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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 CNs,
including the simple cubic spheres (CN = 6), the cubic diamond
spheres (CN = 4), and normally aligned hexagonal-packing spheres
(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.

Crystals 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.1−3

In recent decades, increasing attention has been paid to
fabricating crystalline structures with large lattice constants.4−8

One direct way is to substitute nanoparticles for atoms or
molecules, making nanocrystals with a lattice constant ranging
from nanometers to hundreds of nanometers.9 Alternatively,
crystalline structures at the mesoscale can be made from the
self-assembly of various amphiphilic macromolecules (e.g.,
block copolymers,10−13 amphiphilic liquid crystals,14−16 and
giant surfactants17−19). Self-assembled spherical domains as
“artificial macromolecular atoms” (AMAs)20 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.21 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 ϕ̅). Apparently, the SC lattice has a much
lower packing factor (ϕ̅ = 0.524) than that of FCC (ϕ̅ =
0.740) and BCC (ϕ̅ = 0.680). Another characteristic

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)22 that, as a photonic
crystal, can generate a complete band gap.23

Among macromolecular constituents of mesocrystals, a
block copolymer (BCP) is of particular interest due to a few
advantages.10,24,25 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.12,26−33 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.34−37 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 ρ0.

38,39 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.40

For the self-assembly of BCPs, one of the most critical
factors that disfavors crystalline structures of low CNs is the
packing frustration.38 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.41 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.38 The two contradictory
tendencies induce the packing frustration of polymer
chains.28,41 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.42,43 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.31 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.20,44

Neither released packing frustration nor stretched bridging
block can stabilize the SC or DS phase;31,44 however, the
synergistic effect of the two mechanisms enhances the
possibility. Accordingly, we purposely design an AB-type
BCP molecule denoted as (BT)AB(AT) (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 A1/A2-blocks
(B1/B2-blocks), and the tethering block is denoted as the B3-
block (A3-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 B2-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 (BT)AB(AT) copolymer.
We consider an incompressible melt of volume V consisting

of n identical (BT)AB(AT) copolymers, each of which is
composed of N segments in total. The number of segments on
the six blocks is denoted as fA1N, fA2N, fA3N, f B1N, f B2N, and
f B3N, respectively, with fA1 + fA2 + fA3 = f and f B1 + f B2 + f B3 =
f B = 1 − f. In the case of f < 0.5, the packing frustration mainly

resulting from the majority B-blocks can be controlled by the
relative lengths of B1 and B3. On the other hand, the stretching
degree of the bridging B2-block is controlled by f B2. We fix fA1
= fA2, and introduce τA3 = fA3/f, ξ = log( f B3/f B1) and τB2 = f B2/
f B. Accordingly, the packing frustration and the stretching of
bridging block are controlled by ξ and τB2, respectively.
Obviously, ξ = 0 gives rise to high packing frustration as equal
B1- and B3-blocks fill the further and nearby space without any
preference; otherwise, larger |ξ| leads to lower packing
frustration. The stretching degree of bridging block increases
as τB2 decreases. As unequal A3- and A1/A2-blocks favor the
formation of spherical domains,45 we simply choose τA3 = 0.5.
In Figure 2, we present the phase diagram with respect to τB2

and ξ for χN = 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

Figure 1. (a) Schematic for considered (BT)AB(AT) multiblock
copolymer. (b) Density plots of A-domains for considered
morphologies.

Figure 2. Phase diagram of (BT)AB(AT) block copolymer with
respect to τB2 and ξ for fixed χN = 100, f = 0.14 and τA3 = 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 (DSC), as well as
other low-CN phases, such as irregularly layered hexagonal-
packing spheres, where all layers are aligned normally (iHPa),
square cylinders (C4), and rectangular cylinders (Crect; Figure
S3). Note that the hexagonal diamond phase (DSH)

46 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 C4 and Crect were first reported in
a dendritic copolymer by Lee et al.47 Then, Gao et al. revealed
that the low-CN cylinders are stabilized by the mechanism of
stretched bridging blocks.44 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
CNs.
The main transitions between different spherical phases in

