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ABSTRACT: Bottlebrush block copolymers are emerging as
promising materials for designing advanced materials with a number
of unique properties engendered by densely grafted architectures.
We used self-consistent field theory (SCFT) to determine how the
stability of the double gyroid phase in a diblock copolymer melt is
affected by converting one or both of the blocks of a linear diblock
copolymer to a bottlebrush architecture. For architecturally
symmetric polymers, the dominant effect of the bottlebrush is
increasing segregation strength, whereupon the gyroid stability
regions are effectively the same as linear diblock copolymers at
equivalent segregation. In contrast, architectural asymmetry
produced by coil—bottlebrush block polymers significantly impacts
the gyroid stability region as a result of conformational asymmetry,

which promotes spontaneous curvature. Gyroid is more stable when the coil blocks are in minority domains, which relieves packing
frustration at the center of the gyroid nodes than in majority domains. Our results suggest that architectural asymmetry in

bottlebrush block polymers can be a powerful design tool.

B INTRODUCTION

Block polymers possess a remarkable ability to self-assemble
into various ordered mesoscale structures.”” With the advance
of molecular synthesis techniques such as ring-opening
metathesis polymerization,” bottlebrush block copolymers
are emerging as a new class of branched block copolymers,
which are expected to produce self-assembly behaviors
unavailable in conventional diblock copolymers.”~ Bottle-
brush block polymers consist of different types of side chains
densely grafted to a high-molecular-weight linear backbone,
whereupon the backbone is characterized by a highly extended
conformation due to the steric congestion of the grafts.”” The
elongated backbone conformation and steric repulsion
between grafts result in low intermolecular entanglement
density in melts,'” and this feature enables rapid self-assembly
into highly ordered morphologies with large domain sizes
above 100 nm,'"'* which are hard to attain with high-
molecular-weight linear diblocks. Furthermore, bottlebrush
molecule shapes can be designed by the controlled placement
of side chains with different lengths along the backbone. The
resulting architectural variation can influence self-assembly by
dictating how bottlebrush molecules pack into ordered
nanostructures, as demonstrated in previous experimental
research with cylindrical and spherical morphologies.'”~"* The
unique self-assembly properties and tunable architectures make
bottlebrush block polymers attractive candidates for creating
large length-scale nanostructures useful for potential applica-
tions in photonics,''*~"? lithography,”” and drug delivery.”"**
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Most prior research has focused on producing lamella-
forming bottlebrush block polymers for the fabrication of
visible light photonic crystals,'”'°™"" in particular, under-
standing the relationship between lamellar domain spacing and
backbone length.”*™* Indeed, most bottlebrush research
studies discuss the classical lamellar,'>'******" =3 cylindri-
cal,">'>?%*! and spherical phases.'”*® It remains to be seen
whether similar advances are possible for network architec-
tures, in particular, the double gyroid phase. Network materials
with scalable pore sizes are highly desirable in applications
such as advanced separation membranes,*>*? porous transport
media,**** and photonics.***’

There has been some limited work to date on network
phases in bottlebrush copolymers. Johnson and co-workers first
reported the gyroid phase in A-branch-B Janus bottlebrush
polymers, which make ultrasmall domains in their experiment,
and they theoretically supported their findings using self-
consistent field theory (SCFT).*® Later, the experiments of
Jiang et al. demonstrated the gyroid phase formation in
compositionally gradient bottlebrush copolymers.”’ A variety
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of complex network phases were explored by Lequieu et al. by
performing SCFT calculations with ABC bottlebrush block
polymers to find the molecular designs, which result in
complete photonic band-gap structures.”” However, these
previous studies were limited to specific macromolecular
architectures, like Janus and triblock bottlebrush copolymers,
and a complete fundamental understanding and prediction of
the stability of complex network phases for densely grafted
block polymers have not been achieved yet.

