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ABSTRACT: Diblock Janus-type “A-branch-B” bottlebrush copolymers (di- T A
JBBCPs) consist of a backbone with alternating A and B side chains, in contrast 7
to the side chain arrangement of conventional bottlebrush copolymers. As a result,
A and B blocks of di-JBBCPs can microphase-separate perpendicular to the
backbone, which is located at the interface between the two blocks. A
reparametrized dissipative particle dynamics (DPD) model is used to theoretically
investigate the self-assembly of di-JBBCPs and to compare with the experimental
results of a range of polystyrene-branch-polydimethylsiloxane di-JBBCPs. The
experimentally formed cylinder, gyroid, and lamellar morphologies showed good cpecpoc \ R =l
correspondence with the model phase diagram, and the effect of changing volume
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fraction and backbone length is revealed. The DPD model predicts a bulk-stable
perforated lamella morphology together with two unconventional spherical phases, the Frank—Kasper AlS spheres and the
hexagonally close-packed spheres, indicating the diversity of morphologies available from complex BCP molecular architectures.

KEYWORDS: dissipative particle dynamics, Janus bottlebrush copolymer, self-assembly, simulation, phase diagram

S elf-assembly of block copolymers (BCPs) is a scalable and
efficient process for fabricating well-ordered periodic
nanoscale patterns with a range of applications.'~” The tunable
molecular weights* and chemical compositions® yield a feature
size ranging from tens to several hundreds of nanometers.”” In
conventional linear diblock BCPs, the periodicity of the
microdomains L, scales with the Flory—Huggins mixing
parameter y and the degree of polymerization N as L,
2/*N*3 in the strong segregation regime,® and the diffusivity
scales with exp(—yN).” However, to drive microphase
separation and produce sharp interfaces between micro-
domains, it is necessary to maintain a high value of yN during
self-assembly. These competing constraints make the fabrica-
tion of well-ordered microdomains with a sub-10 nm period
challenging.*'* Furthermore, linear diblock copolymers (di-
BCPs) produce a limited number of microdomain geometries,
which do not provide all the features required for applications
such as microelectronic devices.''

These considerations have motivated the design of various
molecular architectures such as multiblocks'”"” and bottle-
brushes'* to increase the range of available geometries and
modify the scaling behavior. Recently, an unconventional “A-
branch-B” diblock Janus bottlebrush copolymer (di-JBBCP),
with a pseudoalternating organization of side chains (Figure
la) rather than the conventional blocky arrangements along
the backbone, has exhibited useful properties such as reduced
entanglement, improved phase separation and dense function-
ality.”” Moreover, the self-assembled microdomain sizes
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Figure 1. (a, b) A typical DPD model setup and the experimental
composition of one di-JBBCP macromolecule. Each ball above
represents two beads in the actual model. Beads A, B, and C
corresponding to PDMS, PS, and backbone are colored yellow, blue,
and red, respectively. (c—f) Snapshots of different phase structures
simulated by DPD: (c) L, (d) PL, (e) G, and (f) C.
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obtained via di-JBBCPs may be much smaller than their linear
analogs.'”'® Cheng et al.'” demonstrated cylindrical micro-
domains with a 11 nm half-pitch and long-range order using a
polystyrene (PS)-branch-polydimethylsiloxane (PDMS) di-
JBBCP (M, =609 kg mol™") under solvent annealing. Guo et
al. further lowered the domain size to 2.8 nm using a PS-
branch-poly(lactic acid) (PLA) di-JBBCP (M,=88 kg
mol™!).'® In addition, the orientation of microphase
separation, i.e., perpendicular to the backbone, has made it
possible to form interesting hybrid X-in-Y nesting morpholo-
gies when a third block is introduced,'” and the existence of
intrinsic constraints between the neighboring blocks also
promises the emergence of exciting new phases and provides
diverse opportunities for nanofabrication."®

Such molecular complexity appearing in di-, and by
extension, tri-JBBCPs poses intriguing questions regarding
how their phase behavior differs from that of their conven-
tional linear BCP counterparts in the context of microdomain
geometries and self-assembly dynamics. Given the formidably
large parameter space to explore in the tri-JBBCP system, in
this letter, we will focus our scope on the simpler di-JBBCP
system. We previously demonstrated correspondences between
the behavior of di- and tri-JBBCPs, giving a one-to-one
mapping between the phase regions such as lamella, cylinders
in di-JBBCPs and lamella-in-lamella, cylinder-in-lamella in tri-
JBBCPs."®

