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ABSTRACT: The self-assembly of amphiphilic macromolecules
into various mesocrystals has attracted abiding interest. Although
many interesting mesocrystals have been achieved, mesocrystals of
a low coordination number (CN) such as simple cubic are rarely
reported. Here we purposely design an AB-type multiblock
copolymer to target exotic spherical phases of low CNs. Self-
consistent field theory reveals that two sophisticated mechanisms
are realized in the copolymer, that is, stretched bridging block and
released packing frustration, synergistically leading to the
formation of three spherical phases with extremely low CNi,
including the simple cubic spheres (CN = 6), the cubic diamond
spheres (CN = 4), and normally aligned hexagonal-packing spheres
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(6 < CN < 8) in a considerable parameter region. Moreover, we demonstrate that these exotic phases are hard to be stabilized by

either of the two mechanisms individually.

rystals whose constituents are arranged on periodic

crystalline lattices are one class of the most useful
materials, and thus, their formation has attracted abiding
interest. The fundamental problem of crystal formation is the
packing of particles. Natural or conventional crystals are mainly
constituted by atoms and ions possessing a lattice constant of
subnanometer. An extension of the lattice constant of
crystalline structures to the nanoscale or mesoscale should
broaden their applications." ™

In recent decades, increasing attention has been paid to
fabricating crystalline structures with large lattice constants.*™"
One direct way is to substitute nanoparticles for atoms or
molecules, making nanocrystals with a lattice constant ranging
from nanometers to hundreds of nanometers.” Alternatively,
crystalline structures at the mesoscale can be made from the
self-assembly of various amphiphilic macromolecules (e.g.,
block copolymers,'°~"* amphiphilic liquid crystals,"*"'® and
giant surfactants'’~""). Self-assembled spherical domains as
“artificial macromolecular atoms” (AMAs)*° are composed of
dozens or even hundreds of macromolecules.

Conventional crystals and soft mesocrystals possess the
common crystalline lattices that are subject to 230 space
groups. Interestingly, some crystalline lattices are common,
such as face-centered-cubic (FCC) and body-centered-cubic
(BCC), but some are really rare.”’ One simple but rare
crystalline structure is the simple cubic (SC). One important
characteristic of the crystalline lattice is the particle packing
factor (denoted by ¢). Apparently, the SC lattice has a much
lower packing factor (¢ = 0.524) than that of FCC (¢ =
0.740) and BCC (¢ = 0.680). Another characteristic
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parameter, the coordination number of SC (CN = 6), is also
much lower than that of FCC (CN = 12) and BCC (CN =
12.5). Another interesting mesocrystal of low CN is the
diamond lattice of spheres (DS, CN = 4)*” that, as a photonic
crystal, can generate a complete band gap.”’

Among macromolecular constituents of mesocrystals, a
block copolymer (BCP) is of particular interest due to a few
advantages.'”***> First of all, the self-assembly of block
copolymers can be readily tuned to form various crystalline
structures (e.g.,, spherical phases) by tailoring their architec-
tures and compositions.'”*°”** Second, the lattice constant of
BCP mesocrystals is dictated by the molecular weight and thus
can be tuned from dozens to hundreds of nanometers. In
addition, many chemical methods have been developed to
complex inorganic components with block copolymers, thus,
diversifying the properties of block copolymer mesocrys-
tals.”* ™’ Therefore, BCP mesocrystals exhibit a promising
prospect of applications. However, mesocrystals of low CNs
such as SC and DS are rarely reported in BCPs, which limits
the application of mesocrystals.