In this work, we investigate the stability of double gyroid
network phases in bottlebrush block copolymer melts via
SCEFT for the combinations of block architectures illustrated in
Figure 1, focusing on how the gyroid stability regions are
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Figure 1. Schematics of block copolymer architectures consisting of
linear, crewcut, or hairy blocks. All polymer models reduce to a linear
AB diblock copolymer when the side-chain lengths are zero.

modified by a continuous architectural variation from linear to
bottlebrush-grafted polymers. Since the most important
physical principles governing phase selection of diblock
copolymer melts are already well understood and confirmed
by theory*”*' and experiment,”** using the diblock backbones
as a starting point makes it easy to isolate the effects of the
grafts on the stability of gyroid phases.

We should note that within the mean-field approximation of
SCFT, the local density fluctuations on mesoscopic length
scales are restricted through the incompressibility condition of
the Flory—Huggins theory, and steric interactions of densely
grafted side chains are completely neglected in the calculation.
This implies that mean-field treatment has limitations for
describing the strongly stretched backbone conformation and
radially stretched side chains by the strong correlation between
them. Some SCFT simulations have used wormlike chain
models”**>** with an adjustable persistence length to mimic
the backbone stiffness induced by strong steric interaction that
is not captured in the mean-field limit. For example, Dalsin et
al”* fit their simulation data to lamellar periods measured by
the experiment, demonstrating that the persistence length of
the densely grafted backbone is similar to the radius of the
bottlebrushes. Moreover, their work suggests that the
crowding-induced backbone conformations are not highly
extended, as generally supposed, but rather a considerable
bending of the backbone exists away from the interface. For
sufficiently long chains, the bottlebrush chain still must adopt a
random walk configuration but w1th a persistence length that is
controlled, in part, by crowding.” In a wormlike chain-based
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SCEFT study of the effects of diblock copolymer rigidity on the
phase diagram,** it was observed that when the flexibility
parameter L/24 is 10, where L and A are the total contour
length and persistence length of the semiflexible chain,
respectively, the phase diagram roughly recovers the conven-
tional phase diagram based on the Gaussian chain model. In
our calculation, we use the Gaussian chain model with
assumptions that bottlebrush block polymers are very long
relative to the side chains and that the impact of the steric-
induced backbone rigidity is minor on the relative stability of
ordered phases.** To simplify the problem, we focus primarily
on the location of the stability window of the double gyroid
phase by adopting classical lamellar, hexagonal cylinders, bcc
spheres, and disorder as the candidate phases over volume
fractions of the minority block that span these phases.

B MODELING AND SIMULATION METHOD

Our calculations for architecturally symmetric bottlebrush
models range from short (crewcut) to long (hairy) side chains,
with ngc = 200 of A and B side chains uniformly grafted onto
the chemically identical segments of an AB diblock backbone
of fixed length Npp; additional calculations for ngc = 100
appear in the Supporting Information (SI). The side-chain
lengths are equal, Ngc = N, = Nj, and both A and B have equal
statistical segment lengths b, = bg. Architecturally asymmetric,
coil-bottlebrush polymers are derived from the crewcut
bottlebrush polymers by taking all A (B)-type side chains
and putting them at the end of the A (B) backbone block, so
that we can directly compare an architecturally symmetric
crewcut bottlebrush polymer and an extremely asymmetric
coil—bottlebrush polymer at the same A block composition, f,.
For the particular values of y used in the bottlebrush
calculations, all of the polymer models reduce to the linear
diblock copolymer for yN = 12, where N = Npg as Ngc — 0.
We employed the flexible Gaussian chain model SCFT, and
owing to the invariance of the model to the absolute values of
N and b, we are free to choose Npz = 1 and the statistical
segment length b = 1 in the SCFT calculations.” SCFT
formalism and simulation details are provided in the SI Section
A. Briefly, the SCFT code used here was bullt on an open-
source C++ implementation of PSCF software** developed by
Morse,*® which provides functionality for acyclic branched
polymers. We have modified that code to implement the fast
bottlebrush method of Levi et al.*® using the CPU version of
the C++ PSCF code. SCFT calculations were performed for
lamellar, double gyroid, hexagonal cylinders and, where
applicable, body-centered cubic particle phases.

