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The formation of ordered phases from block copolymers is driven by a delicate balance between the

monomer-monomer interaction and chain configurational entropy. The configurational entropy can be

regulated by designed chain architecture, resulting in a new entropy-driven mechanism to control the self-

assembly of ordered phases from block copolymers. An effective routine to regulate the configurational

entropy is to utilize multiarm architecture, in which the entropic contribution to the free energy could be

qualitatively controlled by the fraction of bridging configurations. As an illustration of this mechanism, the
phase behavior of two AB-type multiarm block copolymers, By — (B; — A;),, and (B; — A; — B,),, where
the minority A blocks form cylindrical or spherical domains, are examined using the self-consistent field

theory (SCFT). The SCFT results demonstrate that the packing symmetry of the cylinders or spheres can be

controlled by the length of the bridging B blocks. Several nonclassical ordered phases, including a novel
square array cylinder with p4mm symmetry, are predicted to form from the AB-type multiarm block

copolymers.

DOI: 10.1103/PhysRevLett.116.068304

The self-assembly of block copolymers has become a
topic attracting extensive attention due to its intriguing
properties and potential applications [1-5]. The formation
of equilibrium ordered phases from the self-assembly of
block copolymer is dictated by a number of factors,
including interaction parameters between distinct blocks
that are usually quantified by the Flory-Huggins parameter
¥, the chain length characterized by the number of
statistical segments N, the volume fraction of each block,
the monomer size and density, as well as the chain
topology. Simple AB diblock copolymers, whose phase
behavior is mainly governed by two parameters, i.e., the
product yN and the volume fraction of A block f, exhibit a
number of ordered morphologies, including the lamellar,
hexagonally packed cylindrical, body-centered-cubic (bcc)
spherical, bicontinuous gyroid, and Fddd (O’°) phases
[6,7]. Block copolymer phase behavior depends on other
molecular parameters as well. For example, the conforma-
tional asymmetry of A and B blocks could lead to the
formation of novel spherical structures such as the complex
Frank-Kasper ¢ phase [8—10].

The formation of different ordered phases from block
copolymers is driven by a competition between the mono-
mer-monomer interaction and the chain connectivity. It has
been well established that adding more types of blocks will
lead to the formation of complex ordered phases [4]. For
example, an ABC triblock copolymer is obtained by adding
one C block onto the AB diblock copolymer. It has been
shown that ABC triblock copolymers can exhibit a much
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richer phase behavior than the AB diblock, largely due to the
significantly enlarged parameter space [11-13]. Moreover,
the topological structure, e.g., linear versus star, further
regulates the self-assembly behavior of ABC triblock
copolymers [14—19]. The chain topology also plays an
important role for bicomponent block copolymers. It has
been shown that the perforated lamellar [20], spherical
phase with the A15 lattice [21-24], and Frank-Kasper o
phase [8—10], become stable in AB-type comb or branching
copolymers. A further example is found in ABC multiblock
terpolymers. In these terpolymers the topology becomes a
critical factor affecting the formation of equilibrium mor-
phology. For example, Li and co-workers have demon-
strated that designed B;AB,CB; terpolymers can be
engineered to form various binary mesocrystals with vary-
ing coordination numbers (CNs) by changing the relative
lengths of the middle and terminal B blocks [25,26].

It is straightforward to alter the monomer-monomer
interaction by introducing chemically different blocks,
electrostatic and hydrogen-bonding interactions into the
system. On the other hand, controlling the entropic con-
tribution to the self-assembling process is less straightfor-
ward. It has been argued that the introduction of comblike
or branch architecture in AB-type block copolymers could
provide a method to alter the entropic contributions,
resulting in ordered phases not available in linear diblock
copolymers [20]. Based on this argument we propose that
utilizing chain topology to regulate the entropic contribu-
tions could provide an effective method for the engineering
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of ordered phases. In this work, we demonstrate that the
topology of block copolymer can indeed be used to control
the formation of ordered phases.