Here we aim to design a new AB-type BCP to target stable
spherical phases of low CNs on the basis of self-consistent field
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theory (SCFT) studies. To make full use of the efficiency of
SCFT, we model each block as a Gaussian chain with equal
segment length b and density po.°"’" Moreover, we
concentrate on the variable of BCP architectures. Nevertheless,
some useful guiding principles are still needed, otherwise it is
still a formidable task to find the desired architecture in the
huge library of architectures.*

For the self-assembly of BCPs, one of the most critical
factors that disfavors crystalline structures of low CNs is the
packing frustration.”® The packing frustration in crystalline
structures mainly results from the polyhedral shape of the
Wigner—Seitz cell, in which the majority blocks are
nonuniformly stretched in order to fill the space uniformly,
resulting in a loss of entropy.”’ One way of reducing the
nonuniformity of stretching is to deform the A/B interface
from circular to approaching the polyhedral shape, which
causes nonuniform stretching with the minority blocks as well
as a penalty to the interfacial energy.*® The two contradictory
tendencies induce the packing frustration of polymer
chains.”**' In the SC or DS phase, the packing frustration
becomes exceptionally high.

Very recently, an efficient sophisticated mechanism has been
proposed to release the packing frustration of BCPs, that is,
intramolecular segregation between two different blocks within
the same copolymer chain.*”** More specifically, the long
blocks are favorably distributed to the further space, while the
short blocks go to the nearby space. This mechanism releases
the extra packing frustration in the FCC morphology and thus
makes FCC become stable over the usual BCC phase.”’ On
the other hand, there is another mechanism to drive the
transition from the crystalline phase of high CN to that of low
CN, that is, stretched bridging block spanning a pair of
neighboring domains. The main effect of this mechanism is to
reduce the domain-to-domain distance and thus to release the
stretching of the bridging block by lowering the CN of
crystalline lattices.””**

Neither released packing frustration nor stretched bridging
block can stabilize the SC or DS phalse;31’44 however, the
synergistic effect of the two mechanisms enhances the
possibility. Accordingly, we purposely design an AB-type
BCP molecule denoted as (B;)AB(Ar) (Figure 1a), which is
composed of an AB diblock copolymer with A/B-block
tethered by an extra B/A-block, respectively. The A-block
(B-block) is divided by the tethering point into A;/A,-blocks
(B,/B,-blocks), and the tethering block is denoted as the Bj-
block (A;-block). Obviously, this molecule has exchange
symmetry with respect to A and B in topology. If A-blocks
as a minority self-assemble into discrete domains (Figure 1b),
the lengths of three B-blocks can be tuned for them to reach
different areas separately, thus, releasing the packing frustration
of B-blocks in the matrix. On the other hand, the B,-block
should form a portion of bridging configurations spanning a
pair of A-domains, and its stretching degree can be adjusted by
changing its relative length for a fixed total length of B-blocks.
In brief, both mechanisms of released packing frustration and
stretched bridging block can be realized simultaneously in the
discrete morphologies of the (B;)AB(Ar) copolymer.

We consider an incompressible melt of volume V consisting
of n identical (By)AB(Ar) copolymers, each of which is
composed of N segments in total. The number of segments on
the six blocks is denoted as fy|N, fa;N, fasN, fpN, fp,N, and
f83N, respectively, with fu; + fay + fas = fand fp; + f + fp3 =
fp =1 —f. In the case of f < 0.5, the packing frustration mainly
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Figure 1. (a) Schematic for considered (By)AB(Ay) multiblock
copolymer. (b) Density plots of A-domains for considered
morphologies.

resulting from the majority B-blocks can be controlled by the
relative lengths of B, and B;. On the other hand, the stretching
degree of the bridging B,-block is controlled by f5,. We fix f,;
= fap and introduce 753 = fo3/f, & = log(f33/f51) and 7y, = fry/
S Accordingly, the packing frustration and the stretching of
bridging block are controlled by & and 7y, respectively.
Obviously, £ = 0 gives rise to high packing frustration as equal
B,- and B;-blocks fill the further and nearby space without any
preference; otherwise, larger |£l leads to lower packing
frustration. The stretching degree of bridging block increases
as Tg, decreases. As unequal A;- and A;/A,-blocks favor the
formation of spherical domains,** we simply choose 7,; = 0.5.