B RESULTS AND DISCUSSION

Architecturally Symmetric Bottlebrush Polymers. We
first obtained the phase diagram of crewcut bottlebrush
polymers in Figure 2 with respect to f, and the length ratio
of graft to backbone, @ = Ngc/Ngg. In the limit @ — 0, the
crewcut bottlebrush block architectures reduce to linear
diblock copolymers, so the data at @ = 0 correspond to
diblock copolymer results at yN = 12. As a increases, the
locations of phase regions shift to lower values of f,, similar to
the behavior of diblock copolymer melts when increasing yN.
A similar trend in phase boundaries was reported in the study
of triblock bottlebrush polymers by Lequieu et al,,”” and they
attributed the shifts to increased segregation strength due to
increasing side-chain length. Taking the effect of grafts into
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Figure 2. Phase diagram for the crewcut bottlebrush block copolymer
at y = 12 as a function of the relative length of the grafts to the
backbone, @, and A block composition, f,. The black lines are the
phase boundaries of linear diblock copolymers at an equivalent yN =
XNio» where N is the total number of segments per bottlebrush
block molecule. The stability regions of lamellar (L), hexagonal
cylindrical (C), and double gyroid (G) phases are labeled, and the
purple diamond and black cross-mark symbols denote the bcc
spherical phase and homogeneous disordered phase, respectively.

consideration, we assumed that the effective segregation
strength of the crewcut bottlebrush polymer is yN,,, where
Ny = Npg + ngcNgc is the total number of segments.
Comparing the bottlebrush results with diblock copolymer
phase boundaries (solid lines in Figure 2) obtained at an
equivalent yN = yN,, reveals that the locations of phase
regions are almost identical over the parameter space
examined. The results are almost independent of the graft
density as shown in Figure S2 for ngc = 100 and 80 side chains
but the generality of YN, as a measure of segregation strength
breaks down at relatively high «, exhibiting deviations from the
linear diblock copolymer phase boundaries.

Going beyond the comparison of the phase diagrams, a
detailed inspection of the free energy shows little difference
between linear diblock copolymers and crewcut bottlebrush
polymers at equivalent values of yN,,, (Figure S4). Moreover,
we find that even the segmental probability densities are
similar for bottlebrush diblock copolymers and linear diblock
copolymers at equivalent values of yN,,. This behavior is
simplest to see for the lamellar morphology, as shown in Figure
3. Here, Pg]%]A(Z, s) is defined as the probability distribution
function of each segment in the jth grafted A-type side chain,
where s = 0 at the free ends, s = Ny at the grafting points, and
j starts from the side chain nearest to the backbone end. For
Pgpa(z, s) of the linear diblock copolymers, the contour
variable s = 0 at the A end and s = N = Ny at the B end. The
probability distribution for each segment is normalized such
that the spatial integral over one unit cell is the lamellar period
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Figure 3. Density profiles and positional probability distributions for (a, b) linear diblock copolymers, (c, d) crewcut bottlebrushes, and (e, f) hairy
bottlebrushes. The density profiles (top row) show all A-type segments (¢,), all B-type segments (¢g), A-type side chains (¢sc ), B-type side
chains (¢scp), A-type backbone (¢hpg 4), and B-type backbone (¢gp3). The positional probability distributions (bottom row) are the j = 1 (black),
70 (red), 90 (blue), and 100 (green) side chains, respectively, of the bottlebrushes at the free end s = 0 (dashed lines) and the grafting point at s =
N (solid lines). The corresponding data for the linear diblocks are the location of the backbone segments at those grafting points. All data were
obtained for f, = 0.5. The linear diblock data correspond to yN = 36 and produced a lamellar period L = 1.904bN%;. The bottlebrush data used ngc
=200 and yN,,, = 36. The crewcut bottlebrushes used @ = 0.01 and y = 12, producing L = 1.954bNy, while the hairy bottlebrushes used a = 0.3

and y = 0.59, producing L = 2.619bN2.
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Figure 4. Phase diagrams at fixed (a) yN,,, = 26 and (b) a = 0.3. The symbols and labels are the same as in Figure 2.

L. The detailed calculations for the segmental distributions and
the overall density profile ¢’s are explained in SI Section A.