One of the main motivations for the topological design is
to regulate the configurational entropy, such as the number
of possible configurational paths of multiblock terpolymer
chain going through lamella-within-lamella hierarchical
structures [27] and the ratio of looping and bridging
configurations [28]. Although the concept of bridging
configuration has been introduced and discussed by exper-
imenters [29] and theorists [30] previously, its effect on
the equilibrium morphology is rarely explored. In the
B{AB,CBj; terpolymers, “bridge” is naturally formed
due to the constraint of A and C domains on the minority
A and C blocks. This constraint is absent in AB-type
copolymers [25]. However, as mentioned before, a certain
fraction of bridging configurations is obtained in ABA
triblock copolymers due to the maximization of configu-
rational entropy [31]. More importantly, the bridging
fraction can be significantly enhanced in multiarm copol-
ymers because the combinatorial entropy increases with the
number of arms and therefore the configurational entropy
could be more dominant over other free-energy contribu-
tions [28]. Regulating the configurational entropy offers the
possibility to tune the packing symmetry of cylinders or
spheres in AB-type copolymers. Compared with the tuning
mechanism in the previous B;AB,CB; system, one more
factor of adjustable relative length of bridges is required.

In order to regulate the configurational entropy, we
design two AB-type multiarm block copolymers, in which
m identical arms join together to form a star topology
(Fig. 1). This special architecture enables the construction
of effective bridges by partitioning multiple arms into
different neighboring domains due to two driving forces,
the combinatorial entropy and the conformational asym-
metry. The latter arises from the fact that localizing multiple
branches into a single minority domain results in an
excessive packing frustration [24]. In the first molecule,
M, consisting of one block of B homopolymer joined to m
(B; — A;) diblocks at a common junction point, the B;
blocks act as the bridges, and their length can be varied by
modifying the length of the tail B block while keeping the
total B composition unchanged.

For the linear AB diblock copolymer with fixed y N, the
competition of the stretching energy and the interfacial
energy is mainly dictated by the compositional parameter f.
In contrast, the competition between these two factors in
M, with constant yN and f can also be regulated by
adjusting the length of the bridging blocks. Short bridging
blocks favor close interface separation between domains to
avoid excessive stretching. On the other hand, the closer
arrangement of domains leads to smaller domains and thus
to higher interfacial energy. An effective way to mitigate
this competition is to rearrange the microdomains onto
new crystal lattices with a more adaptive coordination

M;: By-(B-A),,
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FIG. 1. Left: schematic plot of the architectures of the two
designed AB-type multiblock copolymers, M; and M,. A and B
blocks are drawn in red and blue colors, respectively. Center:
illustrative plot of chain configurations in three typical cylindrical
morphologies with different coordination numbers demonstrating
the formation of bridges among neighboring domains and their
impact on the domain arrangement (i.e., packing lattice). Right:
density profiles of the stable morphologies self-assembled
from the two block copolymers, including the classical phase
of hexagonal cylinders (denoted as C%mm, where the subscript
and superscript indicate the plane symmetry and coordination
number, respectively) and three nonclassical phases of square
array of cylinders (similarly denoted as C?Amm), graphenelike
cylinders (Ci3mm), and honeycomblike network phase (L 3,,).

More candidate phases are listed in Fig. S1 [32].

environment [25]. It has been proposed that a crystal lattice
with lower CN tends to have a closer interface separation
of domains that benefits releasing the stretching of the
bridging blocks. As the length of the bridges is shortened,
the cylindrical or spherical morphology transfers from the
crystal lattice of high CN to that of low CN. The energy
benefiting from the reduced stretching of the bridging
blocks compensates the energy cost due to the higher
noncircularity and nonsphericity of domains on a crystal
lattice with lower CN [9]. Therefore, the number of arms
and the length of the bridging B blocks can be used
as a controlling parameter for the formation of different
ordered phases. This mechanism of regulating configura-
tion entropy via multiarm block copolymers is illustrated
schematically in Fig. 1.