Figure 2 are illustrated in Figure 3. Along the path of

decreasing τB2 for ξ = 0, the stretching of the bridging B2-block
is continuously increased until the bridging configuration is
disrupted, while the packing frustration in the case of equal B1-
and B3-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.48 When τB2 < 0.11, the bridging configuration of
the B2-block starts to be disrupted, making the interfacial
energy more dominant and, thus, driving the transition from
BCC to the cylindrical phase (C6; Figure S4).44

In the region of 0.3 < τB2 < 0.36, where the bridging B2-
block is not significantly stretched, the transition from BCC to
HCP is solely induced by increasing ξ, 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 ξ = 0. The slight asymmetry originates from the
topological asymmetry between B1- and B3-blocks. This
observation confirms that the releasing effect of packing

frustration mainly results from the length difference between
B1- and B3-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 τB2 ≈ 0.13 and |ξ| ≈ 0.5, the bridging B2-block is highly
stretched and the length ratio of B1/B3-blocks is around 3. The
bridging fractions49,50 of SC and its neighboring phases for ξ =
log 3 decline as τB2 decreases due to the increasing stretching
(Figure S5). The stretching of B2-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 (l0;
Figure S7). Moreover, the difference in the bridging fractions
between SC and other phases gradually increases as the
stretching degree of the B2-block rises up until most of the
bridging configurations are disrupted (Figure S5). The released
packing frustration is illustrated by the distinguished
distributions of the end points of B1- and B3-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 B1/
B3-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 |ξ|
increases further, largely different B1/B3-blocks are suitable for
filling more nonspherical or noncircular Wigner-Seitz cells,
thus, stabilizing DSC, iHPa, and Crect. Another surprising
transition induced by increasing |ξ| is C6 → G for τB2 < 0.1.
This is because the segregation degree increases when B1/B3-
blocks gradually change from equal to unequal (Figure S8). It
is necessary to note that the segregation degree of the
hexablock copolymer at χN = 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.42

As f and χN are two usual control parameters of AB-type
copolymers, we construct a two-dimensional phase diagram at
the f−χN plane in Figure 4 by fixing other parameters: fA1 = fA2
= fA3/2 = f/4, f B1 = f B2 = 0.15(1 − f) and f B3 = 0.7(1 − f). This
phase diagram is in striking contrast to previous phase
diagrams of AB-type block copolymers, especially the portion
at the left side of the lamella.29 Notably, the region where the
BCC phase is usually stable is mainly occupied by three
nonclassical phases of SC, iHPa, and DSC, 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 C6
phase, that is, C4, C3, and Crect. The transitions between these
spherical and cylindrical phases indicate that their CN, in
general, decreases as χN increases. This is because the
stretching degree of the bridging block rises up as χN
increases, thus, driving the transition of crystalline phases
toward the direction of lowering CN.44 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

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 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 B3-block and short B1/B2-blocks

31 and the
local branching architecture formed by the connection of A1/
A2-blocks to B3-block, respectively (Figure S11). In the largely
expanded spherical regions, the Frank−Kasper σ and A15
phases occupy notable areas.26,28,30 Moreover, the two nearly
degenerate HCP and FCC phases replacing the classical BCC
phase exhibit large windows between the σ and disordered
phases.
In summary, we purposely design an AB-type block