To theoretically explore the phase structures and investigate
the effect of various process parameters on BCPs, researchers
have used field-based simulations, primarily self-consistent field
theory (SCFT),"”~** complex Langevin simulations,”® and
string methods,” to predict the final structure at equilibrium.
However, field theories encounter significant cost in running
time and model implementation when dealing with complex
polymer architectures."> Furthermore, SCFT does not consider
fluctuations which can affect the final structures, particularly if
confinement is present,” and fluctuating field theories have the
disadvantage of being heavily controlled by discretization
artifacts.”® Therefore, a recent reparametrized particle-based
simulation method,”” dissipative particle dynamics (DPD), has
been developed to model the self-assembly of diverse
molecular geometries in an intuitive, straightforward way.
Owing to the coarse-graining particle-based features, DPD can
overcome the time- and space-scale limitations of other
molecular dynamics simulations.”®

Here, we present the first comprehensive report using DPD
to investigate the phase behaviors of a di-JBBCP, revealing
order—disorder transitions, order—order transitions, and the
effect of changing backbone length. The conventional phases:
lamella (L), perforated lamella (PL), gyroid (G) and cylinders
(C) found in di-JBBCPs are all reproduced in the phase
diagram, showing good consistency with the corresponding
experiments. However, strikingly different from linear di-BCPs,
the perforated lamella is found to be an equilibrium bulk phase
in di-JBBCPs; moreover, the sphere-forming region shows
both hexagonally close-packed (HCP) spheres and the Frank—
Kasper AlS spheres instead of the traditional body-centered
cubic (BCC) spheres™ usually captured in a linear di-BCP.
Their structural features are confirmed by 3D fast Fourier
transform (FFT), and they are proved to be thermodynami-
cally stable phases by free energy profile calculations. This is
the first time that these complex morphologies have been
identified by DPD simulations. This work provides a basis for
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predicting future experimental results in other BCPs with
complex architectures.

The DPD simulation was first developed to study linear di-
BCPs in the pioneering work by Groot et al.””*" The setup for
our work, however, is modified from our previously reported
DPD parameters (see Methods in the Supporting Information
for details).”” Particularly, each di-JBBCP macromolecule here
is represented as a 20-bead backbone grafted with 12-bead side
chains as shown in the schematic in Figure 1a (each ball in the
schematic represents 2 beads in the actual model). A quadratic
angle potential between two adjacent bonds in the backbone is
introduced to qualitatively represent the segmental stiffness,
which can be tuned by the potential constant K*.

In order to validate and support our simulation, shown in
Figure 1b, we also synthesize and analyze the morphologies of
di-JBBCPs with the general formula (A,-branch-B,),: A, for
PDMS with number-average molar mass (M,) fixed at x = 5.0
kg mol ™", B, for PS with varied M, of y kg mol™}, and # for the
average backbone degree of polymerization (DP). The
morphology is explored by varying the volume fraction (V)
of PDMS from 0.3 to 0.5, which is achieved by choosing y =
4.6, 6.9, 8.2, 9.2, and 10.3 kg mol~". For simplicity, we define
these samples as Jy,. For example, J4.65, has the following
composition: (PDMS;, kg mol-branch-PS, ¢ o mol™)30-

Similar to other DPD models,*’ the interaction between two
arbitrary beads is described by a soft quadratic repulsive
potential. Based on our reparametrized model,”” we work with
a renormalized density of S for which the strength between
different beads is characterized by a; = a;+ 1.45)(1-}-,27 and set
a; =15 for the same kind of beads. This high bead density is
chosen to alleviate the inherent fluctuation caused by the
coarse-graining effect.”> To qualitatively represent the
immiscibility in experiment, a,p takes the range from 18.5 to
27.5, corresponding to y,gN in the range of 30 to 100, which is
estimated by neglecting the contribution of the backbone. No
interaction is set between the backbone and side chain beads.
Thus, the backbone is not included in the calculation of
volume fractions and free energy discussed below. Also, in
order to mimic the phase separation from a disordered as-cast
state to the annealed state, the simulation includes a high
temperature stage with 800 000 premixing steps followed by a
target temperature stage with 12 000 000 steps.