Figure 3d reveals that the free ends of side chains are closely
distributed around the corresponding grafting points on the
backbone, with the overall density profiles of the A- and B-type
segments being almost identical to those of linear diblock
copolymers (Figure 3a,3c). The results imply that despite the
high grafting density, the crewcut bottlebrush hardly stretches
the backbone due to the neglected excluded volume effect in
SCFT but they primarily increase the volume of the backbone.
Taking the previous results together, the dominant effect of
grafting crewcut side chains is increasing effective segregation
strength by thickening the backbone and thus adding extra
segregating segments at interfaces. They also indicate that, in
the crewcut bottlebrush regime, the entropic contribution of
side chains to the free energy has little impact on the phase
stability of diblock copolymers even when the total volume
fraction of grafts is comparable to the backbone. For example,
there are twice as many graft segments as backbone segments
when a = 0.01, as seen in the density profiles in Figure 3¢ but
the general trend is not impacted by a large number of grafts.
As the graft length keeps increasing, however, the difference of
lamellar period between linear diblock copolymers and
bottlebrush polymers grows, showing the crossover from the
bottlebrush regime where the effective effect is increasing the
backbone volumes, as seen in Figure SS.

To disentangle the effects of increasing graft length and
overall segregation strength, we also constructed two phase
diagrams at fixed values of yN,, and a in Figure 4. Figure 4a
shows a phase diagram analogous to Figure 2 but obtained at
fixed yN,,, = 26 by adjusting y, which enables investigation of
the hairy bottlebrush regime as @ increases. Note that N,
varies with @ as N, = Nyg(1 + ngc@). In contrast to crewcut
bottlebrush polymers, hairy bottlebrushes exhibit some distinct
differences from the linear diblock copolymers. As the side-
chain length keeps increasing, the ordered phase boundaries
are slightly shifted to high-volume fractions of A, with the
emergence of spherical and disordered phases over the
parameter ranges studied here. This behavior indicates reduced
segregation due to the decrease in y, and the trend of
narrowing stability regions for ordered phases is similar to that
observed in the weakly segregated regime of the conventional
diblock copolymer phase diagram. However, the degree of
phase boundary shift is very small (Af, = 0.035) relative to the
large architectural variation (Aa = 0.3). Additional results at a
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higher value of ¥N,, = 36 (Figure S3) further confirm that the
hairy bottlebrush architecture hardly impacts the stability of
the ordered phases.

While there is little change in the locations of phase
boundaries, the self-assembled morphologies of hairy bottle-
brush polymers differ significantly from those of diblock
copolymers due to changes in the packing of long side chains.
As seen by comparing the density profiles of Figure 3a,3e, the
lamellar morphology self-assembled by hairy bottlebrush
polymers exhibits a much wider AB interface and the domain
spacing is significantly increased (by 37.6%). In addition, as
indicated from the segmental probability densities (Figure 3,
bottom row), the backbone configurations of hairy bottlebrush
polymers are apparently different from those of crewcut
bottlebrush polymers, while the crewcut bottlebrush architec-
tures are very similar to the linear diblocks. In SCFT, the
incompressibility is treated within the mean-field approxima-
tion, so it is incapable of accounting for the steric interaction
effect of the densely grafted long side chains. The steric
interactions ignored by SCFT may become important for the
larger values of a. Considering a large amount of hairy graft
segments, backbone conformations in realistic bottlebrush
block polymers would be more significantly stretched than the
SCFT prediction as a result of steric congestions of grafts.

In hairy bottlebrush polymer melts, most of the segment
densities come from the grafts, so their entropic contribution
to the free energy plays a significant role in the self-assembly.
Therefore, the longer side chains with lower y can more easily
make a broad interface by distributing free ends deeper into
opposite domains, as shown in segment distributions of
crewcut and hairy bottlebrush polymers (Figure 3d,3f). The
distribution of side chains into opposite domains makes the
backbone segments far from the interface stretch, which can
explain the increased domain spacing. The broad A/B interface
can be fully anticipated when considering the hairy bottlebrush
polymer melts as approximations for A—B polymer blends in
which the interfacial width varies as y™° according to the
analytical expression proposed by Helfand and Tagami."” For
realistic bottlebrush block polymers with a limited degree of
polymerization, however, we expect that strong steric
interactions will induce radial stretching of side chains away
from the backbone, which affects monomer packing and
microphase segregation, and thus the interfacial width would
be less broad than our SCFT prediction indicates.