copolymer for the formation of spherical phases of low CNs.
SCFT calculations demonstrate that three low-CN spherical
phases, including SC, DSC, and iHPa, 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 B1AB2AB3
pentablock copolymer, where the B2-block forms the bridging
block and the lengths of B1/B3-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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Hernańdez, A.; Biswas, M.; Ren, J.; Suh, H. S.; Darling, S. B.; Liddle, J.
A.; Elam, J. W.; de Pablo, J. J.; Zaluzec, N. J.; Nealey, P. F.
Characterizing the Three-Dimensional Structure of Block Copolymers
via Sequential Infiltration Synthesis and Scanning Transmission
Electron Tomography. ACS Nano 2015, 9, 5333−5347.
(36) Fei, H.-F.; Li, W.; Bhardwaj, A.; Nuguri, S.; Ribbe, A.; Watkins,
J. J. Ordered Nanoporous Carbons with Broadly Tunable Pore Size
Using Bottlebrush Block Copolymer Templates. J. Am. Chem. Soc.
2019, 141, 17006−17014.
(37) Yi, D. H.; Nam, C.-Y.; Doerk, G.; Black, C. T.; Grubbs, R. B.
Infiltration Synthesis of Diverse Metal Oxide Nanostructures from
Epoxidized Diene-Styrene Block Copolymer Templates. ACS Appl.
Polym. Mater. 2019, 1, 672−683.
(38) Matsen, M. W. The Standard Gaussian Model for Block
Copolymer Melts. J. Phys.: Condens. Matter 2002, 14, R21−R47.
(39) Fredrickson, G. H. The Equilibrium Theory of Inhomogeneous
Polymers; Oxford University Press: Oxford, 2006.
(40) Bates, F. S.; Hillmyer, M. A.; Lodge, T. P.; Bates, C. M.;
Delaney, K. T.; Fredrickson, G. H. Multiblock Polymers: Panacea or
Pandora’s Box? Science 2012, 336, 434−440.
(41) Matsen, M. W.; Bates, F. S. Origins of Complex Self-assembly
in Block Copolymers. Macromolecules 1996, 29, 7641−7644.
(42) Jiang, W. B.; Qiang, Y. C.; Li, W. H.; Qiu, F.; Shi, A. C. Effects
of Chain Topology on the Self-assembly of AB-Type Block
Copolymers. Macromolecules 2018, 51, 1529−1538.
(43) Xie, Q.; Qiang, Y. C.; Li, W. H. Regulate the Stability of
Gyroids of ABC-Type Multiblock Copolymers by Controlling the
Packing Frustration. ACS Macro Lett. 2020, 9, 278−283.
(44) Gao, Y.; Deng, H. L.; Li, W. H.; Qiu, F.; Shi, A. C. Formation
of Nonclassical Ordered Phases of AB-Type Multiarm Block
Copolymers. Phys. Rev. Lett. 2016, 116, 068304.
(45) Liu, M. J.; Qiang, Y. C.; Li, W. H.; Qiu, F.; Shi, A.-C. Stabilizing
the Frank-Kasper Phases via Binary Blends of AB Diblock
Copolymers. ACS Macro Lett. 2016, 5, 1167−1171.
(46) He, H. L.; Sekine, T.; Kobayashi, T. Direct Transformation of
Cubic Diamond to Hexagonal Diamond. Appl. Phys. Lett. 2002, 81,
610−612.
(47) Lee, W. B.; Elliott, R.; Mezzenga, R.; Fredrickson, G. H. Novel
Phase Morphologies in a Microphase-Separated Dendritic Polymer
Melt. Macromolecules 2009, 42, 849−859.
(48) Matsen, M. W.; Bates, F. S. Block Copolymer Microstructures
in the Intermediate-Segregation Regime. J. Chem. Phys. 1997, 106,
2436−2448.
(49) Matsen, M. W. Bridging and Looping in Multiblock Copolymer
Melts. J. Chem. Phys. 1995, 102, 3884−3887.
(50) Matsen, M. W.; Thompson, R. B. Equilibrium Behavior of
Symmetric ABA Triblock Copolymer Melts. J. Chem. Phys. 1999, 111,
7139−7146.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://dx.doi.org/10.1021/acsmacrolett.0c00313
ACS Macro Lett. 2020, 9, 980−984