By varying the DPD repulsive interaction parameter a, and
the effective volume fraction V£ (ie., the volume fraction
neglecting the backbone), the 7phase diagram at simulation
density p =5.0 is constructed.”” In a typical phase diagram
exploration (e.g., Figure 2a), the backbone and side chain bead
numbers (N, apone and Nige cpain) are fixed to be 20 and 12
following our previous estimation'® to match the length scale
of our experimental samples (see discussions in the Supporting
Information), and we vary the number of PDMS and PS
(labeled as A and B) side chain beads ((N,, N3) = (2, 10), (3,
9), (4,8), (5,7), or (6,6)) to quantitatively tune the effective
volume fractions (V& = (N, /(N + Ng)) = 17%, 25%, 33%,
42%, or 50%, respectively). The Vi and yN values are set with
a grid interval of 8% and 4, respectively.

As shown in Figure 2a, the model exhibits a bulk-stable PL
phase along with three conventional phases—L, G, and C in
the nonspherical region at different V¢ and yN. When the
backbone is not too soft, i.e., the backbone stiffness K* > 3.0,
these phase regions are predicted to remain unchanged
regardless of the backbone stiffness (see Supplementary Figure
10 for details). The snapshots of these phases are shown in
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Figure 2. (a) A typical phase diagram for di-JBBCPs at Np,qpone = 20,
Nige chain = 12, and K* = 7.0. The data points obtained experimentally
are placed such that J9.2;, and J10.3;, are in the C regime and the
others are scaled with N and marked accordingly. Vi represents the
effective volume fraction of PDMS. (b) Property table of synthesized
di-JBBCPs showing their V{(PDMS), estimated Vef(PDMS) during
solvent annealing, and observed morphologies in experiments. (c—g)
Cross-sectional SEM images for (c) J4.63, L; (d) J6.93, G; (e)
J8.250, G; (f) J9.25,, C; and (g) J10.3;5,, C. All the phase structures
have been reproduced.

Figure lc—1f and Supplementary Figures 1—2 (with one
representative di-JBBCP macromolecule extracted). Notably,
the perforated lamellae with an ABC stacking order
(Supplementary Figure 9), which is not predicted by DPD
in the phase diagram of the bulk linear di-BCP system,27 is
clearly shown in our di-JBBCP phase diagram. Previously, both
theoretical and experimental evidence has suggested that the
PL is not an equilibrium phase in linear di-BCPs, but rather a
kinetically trapped structure,”** or that a sin_gle- or double-
layer PL is stabilized in the ultrathin film limit.>"3>3¢ However,
the free energy profiles shown in Supplementary Figure 3 have
proved that the PL appearing here in di-JBBCPs is indeed a
thermodynamically stable bulk state. A possible mechanism for
the stabilization of PL is discussed later.

To check whether our DPD model can reproduce
experimental results, the phase behavior of five di-JBBCP
samples J4.639, J6.930, J8.23, J9.239, and J10.33, was
characterized. For each Jy, sample, a thin film was spin-coated
followed by solvent vapor annealing in a glass chamber
containing 1 mL chloroform through which a nitrogen flow of
gn,=7.0 sccm was passed. Reactive ion etching (RIE, see

Methods in the Supporting Information) is used to remove the
PS block and oxidize PDMS.?” The cross-sectional images of
J4.65, J6.930, J8.230, J9.239, and J10.3;, are observed by
scanning electron microscopy (SEM) to be L, G, G, C, and C,
respectively, as shown in Figure 2c—g (see Supplementary
Figure 4 for top views). Since the effective volume fraction in a
swelled film is correlated with the selectivity of the solvent
during annealing, a quantitative model®® is applied to convert
V; to V¢ (see Figure 2b) based on our prior work'® when
mapping to the predicted phase diagram. Hence V£ for the
solvent-swelled film is the relevant comparison to the
simulation parameter Vi defined in the preceding description
of the simulation. The five data points are plotted on Figure 2a
based on V£ To correlate the yN between the model and
experiment, we note that the two JBBCPs with the lowest
volume fractions, J10.3;, and J9.2;, form C and would
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therefore lie within the small range of C stability predicted by
the model around yN = 62. Placing these points in the C
region and scaling N of the other JBBCPs according to their
N, J8.23¢ and J6.93 lie in the G region and J4.63 in the L
region. The experimental data are then all consistent with the
predicted morphologies.