https://doi.org/10.1021/acs.macromol.1c01654
Macromolecules 2021, 54, 9063—9070


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c01654/suppl_file/ma1c01654_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c01654/suppl_file/ma1c01654_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c01654/suppl_file/ma1c01654_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c01654?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c01654?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c01654?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c01654?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c01654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

T T
FENEEEEEEEEEENENEENOOOOOOAAAAALAS

a

0.012
EEEEEEEEEEEEEEENENOOOOOOAAAAAA]
OO0 FE N E N E N EEEEEENENOOOCOOOOAAAAAAAAL
EEEEEENEEEENEEENOOOOOOAAAAAAAAA]
0008 FE N EEENEEEEENOOOOOOAAAAAAAAAAAL
EEEEEEEEENOOOOO0O0O0AAAAAAAAAAAA]

OO0 FE N E N NN EEHNOOOOOOAAAAAAAAAAAAAAN

Nsc

EEEEEENOOOO0OO0O0OAAAAAAAAAAAAAAAL]
0004 pE N EENOOOOOCOOOAAAAAAAAAAAAAAAALS
EEENOOOOO0O0O0O0AAAAAAAAAAAAAAAAA]
0002 FE N EENOOOOOOOAAAAAAAAAAAAAAAAA

EEEEEENOOOOOOOAAAAAAAAAAAAAAA

PN & A A A A AAAAAAALAS

0.000

0.35 0.40 0.45

Ia

b

Ngc

0.50

0012 FAAAAAAAAALAAAAAAAAAALAAAAAAAAAA]
AAAAAAAAAAAAAAAAAAAAAAAAAAAAA]
0010 pPOAAAAAAAAAAAAAAAAAAAAAAAAAAAA
©O0OAAAAAAAAAAAAAAAAAAAAAAAAAAL]
0008 FO 00 O0OAAAAAAAAAAAAAAAAAAAAAAALS
EHOOOOOAAAAAAAAAAAAAAAAAAAAAA]
0006 FEEENOOOOOAAAAAAAAAAAAAAAAAAAALY
EEEEENOOOOOOAAAAAAAAAAAALAAAAAAL
0004 FE EEEEEEENOOOOOOAAAAAAAAAAAAAAS
EEEEENEENEEEENOOOOOOOAAAAAAAAAA
0002 oo NENENENNNENNNNOCOOOOCOOAAAAAA

XXXXXXX4666INEENENENNENOGOOOOOEO]

N3

0.30

N

0.35

PN

000
0.

25 0.40

Ja

Figure S. Phase diagrams of (a) coil(A)—bottlebrush(B) polymer and (b) bottlebrush(A)—coil(B) polymer, both at y = 12. At a fixed composition
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N for bottlebrush(A)—coil(B) polymers. The same symbols and labels are used as in Figures 2 and 4.

Figure 4b shows how the A/B interaction strength, y, affects
the stability of ordered phases in the hairy bottlebrush polymer
(¢ = 0.3) melts. Increasing y leads to shifts of the phase
boundary to lower f, values compared to those at YN, = 26,
which is similar to the phase behavior commonly observed in
diblock copolymers for increasing yN. In the self-assembly of
diblock copolymers, a well-known physical principle is that
competition between the stretching penalties of the A and B
blocks determines the geometry of microstructures. For the
case of compositionally asymmetric diblock copolymers, the
total stretching energy can be minimized by curving the
interface toward the minority domain to relax the majority
blocks at the expense of stretching the minority blocks. As
block composition becomes more asymmetric, higher inter-
facial curvature is preferred, and this tendency is confirmed by
the sequence of equilibrium structures at intermediate
segregation, lamella — gyroid — cylinder — sphere, as f,
goes from 0.5 to either 0 or 1. In high segregation, both A and
B bottlebrush blocks are more stretched than in low
segregation, so the competition of stretching penalties between
A and B bottlebrush blocks will become a dominant factor
determining the phase boundary locations, which can be
analyzed by the strong-stretching theory.*** We can also
speculate that the phase boundaries in Figure 4a are not
significantly impacted despite the different distribution of the
monomers because the side-chain length has little influence on
the effective competition between stretching penalties of
blocks in the majority and minority domains and thus on the
tendency to accommodate interfacial curvature.