Based on the proposed design principle of bridging B
blocks with adjustable length, we design a second archi-
tecture, denoted as M,, where the homopolymer B block is
transformed into m identical B blocks added to the end of
each A; block (Fig. 1). Bridge motifs are constructed in a
similar way, where the length of the bridge is tuned by
varying the location of the A; block within each arm. In
order to verify the proposed entropy-driven mechanism, the
phase diagrams of varying block ratios for fixed yN are
determined using the pseudospectral method of SCFT
[34-36]. Details of the SCFT formulation are provided
in the Supplemental Material [32]. Transitions between
various ordered phases with respect to the relative lengths
of B blocks with fixed total B compositions are identified.
The main results for M; and M, are summarized in the 2D
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FIG. 2. Phase diagram of molecule M, in the f,, — fp, plane
with m =5 and yN = 100. The red dashed line indicates the
phase path of f, = 0.05.

cross-sectional phase diagrams of Figs. 2 and 3, respec-
tively. It is noted that the SCFT is a mean-field theory; thus,
fluctuation effects are ignored. It is known that fluctuation
effects can be important in the weak-segregation regime
[37]. On the other hand, for block copolymers in the
intermediate to strong segregation regime, the SCFT
provides an accurate description of their phase behavior.
As we expect to adjust the coordination environment via
tailoring the bridge motifs, we first examine the configu-
rational change as the length of bridging blocks varies. As
an example, we show in Fig. 4 the density distribution of
the junction point of M, within the unit cell of the C* pamm
phase for a set of fp values. The results show that the
bridge motifs undergo a notable transition as f  increases,
i.e., that the bridging blocks are shortened. When [ is less
than 0.2, the junction point is distributed mainly in the
central region of the cell, indicating that the A; blocks are
partitioned evenly into the surrounding four domains. This
greatly increases the combinatorial entropy of the A; blocks
and also favors reducing their packing frustration. As fp
increases from 0.2 to 0.4, the bridging blocks begin to
experience severe stretching (Fig. S3 [32]). Driven by the
effort to alleviate the degree of stretching, the junction point
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FIG. 3. Phase diagram of molecule M, in the f,, — fp, plane
with m =5 and yN = 140. In the upper region of the diagram,
the C® pomm phase transforms continuously into a core-shell cylinder

phase denoted as C p6mm( cs), and thereby no boundary is plotted.

gradually moves toward the edge of the cell. Under this
condition, the bridges tend to mainly partition into the two
nearest domains. Finally, as f further increases up to 0.5,
the bridges ultimately degenerate into loops surrounding a
single domain.

The calculated variation of the bridge motifs sheds light
on the entropy-driven transition mechanism between dis-
tinct cylindrical phases. The transition of bridge motifs in
other 2D phases is similar to that in the C% pamm Phase,
except that the boundaries are shifted (Fig. S4 [32]). It is
also found that the bridges formed in molecule M, possess
a similar transition process that will be shown to play a
crucial role on stabilizing the desired C?;4mm phase.

To understand the entropy-driven transition mechanism
of equilibrium cylindrical phases of M| due to adjustable
fraction of bridging configurations, we discuss the typical
phase path of f, = 0.05, which goes from the classical
cylindrical phase, through two new interesting phases of

Ciﬁmm and L ,3,, to the classical lamellar phase as fp,

increases. As a delicate balance between the interfacial
energy and the stretching energy determines the stable
phase, we elucidate the underlying mechanism of the phase
transitions by analyzing the two contributions of free
energy (Fig. S5 [32]).

