 3, 4, S, and 6) at ¢, = 0.7, yN/f = 20, and V,
= —0.2, where the pore wall prefers the A blocks, under the cylindrical
confinement with the varied diameter D of nanopores. D was
normalized by the corresponding bulk cylinder-to-cylinder distance, L,
= 2.554R,, 2.232R,, 2.007R,, and 1.838R for 3-arm, 4-arm, 5-arm, and
6-arm star-like diblock copolymers, respectively. The phase diagrams
with f > 6 were not shown (shown in Figure SS instead) as 3D phases
cannot be obtained even as metastable phases.
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of 6-arm star-like diblock copolymer, where L} was found to be
most stable. To clearly demonstrate the shift of phase transition
as a function of f, the phase diagrams of 3-, 4-, S-, and 6- (not
3-, 9-, 15, and 21-) arm star-like diblock copolymers were
calculated. The formation of L? can be ascribed to the fact that
a larger volume fraction of outer B block (¢ = 0.3) resulted in
the compression of polymer chain in PC, helix, and TS phases.
However, for the phases formed in the B-preferential wall cases,
the effective volume fraction of B block decreased as a thin B
layer was formed near the pore wall (Figure S), leading to the

formation of PC® phase. The phases at ¢, = 0.7 and V; = —0.2
(A-preferential wall) exhibited a C} — PCP — L} transition
sequence, where L? phase was stable at the lager pore wall. This
contrasts the sequence of C{ — L{ — PC" in the case where
¢ =03 and V,, = 0.2 (B-preferential wall). The emergence of
L} at the larger pore size is due to the formation of a double-
layer structure (Figure S6). For the L} phase form in the case of
¢4 = 0.3 and B-preferential wall, the star-like diblock copolymer
preferred a single-layer structure (Figure S6). Consequently, L}
became metastable as the pore size increased. The phase
transitions were clearly revealed in the free energy difference
AF obtained by subtracting the free energy with that of L%
(Figure S7). Clearly, the free energy of L? decreased as f
increased. It is interesting to note that some 3D phases at f > S,
that is, Dk®, H?, H3, TSP, and H,C® phases, were not shown in
Figure S7, as these phases were unstable due to higher free
energy.

B CONCLUSIONS

In summary, the emergency and stability of 3D phases in f-arm
star-like (AB); diblock copolymers under cylindrical confine-
ment were systematically explored by the self-consistent mean-
field theory calculations. Four scenarios, that is, ¢p, = 0.3 and V,
—0.2 (A-preferential wall), ¢, = 0.3 and V, = 0.2 (B-
preferential wall), ¢, = 0.7 and V, = —0.2, and ¢, = 0.7 and
Vo= 0.2, were, for the first time, scrutinized to reveal the
influence of asymmetry (i.e,, asymmetric volume fraction) on
the phase behaviors of star-like (AB); diblock copolymer under
cylindrical confinement. An exciting variety of 3D phases,
including a single cylindrical microdomain (C,), stacked disk
(Dk), single helix (H,), double helix (H,), alternating toroids
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and spheres (TS), and a double helix winding around a central
cylinder (H,C), were identified. Moreover, the corresponding
free energy difference was obtained to show the influence of the
number of arms f on the shift of phase boundaries. Notably, a
new phase, perforated-lamellae-on-cylinder (PC), was yielded
in star-like (AB); diblock copolymer at ¢, = 0.3 and V; > 0.
Due to the packing frustration of the PC phase where the
perforated area comprised the outer B blocks, a single lamellae
(L}) phase possessed a larger phase region as f increased. In
addition, under the A-preferential wall confinement at ¢, = 0.3,

PC" phase became metastable due to the decrease of effective
A blocks as a thin A layer was formed near the pore wall, and its
free energy increased as f increased. In sharp contrast, when
star-like (AB); diblock copolymers were at ¢, = 0.7 and V,, > 0

where the inverted cylinder was formed in bulk, PC" was stable
and its free energy decreased as f increased, signifying the

propensity to form the PC® phase under this condition. Finally,
the self-assembled 3D phases of star-like (AB); diblock
copolymer in the case of A-preferential wall (V, < 0) and ¢,
= 0.7 were also explored, where a phase transition sequence of
C? — PC® — L} was found. This may be due to the formation
of a double-layer structure, thereby leading to the emergence of
L,* phase at the larger pore size. For ¢, = 0.3 and V;, > 0, a C}
- L} - pC* sequence, however, was yielded. Clearly, our
calculations provided a fundamental understanding on the shift
of phase boundaries as a function of f and on the influence of
star-like architecture on phase behavior of star-like (AB) ¢
diblock copolymer under cylindrical confinement. We envision
that such intriguing self-assembled nanostructures derived from
the geometrically constrained star-like diblock copolymers may
be exploited as unique lithographic templates for creating
complex inorganic functional materials and devices.*
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