984

https://dx.doi.org/10.1126/science.1195552
https://dx.doi.org/10.1126/science.1195552
https://dx.doi.org/10.1016/j.progpolymsci.2019.101198
https://dx.doi.org/10.1016/j.progpolymsci.2019.101198
https://dx.doi.org/10.1126/science.1078849
https://dx.doi.org/10.1126/science.1078849
https://dx.doi.org/10.1038/nature02368
https://dx.doi.org/10.1021/ja049846j
https://dx.doi.org/10.1021/ja049846j
https://dx.doi.org/10.1021/ja049846j
https://dx.doi.org/10.1073/pnas.1302606110
https://dx.doi.org/10.1073/pnas.1302606110
https://dx.doi.org/10.1126/science.aaa2421
https://dx.doi.org/10.1126/science.aaa2421
https://dx.doi.org/10.1007/s11426-016-0436-x
https://dx.doi.org/10.1007/s11426-016-0436-x
https://dx.doi.org/10.1021/ja412760k
https://dx.doi.org/10.1021/ja412760k
https://dx.doi.org/10.1038/nmat1201
https://dx.doi.org/10.1038/nmat1201
https://dx.doi.org/10.1016/j.progpolymsci.2010.06.002
https://dx.doi.org/10.1016/j.progpolymsci.2010.06.002
https://dx.doi.org/10.1039/C0CS00034E
https://dx.doi.org/10.1039/C0CS00034E
https://dx.doi.org/10.1039/C0CS00034E
https://dx.doi.org/10.1039/C0CS00034E
https://dx.doi.org/10.1103/PhysRevLett.91.058304
https://dx.doi.org/10.1103/PhysRevLett.91.058304
https://dx.doi.org/10.1126/science.1100872
https://dx.doi.org/10.1126/science.1100872
https://dx.doi.org/10.1126/science.1100872
https://dx.doi.org/10.1021/ma049255d
https://dx.doi.org/10.1021/ma049255d
https://dx.doi.org/10.1021/ma202782s
https://dx.doi.org/10.1021/ma202782s
https://dx.doi.org/10.1021/mz500445v
https://dx.doi.org/10.1021/mz500445v
https://dx.doi.org/10.1021/acs.macromol.8b01484
https://dx.doi.org/10.1021/acs.macromol.8b01484
https://dx.doi.org/10.1021/acs.macromol.9b02254
https://dx.doi.org/10.1021/acs.macromol.9b02254
https://dx.doi.org/10.1021/acsmacrolett.0c00061
https://dx.doi.org/10.1021/acsmacrolett.0c00061
https://dx.doi.org/10.1021/ja9021478
https://dx.doi.org/10.1021/ja9021478
https://dx.doi.org/10.1021/acsnano.5b01013
https://dx.doi.org/10.1021/acsnano.5b01013
https://dx.doi.org/10.1021/acsnano.5b01013
https://dx.doi.org/10.1021/jacs.9b09572
https://dx.doi.org/10.1021/jacs.9b09572
https://dx.doi.org/10.1021/acsapm.8b00138
https://dx.doi.org/10.1021/acsapm.8b00138
https://dx.doi.org/10.1088/0953-8984/14/2/201
https://dx.doi.org/10.1088/0953-8984/14/2/201
https://dx.doi.org/10.1126/science.1215368
https://dx.doi.org/10.1126/science.1215368
https://dx.doi.org/10.1021/ma960744q
https://dx.doi.org/10.1021/ma960744q
https://dx.doi.org/10.1021/acs.macromol.7b02389
https://dx.doi.org/10.1021/acs.macromol.7b02389
https://dx.doi.org/10.1021/acs.macromol.7b02389
https://dx.doi.org/10.1021/acsmacrolett.9b00966
https://dx.doi.org/10.1021/acsmacrolett.9b00966
https://dx.doi.org/10.1021/acsmacrolett.9b00966
https://dx.doi.org/10.1103/PhysRevLett.116.068304
https://dx.doi.org/10.1103/PhysRevLett.116.068304
https://dx.doi.org/10.1103/PhysRevLett.116.068304
https://dx.doi.org/10.1021/acsmacrolett.6b00685
https://dx.doi.org/10.1021/acsmacrolett.6b00685
https://dx.doi.org/10.1021/acsmacrolett.6b00685
https://dx.doi.org/10.1063/1.1495078
https://dx.doi.org/10.1063/1.1495078
https://dx.doi.org/10.1021/ma802484c
https://dx.doi.org/10.1021/ma802484c
https://dx.doi.org/10.1021/ma802484c
https://dx.doi.org/10.1063/1.473153
https://dx.doi.org/10.1063/1.473153
https://dx.doi.org/10.1063/1.468548
https://dx.doi.org/10.1063/1.468548
https://dx.doi.org/10.1063/1.480006
https://dx.doi.org/10.1063/1.480006
pubs.acs.org/macroletters?ref=pdf
https://dx.doi.org/10.1021/acsmacrolett.0c00313?ref=pdf