When f 5 of M, is small, the hexagonal phase of (o pomm
is generally preferred among the cylindrical phases due to
its superior capacity to simultaneously minimize the
interfacial area and packing frustration [Fig. S5(a) [32] ]
[23]. On the other hand, the hexagonal phase with the
largest CN among the cylindrical phases possesses the least
neighboring A domains (i.e., three) for the A arms of one
chain to be partitioned (Fig. 1). When fp is increased at
fixed f,4,, A domains tend to pack more closely in order to
reduce the loss of configurations. Because of fixed A-B
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FIG. 4. Density profiles of the junction point of M; in the
C‘I‘,4mm phase for various fp with f, = 0.05. The density
distribution along the middle line of the cell, i.e., y = L, /2, is
plotted in Fig. S2 [32].
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compositions, reduced domain distance leads to shrunk
domains and thus to higher interfacial energy. A lower-
coordinated packing lattice with more swollen domains is
preferred (Fig. S6 [32]). Accordingly, the phase sequence
in the order of favorable interfacial energy as fp, increases

i (6 4 3
or fp, decreases is C g, Cpapm> and Cps,.

Based on the SCFT results, it can be concluded that
shorter bridging B blocks make the copolymers flexible and
responsive to the coordination environment, thereby result-
ing in the possible formation of the cylindrical phases
with lower CN. For example, the C?,3mm phase becomes
stable only when fp is larger than 0.28. Note that lower-
coordinated packing is also beneficial to the accommoda-
tion of long B, blocks as their configurations are disturbed
by surrounding A domains and are effectively compressed
in the matrix. Entropic loss due to this compression is
diminished in the phase of lower CN with more accessible
space [Fig. S5(c) [32] ]. All these factors operate synergisti-
cally to decrease CN when fp is increased. Consequently,

the stable phase changes from C%,, directly to C,,,.,
4

resulting in the absence of C,,,,, in the phase diagram.

As fp, is further increased above 0.45, another non-
classical phase, L 3, emerges and occupies a considerable
region in the phase diagram. In this structure the A
component forms a threefold continuous network that
divides the B matrix into separate hexagonal domains.
This honeycomblike phase has been observed in another
AB-type block copolymer, i.e., linear-dendrimer copoly-
mers [38]. The stabilization of L 3, phase is accompanied
by an abrupt change in both entropic and interfacial
energies. The network A domains enclosing each hexago-
nal B domain impose a strong constraint as complete
confinement on the long tail B, block [38], resulting in
a great loss of its configurational entropy. This entropic loss
is more pronounced than those in the cylindrical phases
[Fig. S5(c) [32]]. On the other hand, merging isolated
domains into continuous lamellalike domains efficiently
reduces the interfacial area. This significant drop in
interfacial energy compensates the entropic loss and yields
a large region of L3, in the phase diagram.

Eventually, the lamellar phase becomes stable as f is
increased to around fp = 0.64. The higher interfacial
energy of the lamellar phase compared to L3, in
Fig. S5(b) [32] is confirmed by a comparison of the density
distribution of the A component in the two phases (Fig. S7
[32]). Severe intervening A-B interfaces, indicating strong
A-B interaction throughout the A domains, give rise to
higher interfacial energy in the lamellar phase. On the
contrary, the lamellar phase suffers less loss of entropy,
because the constraint on the configuration of the long tail
B block consists in only one dimension normal to the A-B
interface, whereas in L 3,, it is imposed on two dimensions.
Even though the 120° corners in L 3, can provide negative
curvature to benefit partitioning multiple arms, the entropic

factor in respect of B, becomes more dominant as the tail
block is elongated, and ultimately leads to the stable
lamellar phase.

The study of the first macromolecule M; demonstrates
the successful modulation of phase transitions by regulat-
ing configurational entropy for fixed yN and f. Since the

highly desired C‘[‘,4mm phase is absent in the phase diagram

of M, an alternative molecular architecture is examined.
As the formation of lower-coordinated phases in M, is
driven by both the transition of bridge motifs and the
configurational constraint on the tail block simultaneously,
we devise another molecular architecture with the aim to
screen the latter factor, and thus to slow down the
decreasing tendency of CN and enable the formation of
ct The molecule M, is a (B; —A; — B,)-triblock

pdmm*
jointed star copolymer in which the inner B, blocks act
as the bridging blocks like B; in M;. However, the
difference consists in that each portion of reduction in
S, brings about an equivalent increment in f , while in
M, each portion of reduction in f results in an increment
by m times in fp . It is also worth noting that the molecular
architecture of M, has a simpler topology and thus is more
accessible in synthesis, but without losing the key element
of bridge motifs.