Di-JBBCPs are designed with a unique A-branch-B
architecture, where the backbone adds an intrinsic constraint
on the equilibrium configuration and the effective segregation
strength between neighboring PS/PDMS blocks. We employ
our DPD model to capture the effect of the segment length for
backbones during microphase separation. A series of di-
JBBCPs with varied Ny,qgone from 10 to 30 but fixed backbone
stiffness (K*) and side chain lengths (N, and Nj) are
generated, and their structures are studied for V& of 25% and
33% for a range of yN. As shown in Figure 3a, the phase

a Fixed V¢(PDMS) =

N 25%1/33%
X ‘v v
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Sample V" (PDMS) | Morphology §€
J9.2,0 2% | G+C
32% C
J9.25, 33% PL+C
34% PL

Figure 3. (a) A phase diagram for di-JBBCPs at two fixed
VEA(PDMS) values (25% and 33%) and K*=7.0, Ny chin = 12,
but with Ny, qqene varying from 10 to 30. For each Ny, gpone the left
column represents VT(PDMS) =25% and the right column
represents VSF(PDMS) = 33%. DIS = disordered. (b) Property table
of J9.2,0 and J9.25, showing their VFf(PDMS) and observed
morphologies under different solvent annealing conditions. (c—f)
SEM top views for (c) J9.2,5, G mixed with C; (d) J9.25, with
VEE(PDMS) = 32%, C; (e) J9.24, with VEH(PDMS) = 33%, mixed C
and PL; and (f) J9.2,, with V%(PDMS) = 34%, PL.

boundaries evolve with Ni,qpone at a given VEF of 25% (C/G
regions) or 33% (G/PL regions) , showing an expansion of the
C region of stability for V° t=25% and of the G region for Vel
= 33% with increasing Ny,qpone These observations were
quantitatively validated by the corresponding free energy
profiles in Supplementary Figure 3b—h, showing that the
order—order transitions at both C/G and G/PL boundaries
shift to higher yN upon increasing Ny,qbone:

As a particle-based model, DPD offers insights into the
configurations of individual (macro)molecular geometries
(Supplementary Figures 1 and 2). The di-JBBCP macro-
molecules in the simulated G structures are found to be either
coiled at the 3-way nodes (Supplementary Figures 1b2 and
2b2) or stretched at the interconnecting struts (Supplementary
Figures 1b3 and 2b3), which is similar to results from
simulations of linear di-BCP counterparts, known as packing
frustration.>® However, the macromolecules in the simulated C
structures display only the stretched configuration (Supple-
mentary Figures 1d2 and 2d2). Therefore, the increasing
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Figure 4. (a) A phase diagram for di-JBBCPs in the sphere-forming region at Ny,qwone = 20, Nyge chain = 20, and K= 2.0. (b) The indexed reciprocal
space patterns of the DPD-simulated A1S structure by 3D FFT, shown in an isometric view. The patterns (yellow spheres) intersected with the
(100) and (111) planes (green and blue sheets, respectively) of the reciprocal lattice are approximated to the [100] and [111] ZAPs (green and
blue dots), respectively (see Methods in the Supporting Information). The dashed lines connecting the points indicate the symmetry of the ZAPs.
(¢, d) The DPD simulated A1S and HCP structures for di-JBBCPs at VE(PDMS) = 10%. (e, f) The corresponding top view of A1S and HCP

structures. A unit cell is outlined in c—f.

length of backbones makes them more difficult to bend and
accommodate in the G nodes, which globally stabilizes C over
G at the phase boundary. Furthermore, since the spacings of
interlayer PL and intralayer perforations are only determined
by the side chain length, the di-JBBCPs in the simulated PL
with long backbones would suffer a severely folded architecture
in both inter- and intralamella positions (see Supplementary
Figure 1cS—c6), which accounts for the energetic preference of
the G phase at a large Ny qpone: In the small Ny, 4,00 regime,
on the contrary, the relieved energetic penalty in packing
drives the emergence of PL as a stable phase, not observed in
the linear di-BCP counterparts due to the absence of this
additional degree of freedom. Since the backbones of di-
JBBCPs in L (Supplementary Figures 1a2 and 2a2) and C
remain extended at all backbone lengths, their regions of
stability in the phase diagram hardly change with Ny, qpene a5
expected.