In Figure 2, we present the phase diagram with respect to g,
and £ for yN = 100 and f = 0.14. To make the phase diagram
reliable, we consider as many candidate phases as possible. The
stable ordered phases predicted in this work are listed in Figure

1.0
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Figure 2. Phase diagram of (By)AB(Ar) block copolymer with
respect to 7y, and & for fixed yN = 100, f = 0.14 and 7,3 = 0.5.
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1b, while those metastable phases are listed in Figure S2. This
phase diagram exhibits many surprising features, of which the
most remarkable one is the presence of considerable regions of
the SC phase and the cubic diamond phase (DS¢), as well as
other low-CN phases, such as irregularly layered hexagonal-
packing spheres, where all layers are aligned normally (iHP?*),
square cylinders (C,), and rectangular cylinders (C,..; Figure
S3). Note that the hexagonal diamond phase (DSy)* and
another hexagonal packing of spheres (iHP) similar to HCP
but with enlarged layering distance are found to be metastable.
The two cylindrical phases of C, and C,. were first reported in
a dendritic copolymer by Lee et al."” Then, Gao et al. revealed
that the low-CN cylinders are stabilized by the mechanism of
stretched bridging blocks.** However, the effects of the two
mechanisms of stretched bridging block and released packing
frustration are rarely discussed separately. In the following, we
will demonstrate the synergistic effect of the two mechanisms
is essential for stabilizing these discrete phases of extremely low
CN.

The main transitions between different spherical phases in
Figure 2 are illustrated in Figure 3. Along the path of
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Figure 3. Illustration for the main transitions between different
spherical phases in the phase diagram of Figure 2, where a typical
bridging configuration spanning a pair of neighboring spheres is
plotted.
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decreasing 7y, for £ = 0, the stretching of the bridging B,-block
is continuously increased until the bridging configuration is
disrupted, while the packing frustration in the case of equal B;-
and Bj-blocks hardly changes. As a result, the transition of
spherical phases follows the sequence of BCC — HCP/FCC
— BCC. Note that the relative stability between the two
spherical phases of HCP and FCC is hard to be explained
because of their equal CN and nearly degenerate free
energies.”® When 73, < 0.11, the bridging configuration of
the B,-block starts to be disrupted, making the interfacial
energy more dominant and, thus, driving the transition from
BCC to the cylindrical phase (Cg; Figure S4).**

In the region of 0.3 < 7, < 0.36, where the bridging B,-
block is not significantly stretched, the transition from BCC to
HCP is solely induced by increasing &, that is, the effect of
released packing frustration (Figure 3). It is interesting to note
that the phase diagram is nearly mirror symmetric with respect
to the axis of £ = 0. The slight asymmetry originates from the
topological asymmetry between B;- and Bj-blocks. This
observation confirms that the releasing effect of packing
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frustration mainly results from the length difference between
B,- and Bj-blocks, no matter which one is longer. Herein we
take the SC phase as an example to illustrate the synergistic
effect of the stretched bridging block and the released packing
frustration on the formation of these spherical phases with
extremely low CNs. Within the stability region of SC centering
around 7y, ~ 0.13 and || & 0.5, the bridging B,-block is highly
stretched and the lep(sgth ratio of B,/B;-blocks is around 3. The
bridging fractions”*” of SC and its neighboring phases for & =
log 3 decline as 7, decreases due to the increasing stretching
(Figure SS). The stretching of B,-block is evidenced by the
aggregation of its midpoint at the center of the line connecting
each pair of neighboring spheres (Figure S6), while the lower
stretching degree of SC than its competing phases of higher
CNs can be seen from its smaller sphere-to-sphere distance (I;
Figure S7). Moreover, the difference in the bridging fractions
between SC and other phases gradually increases as the
stretching degree of the B,-block rises up until most of the
bridging configurations are disrupted (Figure SS). The released
packing frustration is illustrated by the distinguished
distributions of the end points of B;- and Bs-blocks (Figure
S6).