As shown in Fig. 3, a sizable region of C‘[‘,4mm is present
in the upper-left region of the phase diagram, and a

. . 6 4 . .
transition from Cp6mm to Cp4mm as fp, increases is

observed as expected. To show the effect of configurational
entropy on this phase transition, we compare the distribu-

tions of the junction point of M, in the C},,,, and C5¢
4

phases in the region where C4,,,
explicitly in Fig. S8 [32], the proportion of bridging
configurations is considerable in C‘I‘,4mm while most of

6
pbmm*

with the proposed entropy-driven mechanism.

Similar to the phase transitions between the cylindrical
phases, the configurational entropy also has a significant
effect on the transition between the spherical phases of Sy,
and Sy in the left region of the phase diagram where f4, is
relatively small. The stable spherical phase of AB diblock
copolymer is mainly S, except for a tiny region of S
phase at the vicinity of the order-disorder transition
boundary [20]. Obviously, in the current systems the
transition of the spherical phases is not simply driven by
the variation of segregation degree. Instead, the mechanism
is similar as that in the cylindrical phases. Decreasing the
length of bridging blocks permits a larger distortion of
domains away from sphericity, which is in accordance with
the sphericity argument because the isoperimetric quotient,
1Q = 0.7534 of Sy is larger than 1Q = 0.7405 of Si.. [9].
Although nonclassical spherical phases are not formed in
the current system, they could be stabilized in other

is stable. As shown

them have degenerated in C This is well consistent
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bicomponent copolymers designed according to the prin-
ciple of regulating the configurational entropy.

Of the new morphologies exhibited by the current AB
multiarm copolymers, the square array of cylinders is of
special interest due to its potential application in nano-
lithography [39]. While chemical patterns with hexagonal
symmetry act as excellent templates for the assembly
process [40], the square lattice of microdomains is gen-
erally more consistent with the industry-standard coordi-
nate system, thus more desirable in microelectronic
applications. Even though ordered square arrays have been
obtained via templated self-assembly of triblock copoly-
mers and supramolecular block copolymers [39,41-43],
long-range and defect-free pattern remains a challenge for
AB-type block copolymers.

Square cylindrical phase has been observed experimen-
tally in the self-assembly of copolymeric dendrimers
and supramolecular dendronized polymers [44,45]. A later
theoretical study implies that polymeric architectures with a
long handle are essential for stabilizing the square phase,
and a large number of tines helps expand its stability region
[46]. These previous studies provide great inspiration to the
search of square cylindrical phases. Nevertheless, a general
mechanism is lacking to rationalize the formation of the
square phase, without which it is unlikely to realize the goal
of topological design for more desired phases.

In the current work, we propose an entropy-driven
mechanism for the formation of nonclassical equilibrium
morphologies from the self-assembly of AB-type block
copolymers. It should be pointed out that in our systems of
AB-type multiblock copolymers, the formation of bridge
motifs due to maximizing the configurational entropy by
partitioning multiple arms into different neighboring
domains is in contrast to that of the bridges constrained
between A and C domains in the binary crystalline phases
of ABC-type multiblock terpolymers. However, these two
designed block copolymer architectures exhibit a similar
impact on the transitions between phases with various CNs.
Therefore, the current work further enriches the design
principle of topological architecture of block copolymers
for the fabrication of desired structures, which was origi-
nally demonstrated via the self-assembly of B;AB,CB;
multiblock terpolymers in our previous work.
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