Experimentally, the effect of varying backbone DPs is
examined by setting n = 20 and 30. A clear morphology
transition from a mixed G/C to pure C is shown in Figure 3c,
d for J9.2, and J9.2, consistent with our predicted phase
diagram. Moreover, the validation of the C/G and G/PL
boundaries is examined by annealing J9.25, at different V¢¥ as
shown in Figure 3b. Technically, this is achieved by increasing
the nitrogen flow rate from gy, =7 to 14 and 30 sccm during

solvent vapor annealing in the same chloroform reservoir,
which effectivelgf increases both V#(PDMS) and yN of J9.25,
simultaneously.”® As a result, a morphology transition from C
to mixed C/PL and ultimately to PL is observed in Figure 3d—
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f (see cross-sectional images in Supplementary Figure 4),
which follows the morphology evolution predicted by Figure
3a. It is worth noting that the obtained PL structures contain
more than 10 layers and are thus not a result of ultrathin film
confinement.””*

Next, the sphere-forming region in the di-JBBCP phase
diagram at V&= 10%, Nu,awone = 20, Nige chain = 20, and K =
2.0 is further explored (Figure 4a). Instead of the BCC spheres
dominant in linear di-BCPs,"*** two unconventional sphere
arrangements, the Frank—Kasper A1S spheres (Figure 4c, e)
and the HCP spheres (Figure 4d, f) are revealed in Figure 4a
and demonstrated to be thermodynamically stable (see energy
profiles in Supplementary Figure S) in the high y and low y
region, respectively. Given the complexity of these morphol-
ogies, 3D FFT is performed to further confirm the structures in
reciprocal space. Previous reports tended to integrate the 3D
reciprocal space signals into 1D profiles, which were then
compared with scattering (e.g., SAXS) spectra.”’40 However, a
huge amount of information is lost in this integration
operation, and this has typically led to rather noisy 1D profiles
with only several primary peaks that could be recognized,””*’
likely due to the small FFT size (i.e., the simulation cell) and
the existence of defects. To make full use of the 3D
information, we calculate several zone-axis patterns (ZAPs)
of interest and index the peaks. The ZAP characteristically
reflects the selection rule of the corresponding space group,
and the pattern symmetry is indicative of the symmetry of the
direct lattice along the zone axis. As an exemplar, the FFT
results of the simulated AlS structure in Figure 4b clearly
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shows its 3-fold symmetry in the [111] ZAP and 4-fold
symmetry in the [100] ZAP, and the peak indexing decisively
confirms the Pm3n symmetry of the A1S structure. Other FFT
results are discussed in Supplementary Figures 6—8.

The geometric configuration of one sphere-forming di-
JBBCP macromolecule is displayed in Supplementary Figure
le2 (A1S) and Figure 1f2 (HCP), indicating the importance of
high chemical incompatibility and low segmental stiffness in
forming a severely coiled backbone sphere. Unfortunately,
these conditions have not yet been achieved experimentally by
tuning the chemical compositions or the solvent annealing
process. It is noticed that previous explanations for the stability
of HCP and AlS spheres in the linear di-BCPs were either
attributed to packing frustration”' or extreme conformational
asymmetry.” However, in our di-JBBCP system, the
stabilization of such unconventional sphere phases is attributed
to the intrinsic confinement provided by the backbones, which
leads to a delicate balance between the side chains’ stretching
arrangement and their intermaterial dividing surface area.

In summary, we have demonstrated a reparametrized DPD
model that describes the self-assembly behaviors of a di-
JBBCP. In particular, we represent each di-JBBCP molecule as
a rigid backbone grafted with flexible side chains, and predict a
complete phase diagram with L, PL, G, and C microstructures
in good agreement with experimental observations of PDMS-
branch-PS. After parametrizing the harmonic spring potential
and the quadratic angle potential, the influence of the intrinsic
constraint added by the backbones is revealed and validated in
both simulations and experiments. Furthermore, PL here is
identified both experimentally and from the model as an
equilibrium bulk phase, and two unconventional spherical
morphologies, the HCP spheres and the Frank—Kasper Al5
spheres, are also predicted in di-JBBCP system. These three
phases are uniquely stable when compared to the linear di-BCP
system. Therefore, the DPD model provides a powerful tool
for predicting and understanding the self-assembly behaviors
applicable to various complex BCP systems.
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