To summarize the results thus far, the double gyroid phase
window of crewcut bottlebrush polymers can be predicted with
the results for linear diblock copolymers at equivalent yN,
where N = N, is the total degree of polymerization, and the
gyroid window is remarkably robust to architectural variation
from the linear diblock to the hairy bottlebrush diblock
copolymer. Our finding is consistent with the recent analytic
theory, which predicts that in strong segregation limit, S/C and
C/L phase boundaries of architecturally and elastically
symmetric bottlebrush block polymers have the same positions
in volume fraction as those of diblock copolymers.* Since the
latter argument is based on the strong-stretching theory and
excludes complex network phases, our work extends their
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conclusion to both weak segregation and complex network
phases.

Architecturally Asymmetric Bottlebrush Polymers.
We now examine the effect of architectural asymmetry on
phase behaviors with the coil—bottlebrush architectures
illustrated in Figure 1. They are made by taking all A- or B-
type side chains in crewcut bottlebrush polymers of backbone
length Ngg used in Figure 2 and putting them at the relevant
end of the backbone. In this model, for a given number of side
chains determined by fy, ie, ngc(1 — f,) for coil(A)—
bottlebrush(B) polymers and ngcfy for bottlebrush(A)—
coil(B) polymers, the side-chain length Ny proportionally
increases the length difference between A and B backbone
blocks in the coil—bottlebrush polymer. As a result, Ng¢ can be
used to tune architectural asymmetry, which then affects the
self-assembly behavior. Note that when Ng. — 0, the
molecular architecture reduces to linear—linear diblocks,
which have no space-filling asymmetry. The phase diagram
of coil(A)—bottlebrush(B) polymers in Figure Sa indicates
that, when the minority domains are coils, the gyroid phase
window is considerably deflected toward high-volume fractions
of A. In contrast, when the minority domains are
bottlebrushes, the gyroid window width is a little narrower
compared to the counterpart coil—bottlebrush polymers and
shifts to low-volume fractions of A, as shown in Figure Sb.

Similar trends in the deflection of the gyroid phase window
were found in previous studies of conformationally asymmetric
block copolymers, for example, diblock copolymers where the
statistical segment length differs’® and the asymmetric
miktoarm star polymer A B, where the number of arms
differs between the two blocks (m # n).>"* In these studies,
the most obvious effect of conformational asymmetry was to
shift the phase boundaries. The equivalent effect in two
polymer systems was theoretically proven earlier by Milner,
who derived the conformational asymmetry parameter,
combining the overall effect of both architectural and elastic
asymmetries with the strong-stretching theory.”” However, his
derivation was based on the assumptions of strong segregation
and multiarm architectures including diblocks, which compli-
cates the derivations for probing other complex network
phases.”** The equivalence of the conformational asymmetry
effects was recently examined by Li and Liu in their SCFT
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study for the phase diagram over both intermediate and strong
segregation ranges.’

Our results can be rationalized as emerging from the
extreme conformational asymmetry between the coil blocks
and the bottlebrush blocks. The crewcut bottlebrush block is a
relatively short and thick coil, which is more difficult to stretch
than a linear coil block for the same extension. Thus, the
competition between the stretching penalties affects the
tendency to curve the AB interface, which results in shifts of
the phase boundaries. Specifically, if the coil blocks are the
minority, there is a tendency to form spontaneous curvature
toward the coil blocks, thereby relaxing the bottlebrush blocks
through the large space near interfaces, at the cost of stretching
the coil blocks, leading to deflection of phase boundaries. On
the other hand, when the brush blocks are the minority, there
are entropic penalties associated with stretching the bottle-
brush blocks inside the minority domains, so a curved
geometry is unfavorable. For the double gyroid phase, packing
frustration is highest at the center of the gyroid nodes,” so a
long coil is more favorable to fill the space than bottlebrush
block, which partially explains the somewhat wider gyroid
window for the phase diagram of coil(A)—bottlebrush(B)
polymers than that of bottlebrush(A)—coil(B) polymers.