For Gaussian chains, the ratio of their extending distances is
about /3 , close to the ratio between the distances from the
cubic center to its face and vertex. Thus, the long and short B,/
B;-blocks can be locally separated to favorably reach the faces
and vertices of the cubic unit, largely releasing the packing
frustration of B-blocks within the matrix. As a result, the
combined effect of the stretched bridging block and the
released packing frustration stabilizes the SC phase. When [
increases further, largely different B,/B;-blocks are suitable for
filling more nonspherical or noncircular Wigner-Seitz cells,
thus, stabilizing DS, iHP?, and C,. Another surprising
transition induced by increasing Il is C4 — G for 73, < 0.1.
This is because the segregation degree increases when B;/B;-
blocks gradually change from equal to unequal (Figure S8). It
is necessary to note that the segregation degree of the
hexablock copolymer at yN = 100 indicated by the A/B-
segment distributions of SC is not very high (Figure S9).
Moreover, the further transition from G to PL is also induced
by the released packing frustration.*”

As f and yN are two usual control parameters of AB-type
copolymers, we construct a two-dimensional phase diagram at
the f—yN plane in Figure 4 by fixing other parameters: fy; = fa,
= fa3/2 =f/4, fu1 = frr = 0.15(1 — ) and f5; = 0.7(1 — f). This
phase diagram is in striking contrast to previous phase
diagrams of AB-type block cogolymers, especially the portion
at the left side of the lamella.”” Notably, the region where the
BCC phase is usually stable is mainly occupied by three
nonclassical phases of SC, iHP?, and DS, except for a very tiny
window of BCC at the vicinity of the order—disorder boundary
(Figure S10). Similar to the spherical region, there are three
nonclassical cylindrical phases in addition to the classical Cg4
phase, that is, C,, C;, and C,.. The transitions between these
spherical and cylindrical phases indicate that their CN, in
general, decreases as yN increases. This is because the
stretching degree of the bridging block rises up as yN
increases, thus, driving the transition of crystalline phases
toward the direction of lowering CN.*™ On the other hand, the
crystalline phase of lower CN has more favorable interfacial
energy.

In addition, it is interesting to note that the phase
boundaries are tremendously shifted toward the direction of
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Figure 4. Phase diagram at the f—yN plane for f, = fa, = fa3/2 = f/4,

fo1=fp2 = 0.15(1 — f) and fg3 = 0.7(1 — f), that is, & = log(14/3) ~
0.67 and 73, = 0.15.

decreasing f. As a result, the phase regions of gyroid, cylinder
and sphere in the right side are widened significantly. The
tendency of forming spontaneous curvature toward B-domains
is mainly amplified by two effects resulting from the core—shell
distribution of long B;-block and short B,/B,-blocks”" and the
local branching architecture formed by the connection of A,/
A,-blocks to B;-block, respectively (Figure S11). In the largely
expanded spherical regions, the Frank—Kasper ¢ and AlS
phases occupy notable areas.”***° Moreover, the two nearly
degenerate HCP and FCC phases replacing the classical BCC
phase exhibit large windows between the ¢ and disordered
phases.

In summary, we purposely design an AB-type block
copolymer for the formation of spherical phases of low CNi.
SCFT calculations demonstrate that three low-CN spherical
phases, including SC, DS, and iHP?, occupies a considerable
stability window in the considered parameter space. We
unravel that the formation of these novel phases with extremely
low CNs results from the synergistic effect of the released
packing frustration and the stretched bridging block. Abiding
by this principle of realizing the two sophisticated mechanisms
simultaneously in the same block copolymer, more multiblock
copolymers can be designed for the formation of mesocrystals
with low CNs. One simple example is a linear B;AB,AB;
pentablock copolymer, where the B,-block forms the bridging
block and the lengths of B;/Bj-blocks control the packing
frustration. Therefore, this work opens a window for the design

of block copolymers to expand the library of mesocrystals.
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