In this work, we did not consider other spherical phases,
such as the Frank—Kasper o phase and AlS5 phase, but these
phases have been reported in experiments with coil—
bottlebrush polymers*®*” and these should prove to be fruitful
avenues for future research. Our study of the double gyroid
phase adds to the understanding of the architectural
asymmetry effect inherent in coil—bottlebrush polymers,
extending the earlier theoretical predictions*”**** to both
bottlebrush architecture and complex network phase formation
in the intermediate segregation regime.

We have considered here only the simplest variant on the
bottlebrush diblock polymer, i.e., coil—bottlebrush polymers,
but there are numerous possible molecular designs that might
further amplify the effects seen here. For example, as suggested
in the recent research on A(AB), miktoarm star copolymers,*®
packing frustration near the saddle surface of the double gyroid
structure could be relieved by the cost of AB mixing near the
interface. Double gyroid has relatively low interfacial curvature,
so it would be interesting to explore the phase stability with
other types of coil—bottlebrush block architectures, for
example, by creating a partial bottlebrush block in the coil
part next to the chemically different bottlebrush block. Such an
extraordinary coil—bottlebrush block architecture could
improve AB mixing near the saddle surface and also relieve
packing frustration at the center of nodes by long coil blocks,
possibly resulting in stabilization of the gyroid region.

B CONCLUDING REMARKS

In summary, we have shown here that double gyroid phases are
not only present in bottlebrush polymers but their stability
window can be increased by tailoring the architecture. The
similarity of phase behaviors between linear diblock polymers
and crewcut bottlebrush polymers suggests that other complex
phases observed in linear diblock copolymers, such as Fddd,
perforated lamellae, and double diamond, could be observed as
well in sufficiently long bottlebrush diblock copolymers. The
results were obtained using a mean-field approximation and the
Gaussian chain model, which are a logical starting point used
in other related works,”*">****" but may pose some challenges
in translation to experiments.
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A vparticular limitation of the model is that the density
fluctuations restricted by harsh excluded volume repulsion are
treated solely through incompressibility within the mean-field
approximation and it does not capture the crowding of the side
chains. The SCFT community has dealt with this limitation by
adopting wormlike chain models and fitting the persistence
length to experimental measurement.”**>** However, adjust-
ing the molecular parameter in this modeling requires
experimentally available data, such as domain spacing, and
thus is not predictive. Another possible approach is field-
theoretic simulation (FTS),”””®" which is beyond the mean-
field theory. Using complex Langevin sampling technique for
fully fluctuating fields, Panagiotou et al. demonstrated the
effect of grafting density in bottlebrush homopolymers on
phase transition from an isotropic to a nematic state, which
supports that FTS is capable of handling steric interactions.®”
However, FTS has its own challenges in high computational
cost and numerical instability causing the fields to diverge.

It would be helpful to inform the community of SCFT’s
incapability to account for the excluded volume interaction
effect through local incompressibility conditions by showing
the calculation with a highly grafted bottlebrush regime. Our
results for the crewcut bottlebrush SCFT with a grafting
density of up to 200 side chains per backbone suggest that the
physics of steric interaction in bottlebrush polymers indeed is
not captured in the mean-field limit. To advance realistic
calculation on finite molecular weight bottlebrush polymers
and pursue the theoretical calculation associated with complex
network phases, additional improvement in SCFT bottlebrush
models is needed.

Nevertheless, our SCFT predictions of network phases can
be compared with experiments using long bottlebrush block
polymers relative to the side chains. For the long densely
grafted bottlebrush polymer, the steric-induced persistence
length would be small relative to backbone length, and this is
the most promising regime for an agreement between theory
and experiment. In that regard, the degree of the backbone
rigidity and its impact on the stability of network phases in
long bottlebrush polymers should be examined by experiments
and theories, and SCFT is an appropriate first step to providing
concrete predictions along with experiments. Our work
demonstrates the potential for tailoring molecular design in
bottlebrush block polymers to manipulate phase behaviors,
creating a new opportunity for making advanced materials with
desired network nanostructures.
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